
+_+'_,+NL+ +'+ __ Association folrl+O_++matAi°nuand+t??]go ma na gement r r ++++_

+ .,_++ _NN s"+erS;++::+++:8+:+:°+°+'°e+++_///./]"++++_o

+++ +m+ o_ ; "_:,\7/#/

+._.+>>..,+,+_+% ]//// + +i+,+,+..4_,>?,, /2-,_
MIqNUFI:::ICTUREDTO IqTTM STI::INDRRDS _,,, +q+"_:+i+,

BY I:::IPPLTEOTNIqGE. TNC. _% _;_(_+





INTEGRATED DRY NOx/SO=EMISSIONS CONTROL SYSTEM

LOW-NOx COMBUSTION SYSTEM RETROFIT TEST REPORT

(Test Period: August 6 to October 29, 1992)

DOE Contract Number DE-FC22-91PC90550

HAY1_ lgg;
Patents Cleared by Chicago on

MASTEB
DI,_"I'_t_'IJ'_I_ OF THI,_ I:X:_UMENT IS UNLIMITED

, ,_r im



DISCLAIMER

Thisreportwas preparedby FossilEnergyResearchCorporationforPublicService
Company ofColoradopursuanttoaCooperativeAgreementpartiallyfundedby theU.
S.DepartmentofEnergy,and neitherPublicServiceCompany ofColorado,any ofits
subcontractors,theU. S.DepartmentofEnergy,nor any personactingon behalfof
either:

(a) Makes any warranty or representation, express or implied, with respect to
the accuracy, completeness, or usefulness of the information contained in
this report, or that the use of any information, apparatus, method or
process disclosed in this report may not infringe privately-owned rights;
or

(b) Assumes anyliabilitieswithrespecttotheuseof,orfordamagesresulting
fromtheuseof,any information,apparatus,method orprocessdisclosed
inthisreport.

Referencehereintoany specificcommercialproduct,process,orserviceby tradename,
trademark,manufacturer,or otherwise,does not necessarilyconstituteor implyits
endorsement,recommendation,orfavoringby theU. S.DepartmentofEnergy.The
viewsand opinionsofauthorsexpressedhereindo notnecessarilystateorreflectthose
oftheU. S.DepartmentofEnergy.



ACKNOWLEDGEMENTS

The authors would like to thank Mr. George Brown (Plant Manager), Mr. Brad Govert

(Results Engineer), and the Arapahoe Station Maintenance and operating staff for the

exceptional cooperatio n they have provided during this project. Special thanks are also

deserved by Mr. Tom Arrigoni and Mr. David Hunter, at the PETC DOE office, whose

advice and contributions are greatly appreciated. The advice and technical assistance

provided by Mr. Jeff Stallings and Ms. Barbara Toole-O'Neil at EPRI have also been of

great assistance throughout the project. Last, but definitely not least, is our appreciation

to the many PSCC Engineering and Construction personnel and other contractors who

have made the integrated Dry NOx/SO2 Emissions Control System a success.

FERCo-7036-R267



ABSTRACT

The DOE sponsored Integrated Dry NOx/SO2 Emissions Control System program, which

is a Clean Coal Technology IU demonstration, i,_ being conducted by Public Service

Company of Colorado. The test site is Arapahoe Generating Station Unit 4, which is a

100 MWe, down-fired utility boiler burning a low-s_flfur Western coal. The project goal

is to demonstrate up to 70 percent reductions in NOx and SO2 emissions through the

integration of: 1) down-fired low-NO_ burners with overfire air; 2) Selective Non-

Catalytic Reduction (SNCR) for additional NOx removal; and 3) dry sorbent injection and

duct humidification for SO2 removal. The effectiveness of the integrated system on a

high-sulfur coal will also be investigated.

This report documents the third phase of the test program, where the performance of

the retrofit low-NOx combustion system is compared to that of the original combustion

system. This third test phase was comprised of an optimization of the operating

conditions and settings for the burners and overfire air ports, followed by an

investigation of the performance of the low-NOx combustion system as a function of

various operating parameters. These parameters included boiler load, excess air level,

overfire air flow rate and number of mills in service. In addition, emissions under

normal load following operation were compared to those collected during the

optimization and parametric performance tests under baseloaded conditions.

The low-NO_ combustion systemretrofit resulted in NOx reductions of 63 to 69 percent,

depending on boiler load. The majority of the NOx reduction was obtained with the

low-NO_ burners, as it was shown that the overfire air system provided little additional

NO_ reduction for a fixed excess air level. CO emissions and flyash carbon levels did

not increase as a result of the retrofit.
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EXECUTIVE SUMMARY

This test report summarizes the technical activities and results for one phase of a

Department of Energy sponsored Clean Coal Technology III demonstration of an

Integrated Dry NOx/SO2 Emissions Control System for coal-fired boilers. The project is

being conducted at Public Service Company of Colorado's Arapahoe Generating Station

Unit 4 located in Denver, Colorado. The project goal is to demonstrate up to 70 percent

reductions in NOx and SO2 emissions through the integration of existing and emerging

technologies including: 1) down-fired low-NOx burners with overfire air; 2) Selective

Non-Catalytic Reduction (SNCR) for additional NOx removal; and 3) dry sorbent

injection and duct humidifcation for SO2 removal.
i

Due to the number of technologies being integrated, the test program has been divided

into the following test activities:

• Baseline tests with the original combustion system

• Baseline tests with the original combustion system and SNCR

• Low-NOx Burner (LNB)/Overfire Air (OFA) tests

• LNB/OFA/SNCR tests

• LNB/OFA/Calcium Injection tests

• LNB/OFA/Sodium Injection tests

• LNB/OFA/SNCR Dry Sorbent Injection tests (integrated system)

• High-Sulfur Coal tests with the integrated system

This report presents the results of the low-NO_ burner/overfire air tests performed after

the combustion system retrofit on the Arapahoe Unit 4 boiler. The performance of the
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new combustion system is compared to that of the original system, as documented

during the baseline test program.

The low-NOx burner/overfire air test program was conducted over a twelve week period

from August 6 to October 29, 1992. The test program consisted of two separate phases.

During the first, optimum operating conditions and settings for the burners and overfire

air ports were identified. The second phase consisted of a detailed series of tests to

assess the performance of the low-NOx combustion system as a function of various

operating parameters. These parameters included boiler load, excess air level, overflre

air flow rate, and number of mills in service. These parameters represent the primary

factors influencing NO_ and CO emissions and flyash carbon levels. Immediately

following the completion of the baseloaded optimization and parametric tests, the boiler

was operated for two months (November and December 1992) under normal load

following conditions. During this time, emissions data were collected automatically with

a Continuous Emissions Monitor (CEM).

NO_ emissions with the retrofit combustion system were 63 to 69 percent lower than

those for the original combustion system, depending on boiler load (Figure S-1). These

results were obtained under baseloaded conditions with maximum overfire air

(corresponding to 24 percent of the total secondary air flow at full load). OFA port

cooling requirements precluded reducing the overfire air flow to zero at this particular

installation, thereby limiting the minimum overfire air condition to 15 percent of the

total secondary air. Increasing the overfire air flow from 15 to 25 percent resulted in

only a 5 to 10 percent increase in NO_ removal. This suggests that the majority of the

NO, removal was due to the low-NOx burners, and not the overfire air system.

However, it must be realized that it was not possible to completely separate the relative

roles of the burners and overfire air system at this particular installation due to the

inability to reduce the overfire air flow to zero.
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The long-term CEM data showed that NOx emissions increased by up to 20 percent

during normal load following operation when compared to baseloaded conditions. The

increase was due to the higher excess air levels normally maintained during load

following operation. The long term data also showed that CO emissions increased

substantially. Part of the increase was due to maldistribution of the overfire air, which

will be corrected in the future. The remainder of the increase was due to w:riations in

boiler operating parameters which are inherent in load following operation.

Limited testing showed that while firing natural gas, increases in overfire air flow result

in decreased NOx emissions and higher CO emissions. This NOJCO relationship was

different from that seen for coal firing, and was attributed to a separation of the mixing

effects of the low NO_ burners and overfire air ports due to the shorter combustion zone

under gas-fired conditions.

No major operational problems have developed due to the boiler modifications, although

the retrofit combustion system has resulted in a decrease in furnace exit gas temperature

of approximately 200°F. This has resulted in an increase in the amount of excess air

required to maintain adequate steam temperatures at reduced boiler loads.
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1

INTRODUCTION

This report presents the results from one phase of the Public Service Company of

Colorado (PSCC) and the Department of Energy (DOE) sponsored Integrated Dry

NOx/SO 2 Emissions Control System program. The DOE Clean Coal Technology III

demonstration program is being conducted by Public Service Company of Colorado at

PSCC's Arapahoe Generating Station Unit 4, located in Denver, Colorado. The intent of

the demonstration program at Arapahoe Unit 4 is to achieve up to 70 percent reductions

in NOx and SO2emissions through the integration of existing and emerging technologies,

while minimizing capital expenditures and limiting waste production to dry solids that

are handled with conventional ash removal equipment. The technologies to be

integrated are: 1) a down-fired low-NOx burner system with overfire air; 2) Selective

Non-Catalytic Reduction (SNCR) with urea and aqueous ammonia for additional NOx

removal; and 3) dry sorbent injection (calcium- and sodium-based compounds) and duct

humidification for SO2 removal. Figure 1-1 shows a simplified schematic of the

integrated system as implemented at Arapahoe Unit 4.
i

During the demonstration program, these emissions control systems are being optimized

and integrated with the goal of maximizing the reductions of NOx and SO2 emissions,

while minimizing any negative effects resulting from the application of the various

technologies. It is anticipated that the emissions control system will achieve these

reductions at costs lower than other currently available technologies. It is also
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anticipated that these technologies will integrate synergistically. For example, an

undesirable side effect of sodium-based sorbent injection for SO2 control has been

oxidation of NO to NO2, resulting in plume colorization. Pilot-scale testing, sponsored

by the Electric Power Research Institute (EPRI),has shown that NH3 can suppress the

NO to NO2 oxidation. In the integrated system, the byproduct NH 3 emissions from the

urea injection system will serve to minimize NO2 formation. An additional objective of

this program is to test the effectiveness of the integrated system on a high-sulfur coal.

Due to the number of technologies being integrated, the test program has been divided

into the following test activities:

• Baseline tests of the original combustion system. These results provide the
basis for comparing the performance of the individual technologies as well
as that of the integrated system. (completed)

• Baseline combustion system/SNCR tests. Performance of urea and
aqueous ammonia injection with the original combustion system.
(completed)

• Low-NOx burner (LNB)/overfire air (OFA) tests. (subject of this report)

• LNB/OFA/SNCR tests. NOxreduction potential of the combined low-NOx
combustion system and SNCR.

• LNB/OFA/calcium-based sorbent injection. Economizer injection and duct
injection with humidification.

• LNB/OFA/sodium injection. SO2removal performance of sodium-based
, sorbent.

• Integrated Systems test. NO_ and SO2reduction potential of the integrated
system using LNB/OFA/SNCR/dry sorbent injection using calcium- or
sodium-based reagents. Integrated system performance.

• High-sulfur coal tests. NOx and SO2 reduction potential of the integrated
system while using an eastern bituminous coal. Dry sorbent injection will
be calcium-based using the most efficient injection location determined
from previous testing.
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In addition to investigation of NOx and SO2 emissions, the test program will also

investigate air toxic emissions. Baseline air toxic emission levels will be obtained during

the testing of the low-NO x combustion system. Three additional tests will be conducted

during the urea, calcium, and sodium injection tests to determine the potential air toxics

removal of these pollution control technologies.

This report presents the results of the low-NOx burner/overflre air tests performed after

the combustion system retrofit on the Arapahoe Unit 4 boiler. The performance of the

new combustion system is compared to that of the original system as documented

during the first phase of the program. _1_
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2

PROJECT DESCRIPTfON

,,,,,,

The following subsections will describe the key aspects of the technologies being

demonstrated, the project participants, and the boiler and the original combustion

system. Finally, a brief review of the results of the baseline tests with the original

combustion system will be presented.

_! Process Description

The Integrated Dry NOx/SO 2 Emissions Control system consists of five major control

technologies that are combined to form an integrated system to control both NOx and

SO2 emissions. NOx reduction is accomplished through the use of Iow-NOx burners,

overfire air, and SNCR, while dry sorbent injection (using either calcium- or sodium-

based reagents) is used to control SO2emissions. Flue gas humidification will be used

to enhance the SO2 removal capabilities of the calcium-based reagents. Each of these

technologies is discussed briefly below.

Low-NO= Burners

NOx formed during the combustion of fossil fuels consists primarily of NOx formed from

fuel-bound nitrogen, and thermal NOx. NOx formed from fuel-bound nitrogen results

from the oxidation of nitrogen which is organically bonded to the fuel molecule,o

Thermal NOx forms when nitrogen in the combustion air dissociates and oxidizes at

flame temperatures. Thermal NOx is of primary importance at temperatures in excess

of 2800°F.
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To reduce the NOx emissions formed during the combustion process, Babcock and

Wilcox (B&W) Dual Register Burner-Axially Controlled Low-NOx (DRB-XCL") burners

were retrofit to the Arapahoe Unit 4 boiler. Most low-NO xburners reduce the formation

of NOx through the use of air staging, which is accomplished by limiting the availability

of air during the early stages of combustion. This lowers the peak flame temperature

and results in a reduction in the formation of thermal NO_. In addition, by reducing the

oxygen availability in the initial combustion zone, the fuel-bound nitrogen is less likely

to be converted to NOx, but rather to N2 and other stable nitrogen compounds. The

B&WDRB-XCLTMburner achieves increased NOxreduction effectiveness by incorporating

fuel staging in addition to air staging. Fuel staging involves the introduction of fuel

downstream of the flame under fuel-rich conditions. This results in the generation of

hydrocarbon radicals which further reduce NO_ levels. The fuel staging is accomplished

through the design of the coal nozzle/flame stabilization ring on the burner.

Additionally, combustion air to each burner is accurately measured and regulated to

provide a balanced fuel and air distribution for optimum NOx reduction and combustion

efficiency. Finally, the burner assembly is equipped with two sets of adjustable spin

vanes which provide swirl for fuel/air mixing and flame stabilization.

Overflre Air '

Low-NOx burners and overfire air reduce the formation of NO_ by controlling the

fuel/air mixing process. While low-NOx burners control the mixing in the near burner

region, overfire air controls the mixing over a larger part of the furnace volume. By

diverting part of the combustion air to a zone downstream of the burner, initial

combustion takes place in a near stoichiometric or slightly fuel rich environment. The

remaining air necessary to ensure complete combustion is introduced downstream of the

primary combustion zone through a set of overfire air ports, sometimes referred to as

NO x ports. Conventional single-jet overfire air ports are not capable of providing

adequate mixing across the entire furnace. The B&W dual-zone NOx ports, however,

incorporate a central zone which produces an air jet that penetrates across the furnace

and a separate outer zone that diverts and disperses the air in the area of the furnace,
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near the NOx port. The central zone is provided with a manual air control disk for flow

control, and the outer zone incorporates manually adjustable spin vanes for swirl control.

The combined use of the low-NOx burners and overfire air ports is expected to reduce

NO_ emissions by up to 70 percent.

Selective Non.Catalytic Reduction

NO_ reduction in utility boilers can also be accomplished by Selective Non-Catalytic

Reduction (SNCR). This process involves the injection of either urea or ammonia

(anhydrous or aqueous) into the combustion products where the gas temperature is in

the range of 1600 to 2100°F. In this range, NH2 is released from the injected chemical

which then selectively reacts with NO in the presence of oxygen, forming primarily N2

and H20. A SNCR system is capable of removing 40 to 50 percent of the NO from the

flue gas stream.

Urea and ammonia each have their own optimum temperature range within which NOx

reduction can occur. An example of such a temperature "window" is shown

conceptually in Figure 2-1. At temperatures above the optimum, the injected chemical

will react with 02 forming additional NO_, thereby reducing the NOx removal efficiency.

At temperatures below the optimum, the injected chemical does not react with NO,

resulting in excessive emissions of NH3 (referred to as ammonia slip). Chemical

additives can be injected with the urea to widen the optimum temperature range and

minimize NH3 emissions.

The SNCR chemical of primary interest for the present program is urea. The urea is

generally injected into the boiler as a liquid solution through atomizers. The atomizing

medium can be either air or steam, although air is used in the current installation. The

urea and any additives are stored as a liquid and pumped through the injection

atomizers. At Arapahoe Unit 4, a system has also been installed to catalytically convert

the urea solution to an aqueous ammonium compound.
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Dry Reagent SO=Removal System

The dry reagent injection system consists of equipment for storing, conveying,

pulverizing and injecting calcium- or sodium-based reagents into the flue gas between

the air heater and the particulate removal equipment, or calcium-based reagents between

the economizer and the air heater. The SO2 formed during the combustion process

reacts with the sodium- or calcium-based reagents to form sulfates and sulfites. These

reaction products are then collected in the particulate removal equipment together with

the flyash and any unreacted reagent and removed for disposal. The system is expected

to remove up to 70 percent of the SO2 when using sodium-based products while

maintaining high sorbent utilization.

Althoughdry sodium-basedreagentinjectionsystemsreduceSO2 emissions,NO2

formationhasbeenobservedinsome applications.NO2 isa red/browngas;therefore,

a visibleplume may formastheNO2 influegasexitsthestack.Previouspilot-scale

testshaveshown thatammonia slipfrom ureainjectionreducestheformationofNO2

whileremovingtheammonia whichwould otherwiseexitthestack.

In certain areas of the country, it may be more economically advantageous to use

calcium-based reagents, rather than sodium-based reagents, for SO2 removal. SO2

removal using calcium-based reagents involves dry injection of the reagent into the

furnace at a point where the flue gas temperature is approximately 1000°F. Calcium-

based materials can also be injected into the flue gas ductwork downstream of the air

heater, but at reduced SO2removal effectiveness.

Humidification

The effectiveness of the calcium-based reagent in reducing SO2emissions when injected

downstream of the air heater can be increased by flue gas humidification. Flue gas

conditioning by humidification involves injecting water into the flue gas downstream of

the air heater and upstream of any particulate removal equipment. The water is injected
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into the duct by dual-fluid atomizers which produce a fine spray that can be directed

downstream and away from the duct walls. The subsequent evaporation causes the flue

gas to cool, thereby decreasing its volumetric flowrate and increasing its relative and

absolute humidity. It is important that the water be injected in such a way as to prevent

it from wetting the duct walls and to ensure complete evaporation before the gas enters

the particulate removal equipment or contacts the duct turning vanes. Since calcium-

based reagents are not as reactive as sodium-based reagents, the presence of water in the

flue gas, which contains unreacted reagent, provides for additional SO2 removal. Up to

50 percent SO2removal is expected when caldum-based reagents are used in conjunction

with flue gas humidification.

2.2 Project Participants

PSCC is the project manager for the project, and is responsible for all aspects of project

performance. PSCC has engineered the dry sorbent injection system and the

modifications to the flyash system, provided the host site, trained the operators,

provided selected site construction services, start-up services and maintenance, and is

assisting in the testing program.

B&W was responsibleforengineering,procurement,fabrication,installation,and shop

testingof the low-NOx burners,overfireairports,humidificationequipment,and

associatedcontrols.Theyarealsoassistinginthetestingprogram,and willprovidefor

commercializationofthetechnology.NOELL, Inc.was responsiblefortheengineering,

procurementand fabricationof theSNCR system.FossilEnergyResearchCorp.is

conductingthetestingprogram.WesternResearchInstituteischaracterizingthewaste

materialsandrecommendingdisposaloptions.ColoradoSchoolofMinesisconducting

researchintheareasofbench-scalechemicalkineticsfortheNO2 formationreactionwith

dry sorbentinjection.Stone& WebsterEngineeringisassistingPSCC with the

engineeringefforts.CyprusCoaland Amax Coalaresupplyingthecoalfortheproject,

whileCoastalChemical,Inc.isprovidingtheureafortheSNCR system.
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2.3 Boiler end Original Combustion System Description

Arapahoe Unit 4 is the largest of four down-fired boilers located at the Arapahoe station

and is rated at 100 MWe. The unit was built in the early 1950's and was designed to

burn Colorado lignite or natural gas. Currently, the main fuel source for the station is

a Colorado low-sulfur bituminous coal. Although the unit can be run at full load while

firing natural gas, this fuel is only occasionally used to provide load when pulverizers

or other equipment are out of service. An elevation view of the boiler is shown in

Figure 2-2.

The original furnace configuration was a down-fired system employing 12 intertube

burners located on the roof and arranged in a single row across the width of the furnace.
J

A single division wall separates the furnace into east and west halves, each with six

burners. Downstream of the burners, the flue gas flows down the furnace and then

turns upward to flow through the convective sections on the boiler backpass. After

reaching the burner level elevation, the gas passes through a horizontal duct and is then

directed downward through a tubular air heater. After leaving the air heater, the flue

gas passes through a reverse gas baghouse for particulate control. Induced draft fans

are positioned downstream of the baghouse and deliver the flue gas into a common
stack for Units 3 and 4.

The original intertube burners were not comparable to a more common waU-flred

burner. Each burner consisted of a rectangular coal/primary air duct which was split

into 20 separate nozzles arranged in a four by five rectangle that injected the coal/air

mixture evenly across the furnace roof. A secondary air windbox surrounded each

burner and allowed air flow around each of the individual coal nozzles, resulting in a

checkerboard pattern of coal/primary air and secondary air streams. The burners had

no provisions to control the rate of fuel and secondary air mixing.

The burners were numbered one through twelve from west to east. Each of the four

attrition mills supplied primary air and coal to three of the burners. The coal piping
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allowedeachmilltosupplytwo burnersinonefurnacehalfand one intheotherhalf.

Figure2-3 shows the originalburnerfiringconfigurationand coaldistribution

arrangementfromthefourmills.The secondaryairductswere positionedbehindthe

burnersand includeda secondaryairdamper foreachburner.When a singleburner

was removed from service,thesecondaryairflowwas alsostoppedby closingthe

associatedsecondaryairdamper.The dampersweremanuallycontrolledattheburner

deck and were intended for on/off duty only.

2.4 BasellneBurnerTestResults

The baselinetestson ArapahoeUnit4wereperformedtodocumenttheinitialemissions

ofNOx andSO2,withoutany modificationstotheboilerorburnersystems.Thesetests

were performedduringtheperiodfromNovember 11toDecember15,1991,and the

resultspertinenttothecurrentphaseoftesting,namely,theeffectofloadand excess02

levelson the baselineNOx levels,are summarized in thissection.Complete

documentationofthebaselinetestresultsiscontainedinaseparatereport.<I)

ThedifferencebetweenNO and NOx emissionswas monitoredonmosttestsduringthe

baseline burner tests, and the difference was found to be not significant within the limits

of detection. Thus, for the purposes of this report, NO and NOx emissions are used

interchangeably.

Figure 2-4 summarizes the baseline NO_ data as a function of economizer exit 02 for

three loads (60, 80, and 100 MWe). The Arapahoe Unit 4 boiler is used nearly

exclusively for load regulation by the PSCC system dispatch center (i.e., the load is

rarely constant for a long period of time). Therefore, the number of mills in service at

the load_ tested during the baseline tests were chosen to reflect the number normally in

service when regulating at that particular load: four mills at 100 and 80 MWe, and 3

mills at 60 MWe.
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The datainFigure2-4indicatethattheeffectofexcessair,oroperating02 level,on the

NOx emissionswas significant.The curvesforthethreeboilerloadshavesimilarNOx

versus02 slopes,nominally145 ppmc (partsper millioncorrectedto 3 percent02

concentrationdry)NOx/percent02. Thisrepresentsa largeeffectof 02 on NO_

compared to otherfurnacedesigns. For fullload operation,thisdependence

on 02 resultedintheNOx emissionsrangingfrom760ppmc at3.7percent02 to1060

ppmc at5.7Percent02. This02 effectwas foundtobethemostimportantoperational

parameteraffectingthebaselineNOx emissionswiththeoriginalcombustionsystem.

The datainFigure2-4alsoindicatethatforaconstanteconomizerexitO 2level,theNO_

emissionsdecreasedastheloadwas reduced.However,normaloperationatArapahoe

Unit4 requiredthat02levelsbeincreasedastheloadwas reducedinordertomaintain

steamtemperatures.NO_ emissionsattypicalbaseloadedoperating02 levelsare

replottedinFigure2-5asa functionofboilerload.The highestNO_ emissionsoccurat

I00MWe and thelevelsdecreaseastheloadisreduced.Below80MWe, NOx emissions

decreasedonlyslightly,due to thecounteractingeffectsofincreasing02 leveland

reducedheatreleaserate.The02 levelsmaintainedduringthetypicalbaseloadedboiler

operationarealsoincludedin Figure2-4and show that02 levelsincreasedwith

decreasingload.SincetheNO_/O2 relationshipofArapahoeUnit4 was relativelysteep,

higher02 levelspreventedsignificantNOx reductionsatreducedloads.At typical

baseloadedoperating02 levels,theNOx emissionsrangedfromnominally760to850

ppmc (1.04to1.16Ib/MMBtu) overtheloadrangeof60to100MWe.

Figure 2-6 summarizes CO emissions and flyash carbon levels as a function of boiler

load for the typical baseloaded operating 02 levels indicated in Figure 2-5. CO and

flyash carbon levels are two factors affecting combustion efficiency, and are presented

here in order to provide a basis from which to compare the Performance of the new low-

NO_ combustion system. The data show that CO emissions ranged from nominally 40

to 60 ppm, while flyash carbon levels increased from approximately 1.0 to 5.5 percent

over the load range of 60 to 100 MWe.
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3

LOW-NOx COMBUSTION SYSTEM DESCRIPTION

3.1 Low-NOx Burners

To reduce the NOx emissionsformed during the combustionprocess,B&W DRB-XCLTM

burners were retrofit to the Arapahoe Unit 4 boiler. Figure 3-1 shows a simplified

schematic of the burner. The burner has two main design features which limit the

formation of NOx. First is the addition of a sliding air damper. In many older burner

designs, a single register is used to control both total secondary air flow to the burner

and also the swirl (i.e., the rate of fuel/air mixing). The use of the sliding damper

separates the functions and allows the secondary air flow to be controlled independently

of the swirl. The burner includes a circular pitot tube array which provides a relative

indication of the secondary air flow to each burner. The second feature is the addition

of dual spin vane registers. The most important variable in controlling the formation of

NOx is the rate at which oxygen is mixed with the fuel. The dual spin vane registers

provide a great amount of control over the amount of swirl imparted to the secondary

air, and thus the rate of fuel/air mixing in the near-burner region.

An electric linear actuator is used to adjust the sliding damper which controls the total

secondary air to each burner. The control system allows for three disc positions: cool,

light and normal. The cool position is used while a burner is out of service and

provides a minimum amount of cooling air so that the burner metal temperatures do not

exceed the design limit of 1300°F. The light position is used to provide slightly more air

while the gas ignitors are firing. The normal position is used while the burners are
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fired with either coal or natural gas. Limit switches in the actuator are used to adjust

the three disk positions. The adjustment of these limit switches allows the secondary

air to be individually adjusted at each burner, if burner-to-burner imbalances occur.

The low-NOx combustion system retrofit at Arapahoe Unit 4 was much more involved

than a similar modification to a normal wall- or tangential-fired unit. The original

intertube burners were not comparable to "normal" burners, as they required only small

openings in the roof tubes. The modifications began by removing everything from the

boiler roof tubes to the roof of the boiler enclosure, including the windbox roof, coal and

gas piping, and the secondary air supply duct. New roof tubes with twelve circular

openings were welded in place to accommodate the new burners.

The burners were placed in 4 rows of 3 burners as shown in Figure 3-2. The boiler has

a full division wall that separates the furnace into two approximately square sections.

A major problem encountered during the retrofit was the limited space available for

burner placement. The outer edge of the burners on each side of the division wall are

located within a few inches of each other.

The secondary air duct originally entered the windbox at the rear (south side) of the

furnace roof as shown in Figure 2-2. Since the new burners required significantly more

roof area than the intertube burners, and there were now four burners where the

secondary air duct was originally located, providing sufficient secondary air to the

windbox became a challenge. The majority of the air is introduced through four "pant-

leg" ducts as shown in Figure 3-3. The Arapahoe 4 boiler was originally designed to use

flue gas recircuiation (FGR) for steam temperature control. However, the system was

no longer in use, so two abandoned FGR ducts which entered the front (south) wall of

the windbox were used to provide the balance of the secondary air.

The retrofit also included new gas burners, gas ignitors and flame scanners. Arapahoe

Unit 4 was originally designed with the ability to fire 100 percent natural gas. While
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coal is used as the main fuel, natural gas is used on occasion to provide load when

pulverizers or other equipment are out of service. The capability to fire 100 percent

natural gas was maintained by the use of a gas ring header located at the tip of each

burner. No modifications were made to the original Riley pulverizers, although new

variable speed feeder drives were added to provide more consistent coal feed.

3.2 Overflre Air System

An overfire air system (or in this case, an "underfre" air system due to the down-fred

configuration) was also retrofit to the Arapahoe Unit 4 boiler. Three B&W Dual-Zone

NOx Ports were added to the east and west sides of the furnace approximately 20 feet

below the boiler roof. A numerical modeling study was performed by B&W in order

to determine the optimum size and location for the ports. These ports were designed

to inject up to 25 percent of the total secondary air through the furnace sidewalls.

Conventional single-jet overfire air ports are not capable of providing adequate mixing

across the entire furnace. The B&W Dual Zone NOx Ports, however, incorporate a

central zone which produces an air jet with sufficient axial momentum to reach across

to the division wall and a separate outer zone that diverts and disperses air in the region

near the wall. This two-stage injection provides faster mixing and more equal

distribution of air into the furnace. A schematic of the NOx port is shown in Figure 3-4.

The central zone has a manual air control disk for flow control, and the outer zone

incorporates manually adjustable spin vanes for swirl control. Two circular pitot tube

arrays provide a relative air flow measurement between the inner and outer flow areas

of each port.

The overfire air ports are located on each side of the furnace in a small windbox, as

shown in Figure 3-5. New ductwork was added that directs secondary air from the

boiler roof to the sidewalls as Shown in Figure 3-3. Each of the ducts that supply the

overfire air windboxes contains an opposed blade louver damper to control air flow, and
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a pitot tube grid with a flow straightener to measure total overfire air flow to each side

of the furnace. As two sootblowers were originally located on each side of the furnace

at the location chosen for the overflre air ports, the retrofit also entailed lengthening (in

order to accommodate the depth of the new windboxes) and a slight relocation of these

sootblowers.

3.3 Control System Modifioation$

Arapahoe Unit 4 was originally controlled with a Bailey pneumatic control system. The

boiler had limited control for burner management and was operated manually. Due to

the complexity of the retrofit, a new distributed control system (DCS) was necessary to

control the boiler and other pollution control equipment added as part of the Integrated

Dry NOx/SO2 Emissions Control system. The new burner management system includes

both infrared and ultraviolet flame scanners as well as automated controls for most

boiler functions. The ignitors and main gas systems were modified for automatic control

of all vent and main fuel valves so that the boiler may now be safely started from the

control room. The DCS also allows better control of the equipment so that a more

efficient control of fuel and air may be maintained during the rapid load swings that

occur during load following under automatic control.
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4

MEASUREMENT METHODS

The evaluation of the performance of the retrofit low-NOx combustion system required

the documentation of gaseous emissions, flyash carbon levels, and furnace exit gas

temperatures, as well as boiler operational performance parameters. This section

summarizes the measurement methods that were utilized during the low-NOx burner/

overfire air test phase of the program.

4,1 Gas Analysis Instrumentation

The gas analysis instrumentation utilized during the current phase of testing was

different than that used during the baseline burner tests performed during November

and December of 1991. Complete documentation of the earlier system is contained in

a separate report. (1) An Altech 180 continuous emission monitoring (CEM) system was

purchased as part of the Integrated Dry NOx/SO2 Emissions Control System and

installed during the low-NO_ combustion system retrofit. The CEM system utilizes a

Perkin Elmer MCS 100 infrared gas analyzer which is capable of continuously analyzing

eight gas spades simultaneously, using either gas filter correlation or single beam dual

wavelength techniques.

The analyzer cycles through and measures all eight gas species in approximately 22

seconds. In that time, two readings are made for each gas species to be measured. The

first reading is a reference value at a known wavelength and gas concentration (either

0 or 100 percen0, and the second is a measured reading to determine the quantity of the
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desired species in the sample stream. Table 4-1 provides a listing of the full scale range,

measurement technique, and interfering species for each of the gases measured.

Table 4-1. Gas Species Measured by Perkin Elmer MCS 100 Analyzer

' II I I rl" 'r'i ' ', .....

Measured Measurement InterferingSpecies
Species Range Technique

NO 0-500ppm GasFilterCorrelation H20
CO 0-400ppm GasFilterCorrelation H20
SO2 0-400ppm SingleBeamDualWavelength NH3,H20
NO= 0-100ppm SingleBeamDual Wavelength NH3,SO=,H=O
CO2 0-20volume% SingleBeamDualWavelength H20
H20 0-15volume% SingleBeamDualWavelength None
N20 0-100ppm SingleBeamDualWavelength CO,CO_,I-_O
N'Hs 0-50ppm GasFilterCorrelation CO2,I-_O

.,,,.II , , !,_, -T , : ,I II Ill, L l -- ,' "' ,l Ill ,, l '' ] ,'11 , l' l r L Tr l;,_ll , r -

Using the gas filter correlation technique, the system takes a reference reading at a

known wavelength and a known concentration of gas, usually 100 percent. The system

then takes another reading at the same wavelength for the sample gas and records the

energy absorbed by the sample. The relative difference in energy is then representative

of the concentration in the sample gas.

Likewiseinthesinglebeam dualwavelengthmethod,a referencereadingistakenata

wavelengthwhere thedesiredspeciesdoesnotabsorbenergy(0percentreference).The

system then takesa measured readingata wavelength where the desiredspeciesis

known toabsorbenergy.The relativedifferenceinenergyisagainrepresentativeofthe

concentrationofthespeciesinthesample stream.

Once the ratio of reference to measure energy is calculated, the energy level is corrected

to account for interferences via reference tables for each specific gas. After correction

for interferences, the data is zero adjusted, converted to the appropriate units, calibration

corrected, and output for display and recording.
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Since02 isnotinfraredactive,theCEM systemalsocontainsan Ametek 02 analyzer.

Thesamplecellisazirconiumoxidedosedendtubewithelectrodesofporousplatinum

coatedontotheinsideand outsideofthetube.The cellproducesa millivoltsignal

proportionaltotherelativedifferenceof02 insideand outsideofthecell.The millivolt

signalisconvertedto percent02,scaled(0to25 percent),and thendisplayedand

recorded.

All CEM analyzerand samplingsystem functions,includinga dailyautomatic

calibrationsequence,arecontrolledby theMCS 100ProgrammableLogicController

(PLC).The measuredgas concentrationdataisdisplayedon a dedicated486-based

computer,whichalsoprovidesdatalogging,manipulationand reportingcapabilities.

A Relative Accuracy Test Audit (RATA) was performed on March 5, 1993 in order to

verify the accuracy of the CEM system. The audit was performed by TRC

Environmental Corp. in accordance with the requirements established in 40 CFR, Part

60, Appendices A and F. Complete documentation of the audit is contained in a

separate reporP, and the results are summarized in Table 4-2.

Table 4-2

CEM RATA Results

Parameter Relative Accuracy (%)

C02(%,weO 2.64
Moisture (%) 7.86
O2 (%,wet) 17.81

NO (ppm, wet) 1.53
NO (lb/MMBtu, wet" 5.93

NO (ppm,dry) 1.02

"Calculated on an O2 basis
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Acceptance criteria for RATA evaluation of component instruments of the CEM is 20

percent. Based upon the results, all individual parameters were found to be within the

acceptance criteria.

4.2 Gas Sampling System

As shown in Table 4-1, the MCS 100 was configured W measure NI-Is. Although this

feature will not be utilized until the low-NOx combustion and SNCR systems are tested

together, this capability imposes some special requirements upon the design of the CEM

sampling system. In order to maintain the integrity of the sample, the entire sampling

system (probe, sample line, pump, flowmeter, and sample cell) must be maintained at

230°C (445°F). Due to these heat tracing requirements, the CEM system was configured

to sample from only two different single-point locations. One at the exit of the air

preheater in the duct leading to the fabric filter, and one downstream of the fabric filter

and induced draft fans, in the duct leading to the common stack for Units 3 and 4.

In order to obtain a representative composite gas sample, as well as provide the ability

to look at discrete areas of the flue gas flow, Fossil Energy Research Corp. provided a

sample gas conditioning system which would allow sampling from additional unheated

sampleprobes.AlthoughtheMCS I00isutilizedasthegasanalysisInstntmentation,

themeasurementofNI_ attheadditionalsamplinglocationsisnotpossibledue tothe

lackofhightemperatureheattracing.A schematicof thesamplegasconditioning

systemisshown inFigure4-I.Thesystemcanaccommodateup to24individualsample

lines.Up to12ofthesecanbe compositedtogetherand thenanalyzed.Eachofthe

individualsamplestreamsisdriedina refrigerateddryerwherethegasiscooledand

themoistureisdroppedoutina trap.Eachstreamthenpassesthrougha metering

valveand rotameter,afterwhichallthestreamsareblendedtogetherinamanifoldand

directedtoapairofsamplepumps. The rotametersareusedtobalancetheindividual

flowsinordertoprovidean accuratecompositeblend.Downstreamofthepumps,a

portionof thecompositedsampleisdivertedtoa finalpassthroughthecondenser
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(where the increased pressure aids in the removal of any remaining moisture), through

a final particulate filter, and then to the Altech CEM for analysis.

The location of the unheated sample probes during the current phase of testing was

identical to that for the baseline burner tests, namely: 12 at the exit of the economizer,

6 at the exit of the air preheater, and one in the fabric filter outlet duct leading to the

stack. The sample probe grid in the horizontal duct at the economizer exit is shown in

Figure 4-2. Although this duct is 40 feet wide, it is only 7 feet deep, so e array of

probes positioned two high by six wide was deemed adequate to obtain a representative

gas sample. The short probes were located at one-fourth of the duct depth, and the

longer probes at three-fourths of the duct depth. This spacing vertically divided the

duct into equal areas. The use of two probe depths also provided the opportunity to

ascertain any vertical stratification of gas species within the duct. Individual sample

probes consisted of stainless steel tubing with sintered metal filters on the ends. The

sample lines which transported the gas to the sample conditioning system, consisted of

polyethylene tubing which was heat traced and insulated to prevent freezing during the
winter months.

Figure 4-2 also shows the location of the four PSCC 02 probes at the economizer exit

which are used for boiler trim control. The PSCC equipment uses in situ probes that

determine the 02 concentration on a wet basis. These probes (numbered A, ]3,C and D)

are located approximately three feet upstream of the Fossil Energy Research Corp.

(FERCo) grid, and very near probe numbers 3, 5, 7 and 9. Two additional sampling

ports were available at the economizer exit which were used for limited SO3

measurements.

The importance of the position of the 12-point grid relative to the four PSCC probes was

realized during the baseline burner tests when it was found that the average 02

measured from the grid was nominally one percent higher than the average indicated

in the control room. This difference was attributed to the inability of the four PSCC
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probestodetecttheelevatedO2 levelsalongtheeastand westsidesoftheductwhich

resultfrom airin-leakage.A comparisonbetweenthecontrolroom and average

economizerexit02 levelswas made duringthecurrentphaseoftestinginorderto

determineiftheretrofithad any effecton the differencebetweenthetwo. This

comparisonalsopermittedcorrelationofthetypicalcontrolroom datawiththeresults

presentedinthisreport.Figure4-3showsa comparisonofthetwo averageO2 values

for all the parametric tests performed during the retrofit burner characterization. The

average economizer exit O2 levels were again nominally one percent higher than those

indicated from the four PSCC probes. Approximately 0.3 to 0.4 percent 02 of this

difference can be attributed to the wet versus dry measurement basis between the two

analyzers. The balance of the difference is due to the non-uniform 02 distribution across

the duct, and the placement of the PSCC probes relative to the east and west walls. A

significant amount of data scatter is seen in Figure 4-3, although it must be noted that

variations in boiler operating parameters such as the number of mills in service or

overfire air flow can affect the 02 distribution, and thereby affect the difference in the

average 02 measured by each method.

Additional gas sample probes were installed at the air heater exit and the stack (fabric

filter outlet duct) locations. Whereas, the 12-point economizer exit sampling grid would

be utilized for detailed point-by-point measurements, the air heater exit and stack

sampling probes would be used only to obtain general duct averages at these locations,

and will be necessary during the subsequent NOx and SO2 reduction tests. Therefore,

only a limited number of probes were utilized at these test locations; six at the air heater

exit and a single probe _t the sta_k location. Figure 4-4 shows the location of the probes

at the air heater exit. These sample probes and tubing were similar to the installation

at the economizer exit. The staggered probes were installed at one-fourth entd three-

fourths duct depths, similar to the economizer exit. The figure also shows the location

of the heated probe for the CEM system at the exit of the air heater. This probe is not

in the same plane as the six-point grid, but approximately 3 feet upstream. At the stack
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sampling location, the heated probe for the CEM system is approximately 20 feet

upstream of the unheated probe installed during the baseline burner tests. Only a single

probe is used for both the CEM and the unheated probe locations since both are

downstream of the fabric filter and induced draft fans where little stratification of the

flue gas stream is expected. Figure 4-5 shows the installation of the unheated probe in

the fabric filter outlet duct.

4.3 Flyash Carbon Measurements

Flyash carbon level measurements were performed for nearly every test during the

current phase of the test program, as ash carbon levels in combination with CO

emissions are an important indicator of incomplete combustion and can be used

collectively to define a lower limit for the operating 02 level. Flyash sampling was

performed by extracting a composite high volume sample from the midpoint of all six

ports at the air heater exit location, as was done during the baseline burner test program.

However, unlike during the baseline tests where all carbon analyses were performed by

an independent laboratory, the current analyses were performed on site utilizing a Loss

on Ignition (LOI) analyzer developed by Fossil Energy Research Corp. for the specific

purpose of providing a rapid turnaround of the data. This portable instrument can

provide a preliminary estimate of the flyash LOI value in a matter of 15 to 30 minutes,

depending on the number of replicate analyses performed.

The rapid turnaround of LOI samples was used to quickly diagnose and guide the test

program during the optimization of the retrofit low-NOx combustion system. A

standard laboratory analysis would have required much longer turnaround times to

obtain flyash LOI values, most likely well after the time when the information was most

useful. A large number of samples were also submitted to the PSCC laboratory for LOI

analysis in order to verify the performance of the on-site instrument. Figure 4-6 shows

a crossplot of the LOI data from the two different methods. The results show a good

correlation between the two, with the on-site instrument providing slightly higher values

than those from the PSCC laboratory.
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Select samples were also sent to the same independent laboratory utilized during the

baseline tests in order to provide a means of correlating the elemental carbon and LOI

analysis data. A crossplot of the carbon and LOI data is shown in Figure 4-7. In both

cases, the LOI analyses overpredicted the elemental carbon content of the flyash samples.

This is to be expected since an LOI analysis is not carbon specific. Over the range of

interest for this report (LOI values of 2 to 6 percen0, the on-site LOI analysis tends to

overpredict the elemental carbon content of the flyash by approximately 1.3 to

1.7 percent.

4.4 Furnace Exit Gas Temperature Measurements

During the course of the current test series, furnace exit gas temperature (FEGT)

measurements were made in order to provide a comparison with those recorded during

the baseline burner tests. Temperature measurements were made using both acoustic

pyrometry and suction pyrometry (high velocity therrnometry).

An acoustic pyrometry system, manufactured by Combustion Developments Ltd. of

England, was utilized to provide a continuous assessment of the furnace exit gas

temperatures. The acoustic pyrometer sends a sound pulse across the furnace; the

transit time for the pulse is measured and thus, the mean speed of sound across the

furnace is determined. The average temperature along the path can then be determined

from the speed of the sound pulse. The acoustic temperature measurement technique

requires a clear line of sight across the furnace at the measurement location. Since the

boiler has a division wall running the length of the furnace, the first available location

with acceptable access for the acoustic instrument was through a pair of ports just

downstream of the first set of screen tubes (Location G in Figure 4-8).

In order to verify the acoustic data, high velocity thermocouple (HVT) measurements

were made at selected operating conditions through the ports at Location G on both

sides of the boiler. The HVT probe utilized for these measurements was of a standard

water-cooled design, utilizing a single radiation shield and a type R thermocouple.
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In addition to the measurements at Location G, HVT measurements were also made at

Location H as well as through the set of eight ports along the north side of the boiler

downstream of the second set of screen tubes (Figure 4-8).
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5

RESULTS
i

The current test program consisted of two separate test phases. During the first,

optimum opera0ng conditions and settings for the burners and oveffire air ports were

identified. The second phase consisted of a detailed series of tests to assess the

performance of the low-NOx combustion system. The results of the second phase of

testing are presented in three separate sections. The as-fired coal analysis and mill

fineness measurements are discussed first, as these tests will be referred to on occasion

during the presentation of the remainder of the results. Secondly, the performance of

the low-NOx combustion system as a function of various operating parameters is

discussed. These parameters include boiler load, excess air level, overflre air flow rate,

and number of mills in service. Finally the results of the detailed diagnostic tests

performed during the second phase of testing are presented. The diagnostic tests

included point-by-point gaseous traverses, FEGT, SO3, and particulate size and mass

loading measurements. The following four sections describe the results of each test

phase, as outlined above.

5.1 Combustion System Optimization

Optimization of the low-NO_ combustion system was completed in two parts. A

preliminary optimization was performed by B&W immediately after completionof the

retrofit in June1992. A moredetailed optimization took placeduring the initial weeks

of the formal testprogram which ran from August 6 through October29, 1992.
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Initial Optimization

Following the retrofit, B&W performed a series of tests to identify the optimum

operatingsettingsfor the burners and overfireair ports. The goal of thesetests was to

minimizeNOx emissions,CO emissions,and unburned carbonin the ash,while

maintainingacceptableboileroperatingpractices.A totalofeleventestswereperformed

overa periodoffourdays.Completedocumentationofthispreliminarytestseriesis

containedinaseparatereport,whichisattachedasAppendixA. A briefreviewofthe

resultsispresentedinthissection.

Initial tests during the preliminary optimization indicated that NOx emissions were quite

low, reflecting a 62 to 70 percent reduction from the baseline values, depending on the

overfire air flow rate. However, flyash carbon levels were unacceptably high, with

values ranging from I0 to 13 percent. These values dropped significantly once the

burner settings were optimized. Determining the proper spin vane settings was the most

significant factor in reducing the flyash carbon levels. During the initial tests, the inner

and outer spin vanes were set at 45° and 60°, respectively. With the spin vanes at 45°

for both the inner and outer zones, flyash carbon levels were reduced to 4 to 5 percent

at full load. Since a lower spin vane angle indicates a higher level of swirl and enhanced

fuel/air mixing, the reduction in flyash carbon levels was accompanied by a slight

increase in NOx emissions.

Overfire air port settings were optimized to provide the best balance of 02 across the

economizer exit. The optimized settings were determined to be with the center zone

damper 100 percent open and the spin vanes at 45°. More importantly, the report states

that the overflre air port metal temperatures should not be allowed to exceed 13000F,

and that closing the dampers which control the total overfire air flow rate to each side

of the furnace to less than 30 percent would result in insufficient cooling air to the ports.

This temperature requirement substantially limited the range of overflre air flow rates

which could be investigated during the formal test program.
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I_tllllti<l Optlmlzlltlon

A detailed optimization of the retrofit low-NOx combustion system took place during the

initial weeks of the formal test program. This provided an opportunity for a more

detailed study of the effect of burner and overflre air port settings on combustion

performance than was possible during the initial B&W optimization. The burner

optimization consisted of an assessment of the effect of spin vane position over a wider

range of settings, as well as an investigation of the effect of balandng the secondary air

flow distribution to each burner. The overfire air port optimization addressed the effect

of spin vane and core zone damper position, as well as the effect of balandng the

overfire air flow to the upper furnace.

The details of the optimization tests are provided in Appendix B. The results indicate

that a slight increase in burner swirl, achieved by changing the angle of the inner spin

vanes to 30° with the outer vanes remaining at 45°, provided lower CO emissions and

flyash LOI values than those for the swirl settings defined by B&W (inner and outer

vanes at 45°). The burner swirl changes had an insignificant effect on NO emissions.

The burner optimization tests indicated a substantial variation in the burner-to-burner

secondary air flow distribution with the sliding dampers in the full open position.

Balancing the air flows resulted in slightly decreased NO emissions, and in two out of

the three tests conducted, was shown to reduce CO emissions by nearly 20 ppm.

Maintaining the burner balance which had been set manually for these tests would have

required resetting the limit switches on the sliding damper actuator for each burner.

This was not done due to a lack of substantial impact on the NO emissions and the lack

of a consistent effect on CO emissions.

The overfire air port tests showed that optimal performance was not achieved with the

spin vanes at 45°, but rather with them 100 percent open (corresponding to zero swirl).

This effect is attributed to a substantial amount of air in-leakage through the east and

west sides of the boiler (which can be seen in 02 traverses at the economizer exit),
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creating a local 02 deficit along the center of the boiler near the furnace division wall.

With the new control system, the air flow rate is controlled to achieve a set point

economizer exit Oa value based on the average of the four PSCC 02 probes (see

Figure 4-2). Operating the overfire air ports with the core zone damper and spin vanes

I00 percent open provides the maximum amount of penetration into the center of the

furnace where the 02 is needed most for carbon burnout.

5.2 Coal Analysis Results

Two types of coal samples were obtained during the low-NOx combustion system retrofit

testing: raw or feeder coal samples, and pulverized coal samples from the burner pipes.

The feeder samples were obtained just upstream of the mill feeders and represent an as-

fired coal sample. The pulverized coal samples were obtained to determine the coal

fineness and evaluate the operation of the mills.

As-Fired Coal Composition

As-fired or feeder coal samples were obtained two to three times per week. These

samples were used to determine if significant changes in the fuel composition occurred

during the tests. Five samples were submitted to an independent laboratory for coal and

ash analysis. Individual and average coal analysis results are presented in Table 5-1.

In general, the individual analyses were consistent with each other, and indicate a fairly

stable coal supply for the duration of the testing. The coal parameters which could

affect the test results by directly affecting the operation of the boiler include the fuel

heating value, fixed carbon or volatiles content or significant changes of the moisture

content. The results indicate that these parameters remained relatively stable.

One coalparameterwhichvariedduringtheretrofitburnertestswas thefuelsulfur

content,whichdirectlyaffectsboilerSO2emissions.The coalanalysesindicatethatwith

theexceptionofthesampleforTest378,thefuelsulfurcontentwas constantat0.44

percent.The coalfiredduringTest378,however,had a sulfurcontentof0.59percent,
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Table 5-1
As-Fired Coal Analysis Results

___ __ , i i !,1! :T LI _JIH L : 111 ::T: I

Tat Number 206 279 330 371 2178
Retrofit Baseline

Date 8/11/92 9/19/92 10/4/92 10/22/92 10/26/92 Burner Burner

Time 1230 1300 1600 090S 09S0 AveraRm AveraBes
till I i i . i , , ,, i

Proximate Analysis
% Moisture 10.79 12.32 10.27 10.97 I1.25 I1.12 10.99

% Ash 9.54 9.03 10.79 9.84 7.85 9.41 9.04

% Volatile 34.60 34.49 34.74 35.16 35,71 34.94 35.09

% Fixedc_rbon _ _ _ _ _ _

TOTAL I00.00 I00.00 I00.00 I00.00 I00.00 I00.00 I00.00

i i ,, ,, ,, ,,,,,,,,, ,,

HHV, Btu/Ib 11082 10795 10950 10993 11111 10986 11097

FC/V°) 130 1.28 1,27 1.25 1.27 1.27 1.28

Prox Analysis,
MAP ) 43.43 43.85 44.01 44.40 44.15 43.97 43.89

% Volatile 56.57 56.15 55.99 55.60 55.85 56.03 56.11
% Fixed Carbon 13909 13726 13870 13881 13735 13824 13877

HI-=,',Btu/Ib

, , , , ,,,,,m i , ,, , ,,, l,,

Ultimate Analysis
% Carbon 61.81 61.09 61.49 62.00 62.92 61.86 62.00

% Hydrogen 4,15 4.47 4.85 3.91 4.11 4.30 4,36
% Nitrogen 1.59 1.46 1.62 1.57 1.70 1.59 1.48
% Chlorine 0.01 0.00 0.00 0.00 0.00 0.00 0.01
% Sulfur 0.44 0.44 0.44 0.45 0.59 0.47 0.49

% Oxysen 11.68 11.19 10.54 11.26 11.58 11.25 11.64
% Ash 9.54 9.03 10.79 9.84 7.85 9.41 9,04

% Moisture 10.7....._9 _ 10.2_ 10.97 11._ 11.1.._.._2 10,99

TOTAL 100.01 100.00 100.00 100.00 100.00 100.00 100.01

Ult Analysis, MAF
% Carbon 77.57 77.67 77.89 78.29 77.78 77.84 77.53

% Hydrogen 5.21 5.68 6.14 4.94 5.08 5.41 5,46
% Nitrosen 2.00 1.86 2.05 1.98 2.10 2.00 1.85
% Chlorine 0.01 0.00 0.00 0.00 0.00 0.00 0.02
% Sulfur , 0.55 0.56 0.56 0.57 0.73 0.59 0.61

% Oxygen 14.66 14.23 13.35 14.22 14.31 14.15 14.55
i,H I,H,,,HI,,,r '...... ' f

(i)FC/V: Ratiooffixedcarbontovolatiles
_)MAF: Moistureand ashfree
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Table 5-1. (Continued)
,

Test Number 206 279 330 371 378
Retrofit Baseline

Date 8/11/92 9/19/92 10/4/92 10/22/92 10/26/92 Burner Burner
Time 1230 1300 1600 0905 0950 Averages Averages

HardgroveGrind 48 50 47 48 48 48 43
% Moisture 3.47 4.60 3.48 4.33 5.47 t'.27 2.61

Fusion Temp Reducing
Initial 2350 2414 2342 2375 2366 2369 2462

Softening 2393 2466 2443 2420 2409 2426 2531
Hemispherical 2447 2504 2519 2468 2465 2461 2581
Fluid 2601 2590 2641 2585 2510 2585 2668

Fusion Temp Oxidizing
Initial 2394 2423 2431 2422 2435 2421 2532

Softening 2443 2489 2478 2458 2494 2472 2607
Hemispherical 2529 2532 2565 2480 2557 2533 2603
Fluid 2700 2607 2700 2607 2651 2653 2700

,,,

Ash Analysis
SiO2 57.08 56.83 58.50 57.68 51.44 56.31 56.21
A1203 24.10 24.73 23.75 23.85 26.70 24.63 24.73
Fe203 3.24 3.90 3.02 2.98 4.27 3A8 3.63
CaO 5.45 4.83 5.03 5.17 6.59 5.41 5.71

M80 1.71 1.35 1.68 1.51 1.37 1.52 1.43
Na20 1.17 1.42 1.21 1.21 0.73 1.15 0.94
I_O 1.15 1.35 1.28 1.16 0.94 1.18 0.91
TiO= 0.80 0.75 0.73 0.77 0.83 0.78 0.75
MnO2 0.07 0.08 0.07 0.07 0.07 0.07 0.07
P2Os 0.00 1.00 0.79 0.96 1.55 0.86 I.II
SO3 3-57 3.07 3.27 3.10 4.76 3-55 3.60
StO 0.27 0.24 0.23 0.27 0.39 0.28 0.31
BaO 0.39 0.45 0.44 0.39 0.36 0.41 0.39

Undetermined 1.00 0.00 0.00 0.88 0.00 0.3..A8 0.7..._6

TOTAL 100.00 100,00 100.00 100.00 100.00 100.01 100.00

Base/Acid Ratio 0.16 0.16 0.15 0.15 0.18 0.16 0.15
Silica Value 84_59 84.93 85.74 85.65 80.79 84.34 84.60

T_ Temperature (°F) 2900+ 2898 2900+ 2900+ 2787 2877 2882
FoulingIndex I.17 1.42 1.21 1.21 0.73 1.15 0.94

Slagging Index 2386 2438 2387 2396 2404 2402 2495
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which is an increase of over 34 percent. Since the SO2emissions very closely follow the

fuel sulfur content, the SO2 would be expected to vary by the same magnitude.

The main fuel source for the Arapahoe Station is a Cyprus Yampa Valley coal. On

occasion, coal from a different source (Edna mine) is utilized. The two coals are very

similar, with the major difference being the sulfur content. The coal fired during test 378
was from the Edna mine.

The average coal analysis results from the baseline burner tests, where three samples

were analyzed individually, are also presented in Table 5-1. Comparison of the average

results from the two test phases show the analyses to be virtually identical, indicating

that any change in performance measured during the retrofit combustion systems tests

was not due to a change in coal properties.

Fineness Measurements

Pulverized coal samples were taken at full load conditions on two occasions during the

current phase of the test program. Separate samples were taken from each of the 12

pipes supplying coal and primary air to each individual burner in accordance with the

procedures outlined in ASTM Method D410-38. The samples from the three pipes for

a given mill were then composited for a fineness analysis. The composited samples

were sieved with 50, 100 and 200 mesh screens and plotted on a Rosin-Rammler graph.

The fineness results for all four mills on each of the two separate test days are shown

in Figures 5-1 and 5-2. The data show that the attrition mills ground the coal to an

acceptable fineness during both tests. All four mills allowed a grind of less than 0.3

percent retained on the 50 mesh screen (better than 99.7 percent passing through 50

mesh), which indicates the general absence of the largest coal particle sizes. The large

coal particles are particularly difficult to completely burn out and can contribute to

excessive carbon losses (i.e., elevated CO emissions and flyash carbon levels). All mills

yielded a fineness greater than 73 percent passing through a 200 mesh screen. The

performance of A, B, and C Mills was nearly identical on both days, indicating very
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Figure 5-1. Mill Fineness Results, October 23, 1992
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stable mill operation. D Mill performed similarly to the other three mills during the first

test, and slightly better during the second. The reason for the improvement in the

performance of D Mill is likely a hammer replacement which occurred on October 24th,

the day after the first test.

The results of the fineness test performed during the baseline burner tests are presented

in Figure 5-3. Comparison of these results indicates the current operation of the mills

to be more consistent on a mill-by-mill basis. The inconsistencies in the mill-to-mill

performance seen before the retrofit may be due to differences in the maintenance status

of each mill at the time of the test. It is also possible that the new variable speed coal

feeder drives installed during the retrofit provided a more uniform coal feed to each

mill, resulting in more consistent mill-to-mill performance. However, there is no actual

data to support this hypothesis, and since the post-retrofit fineness data (Figures 5-1 and

5-2) showed that mill maintenance can have an effect on performance, it is likely that

differences in the maintenance status of each mill is the reason for the differences in

mill-to-mill consistency seen before and after the retrofit.

Coal Distribution

The 12 pulverizedcoalburnerpipesampleswere individuallyweighed priorto

compositingandsievingofthefourmillfinenesssamples.Sincethesamplingtimesand

flow ratesforeach pipewere equal,the individualsampleweightsprovidedan

approximatecoalflowdistributionamong theburnerpipesexitingasinglemill.Using

thisapproximation,therelativecoalflowtoeachburnerduringbothtestswas estimated

and isshown inFigures5-4aand 5-4b.Thesedataareplottedasa functionofburner

locationacrossthetopofthefurnace(recallFigure3-2).

Ideally, each burner should receive 1/12, or 8.33 percent of the total coal flow.

However, the coal feed system on Arapahoe Unit 4 does not include gravimetric feeders;

therefore, the relative feeder flows cannot be easily determined or controlled. In actual

operation, the relative coal split for each of the four mills could vary on a day-to-day,
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Figure 5-4a. Burner-to-Burner Coal Distribution Results, October 23, 1992

Figure 5-4b. Burner-to-Burner Coal Distribution Results, November 19, 1992
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or hour-to-hour basis, depending upon the relative setting of the feeder controls or other

coal feed variables which could not be held constant with any certainty. Comparison

of the distributions in Figures 5-4a and 5-4b shows a day-to-day variation.

A similarcoaldistributionanalysiswas performedduringthebaselineburnertests.The

resultsofthisanalysisarepresentedinFigure5-5,wherethearrangementofthedata

correspondstothewesttoeastorientationofthe12originalintertubeburners(recall

Figure2-3).Inordertobetterseethedifferencesinthemill-to-milland burner-to-burner

distributions,thetabulardataforFigures5-4a,5-4band 5-5arepresentedinTable5-2.

Althoughthemill-to-millcoalsplitsaredifferentforallthreetests,thevariationisquite

small.The dataalsoshow pipe-to-pipedistributionsofcoalexitingeachmillwhichare

not consistentamong any of the threetests,indicatingthatthe burner-to-burner

distributionofcoalfromanyonemillcanvaryon a day-to-daybasis.Again,however,

thevaHatlonissmall.

Coalflowimbalancescanhaveaneffecton theefficiencyofthecombustionprocessas

wellasNO emissions.A significantimbalancecan resultinexcessivecarbonlosses

and/oralimitationtotheminimum airflowswhichcanbe sustainedwithinthelimit

ofacceptableCO emissionsor flyashcarbonlevels.Carbonburnoutproblemswould

be expectedinareasofhighcoalconcentration.Infact,a relativelysmalllocalregion

thathas a highimbalancecandictatetheminimum operatingexcessairlevelforthe

entirefurnace.Conversely,regionswithlesscoaland a greateravailabilityofoxygen

canleadtolocallyhighNO emissions.

Although the data in Table 5-2 indicate that the day-to-day distribution of coal to the

burners can vary, the magnitude of the variation is small. This variation in coal

distribution in itself is likely not large enough to have a significant impact on boiler

operation. However, if it were combined with significant variation in secondary air

flow, carbon burnout or NO emissions could be affected.
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Table 5-2

Tabulated Burner-to-Burner Coal Distribution Data

............. ,T ,I,',,,,,, ,,,,,,,,,, H, , "_J' ',,,' ,,, ,, ' ,,,,,, i , ....... " ,,,-"-"

Post-Retrofit - 23 Oct 92
......... ,....._]_, ,L _= ,,,,=, ' .... : - ,,,,,"' ' ,m ,_, ......

A MIll B Mill C MILL D Mill

Burner % of Burner % of Burner %of Burner % of
Number Coal Number Coal Number Coal Number Coal

2 7.5 1 7.7 4 8.6 6 7.8
3 9.5 8 8.6 5 9.1 10 9.3
7 _ 9 7...88 12 8,..! 11 8.2

Sum 24,8 Sum 24.1 Sum 25.8 Sum 25.3

Post-Retrofit - 19 Nov 92
: T ,, ..... ,,, ' ',IPI ,,,, ,J,, ,, , , J ,L ,,, ,

A Mill B Mill C Mill D Mill

Burner %of Burner % of Burner % of Burner %of
Number Coal Number Coal Number Coal Number Coal

2 7.1 1 8.6 4 8.6 6 7.1
3 9.8 8 8,8 5 8.4 10 8.5
7 8..._2 9 8,6 12 7.9 11 8.4

Sum 25.1 Sum 26.0 Sum 24.9 Sum 24.0

.................. ,,_ L , ' ',' "Y" , ", '" =,,,I,

Baseline Burner Tests

A Mill B Mill C Mill D Mill

Burner % of Burner % of Burner % of Burner %of
Number Coal Number Coal Number Coal Number Coal

2 8.0 1 9.0 4 8.1 6 7.5
3 9.7 8 7.4 5 8,3 10 8.2
7 7..._9 9 7._7 12 9.8 11 8...4.4

Sum 25,6 Sum 24.1 Sum 26.2 Sum 24.1

f, ,,G, , ' "'" " ' ' ,,,,,,,,, ""
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5.3 Parametric Performance Tests

The operating parameters which were varied during the parametric performance tests

of the retrofit low-NOx combustion system were boiler load, excess air level, overfire air

flow rate, and mills out of service. These test parameters represent the primary factors

influencing NO, CO and carbon emissions. The effect of each of the four parameters is

discussed in the following sections. The first section presents "the big picture," that is,

the performance of the optimized combustion system as a function of boiler load. Since

it is necessary to be familiar with the effects of excess air level and overfire air flow rate

in order to fully understand the effect of boiler load, a brief discussion of these two

parameters is included in the first section. The three remaining sections are dedicated

to in-depth discussions of the parametric effects of excess air level, overfire air flow rate

and mills out of service.

.b

Effsot of Boiler Load

The NO emissions as a function of boiler load with the retrofit combustion _ystem are

compared to those measured with the original burners in Figure 5-6. A wider range of

load was investigated during the post-retrofit test program. The Arapahoe Unit 4 boiler

is used nearly continuously for load regulation under automatic control from the PSC'C

system dispatch center. During periods of high demand, the unit is someti:aes run at

boiler loads as high as 110 to 115 MWe. Likewise, during periods of very low demand,

it is preferable to "idle" the boiler at approximately 50 MWe, rather than shut it down

and then restart it as soon as demand increases. Although operation at either extreme

is not frequent, tests were performed at 50 and 110 MWe in order to characterize the

performance of the retrofit low-NOx combustion system over the entire usable range of

the boiler. Tests were not conducted at these boiler loads during the baseline burner

tests.

The ArapahoeUnit4 boilerisnormallyrunwithallfourmillsinserviceuntilloadis

reducedbelow80MWe, atwhichpoint,onemillisremovedfromservice,andthreeare
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used until load is reduced below 60 MWe. If the unit is load following under automatic

control at or below 60 MWe, three mills are utilized to allow for rapid load increases.

If the unit is expected to be "idled" at a load below 60 MWe for a sufficient length of

time, a second mill is removed from service. Unless otherwise noted, the data presented

in this and the following sections for loads of 80 MWe and above are with all four mills

in operation. The 60 MWe data is with three mill operation (B Mill out of service), and

50 MWe, with two mills in service (A and D Mills out of service). Refer to Figure 3-2

to see which burners are supplied by the individual mills.

NO emission data for the retrofit combustion system with both minimum and maximum

overfire air flow rates are presented in Figure 5-6. Maximum overfire air is defined as

having the overflre air control dampers full open. This corresponds to approximately

24 percent of the total secondary air at boiler loads of 80 MWe and above, and 28 and

32 percent for 60 and 50 MWe, respectively. The percentage of overfire air increases at

the lower boiler loads because there are fewer mills in service at these conditions. When

a mill is taken out of service, the secondary air flow dampers for the three burners fed

bythatparticularmillareplacedinthe"cool"position.Thisincreasesthebackpressure

inthewindboxand allowsmore ofthesecondaryairtobe divertedtotheoverflreair

ports.

Minimum overfire air flow is defined as the amount necessary to maintain the port

metal temperatures at an acceptable level. At 80, 100 and 110 MWe, 15 percent of the

total secondary air was sufficient. Minimum overfire air tests were not performed at the
lower loads for reasons which will be discussed below.

The data in Figure 5-6 show that with maximum overfire air, the NO reduction varies

from 63 to 69 percent across the load range of 60 to 100 MWe. With minimum overfire

air, the NO reduction is slightly lower, indicating that for this particular installation, the

low-NOx burners appear to provide the majority of the reduction in NO emissions.

However, due to port temperature limitations, it was not possible to reduce the overfire

5-18 FERCo-7035-R267



air flow to zero. Although the data indicate that increasing the overflre air flow from

15to24percentresultedina 5 to10percentincreaseinNO removal,factorsotherthan

overflreairflowcontributetothiseffect.A detaileddiscussionoftheeffectofexcess

airlevel,whichoccurslaterinthissection,willshow thattheNO removaldue tothe

effectofoverflreairaloneisevenlessthanthatindicatedinFigure5-6.

NO emissionreductionsachievedthrougha low-NOxcombustionsystemretrofitare

achievedsometimesattheexpenseofhigherCO emissionsand increasedflyashcarbon

levels.One goaloftheretrofittestprogramatArapahoeUnit4 was tominimizeNO

emissionswithoutsignificantlyincreasingcarbonlosses(CO emissionsorash carbon

levels).Thisgoalwas achievedby imposinga CO emissionlimitof50ppm forwhat

was tobe definedas "normal"boileroperationateachload. Figure5-7shows a

comparisonofCO emissionsbeforeand aftertheretrofit.The dataindicatethatCO

emissionswere actuallyreducedwiththenew burnersand maximum overflreair,

especiallyatorbelow80MWe. A factorcontributingtothisreductionisthatatreduced

load,theboilermust beoperatedathigherexcessairlevelsthanthoserequiredwiththe

original burners. Before the retrofit, it was necessary to increase the excess air slightly

as load was reduced in order to maintain design steam temperatures. With the new

combustion system, the air flow increase necessary to maintain steam temperature was

found to be significantly greater.

Figure 5-8 shows the excess 02 levels necessary to try to maintain both adequate steam

temperature and limit CO emissions to 50 ppm with the retrofit combustion system, and

compares them to the levels for normal operation with the original burners. With

maximum overfire air, 50 ppm CO can be achieved at 100 MWe with an excess air level

similar to that necessary with the original burners. However, as mentioned above, as

boiler load is reduced, it is necessary to increase the excess air levels in order to maintain

steam temperatures. With maximum overfire air, this increase in excess 02 is

approximately 0.7 percent at 80 MWe and 1.9 percent at 60 MWe. The increased oxygen

levels result in better carbon burnout, and thus reduced CO emissions as load is reduced

(Figure 5-7).
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The excess 02 levels shown in Figure 5-8 were more than sufficient to maintain design

steam temperature (1000°F) at both 100 and 110 MWe with maximum overfire air. At

both loads, the steam temperature was controlled by attemperation. At 80 MWe, the

excess 02 level was just below that necessary to keep the attemperation valves open, and

steam temperature dropped slightly to 995°F. At Arapahoe Unit 4, the lower limit of the

"adequate" steam temperature range is defined as 980°F. If the temperature falls below

this value, an alarm is registered on the DCS. At 60 MWe, the steam temperature was

approximately 980°F at the excess 02 level shown in Figure 5-8. At both 60 and 80

MWe, the control operator may adjust the DCS O2trim system to increase the excess air

level in order to raise the steam temperature to 1000°F. At 50 MWe with the 02 trim at

maximum, however, the steam temperature was only 945°F. The only way to raise the

excess 02 level further was to take the boiler out of automatic control and increase the

speed of the fans manually. It was decided that this was beyond the scope of "normal"

operation; therefore, only a single test was performed at 50 MWe.

During the combustion system optimization tests, the penetration of the overfire air was

found to be a critical factor in assuring adequate oxygen for sufficient carbon burnout

at the center of the furnace, near the division wall. This effect is again apparent when

reviewing the minimum overfire results in Figures 5-7 and 5-8. As seen in Figure 5-7,

CO levels are in general lower with maximum overfire air. As the overfire flow is

reduced, the penetration is also reduced, and an increase in excess air is necessary to

maintain CO levels at 50 ppm. Since reduced overfire air flows resulted in increased CO

and NO emissions at loads of 80 MWe and higher, minimum overfire air tests were not

performed at 60 MWe with the optimized combustion system. However, a minimum

overfire test was performed at 60 MWe during the optimization tests at a point in time

when the burner settings were optimized, but the overfire air port settings were not.

During this test, the overfire air flow was reduced from the maximum of 26 percent to

5 percent, while the economizer exit 02 level was held constant. The decrease in overfire

air flow resulted in an increase in CO and NO emissions of 52 ppm and 13 ppmc,

respectively. Minimum overfire air tests were not performed at 50 MWe due to the

inability to maintain steam temperature at that boiler load.
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A comparison of the flyash carbon levels before and after the retrofit are presented in

Figure 5-9. The data show that the combustion modifications did not significantly

increase carbon levels above those measured during the baseline tests. In fact, a slight

decrease is more appropriate when one recalls that the carbon levels from the LOI

method are nominally 1.5 percent higher than an elemental carbon analysis (Figure 4-4b).

When comparing the pre- and post-retrofit flyash carbon levels, it must also be noted

that the performance of the coal mills was more consistent after the retrofit than before

(recall Figures 5-1, 5-2 and 5-3), and this difference in performance may itself result in

a slight decrease in carbon levels. The post-retrofit data show a general downward

trend as boiler load is reduced which, as expected, is consistent with the trend seen for

the CO emissions in Figure 5-7. However, an increase in both CO emissions and flyash

carbon content is seen when load is reduced from 60 to 50 MWe, even though the excess

02 level was increased nearly 2 percent. This is likely the result of changing from 3 mill

to 2 mill operation. At 50 MWe, each mill still in operation is processing approximately

21 percent more coal than it was at 60 MWe. A decrease in the grinding efficiency

would result in larger coal particles which would be more difficult to burn.

Comparison of data in Figures 5-7 and 5-9 shows another interesting result. Namely,

while the CO emissions with maximum overfire air are less than or equal to those with

minimum overfire air, the flyash carbon levels are lowest under the minimum overfire

air condition. The reasons responsible for this effect were not immediately apparent,

and the limited amount of testing time did not allow a more detailed investigation.

Effect of Excess Alr Level

The effect of operating 02 level on NO emissions is shown in Figure 5-10 for both the

original and retrofit combustion systems. The data show that the NO emissions were

significantly more sensitive to changes in 02 before the low-NOx combustion system was

installed. With the original burners, a one percent change in 02 resulted in

approximately a 145 ppmc change in NO. With the low-NOx burners, the sensitivity is

on the order of only 40 ppmc NO per percent of 02. This decreased sensitivity to 02 is
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attributed to a more gradual mixing of fuel and air in the near burner region. It does

not appear that the amount of overflre air has a significant effect on the NO/O2

sensitivity, as the results shown in Figure 5-10 include the data for all overfire flow rates

tested at each particular load.

In order to maintain adequate steam temperatures, as well as minimize NO, CO, and

flyash carbon levels, the tests indicate that the recommended economizer exit excess 02

levels as a function of boiler load should be set as shown in Table 5-3. The table also

includes the corresponding control room O2 set points, as well as the economizer exit

and control room O2 levels measured during the baseline tests for normal operation.

Table 5-3

Recommended Excess 0 2 Levels as a Function of Boiler Load

.... ,m .. , ' " ,,, ,., ,','I, ...

Retrofit Combustion System Original Burners

12-point 12-point
Load Economizer Control Economizer Control

(MWe) Exit 02 Room 02 Exit 02 Room 02
(%, dry) (%, wet) (%, dry) (%, wet)

110 4.7 3.6 ......
100 4.5 3.4 4.5 3.6

80 5.4 4.3 4.8 3.9
60 7.7 6.5 5.8 5.1

,., ,, L ' ' .. ,,.' -- ..... , .....

Effect of Overflre Air

Overflre air is generally expected to provide a significant NO reduction in addition to

that achieved with low-NOx burners alone. However, the results shown in Figure 5-6

indicated only a modest effect of overfire air flow on NO emissions, which suggests that,

for this particular retrofit, the burners are responsible for the majority of the reduction

in NO emissions. As mentioned previously, however, it was not possible to test with

i
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the overflre air flow reduced to zero due to port metal temperature limitations, thereby

making it difficult to explicitly quantify the effect of overflre air. In addition to the

absolute effect on NO emissions, the effectiveness of overfire air can also be assessed by

looking at the effect on the NO/O 2 relationship. One would expect that as the fuel/air

mixing is reduced, the sensitivity of NO emissions to excess 02 levels would also

diminish. This certainly was seen in Figure 5-10 when the performance of the retrofit

combustion system was compared to that of the original burners.

Before discussing the results any further, a couple of comments regarding the operation

of the boiler control system are appropriate. The O2 trim control uses an average 02

level calculated from the four individual PSCC 02 probes shown in Figure 4-2. As

discussed in Section 4.2, the four probes do not provide an accurate composite 02

measurement at the economizer exit. This is particularly a problem when the overfire

air flow rate is varied. In terms of the operation of the automatic 02 trim system, the

following scenario occurs as the overfire air flow is reduced:

* The overfire air flow is decreased (i.e., the control dampers are closed).

. With decreasing overfire air flow, the penetration into the center of the furnace
decreases.

* As a consequence, the four PSCC 02 probes (which are located toward the center
of the furnace) see a lower average 02 level.

* The lower indicated 02 level tells the control system to increase the overall air
flow rate, thereby increasing the overall 02 level (as determined by the 12-point
grid at the economizer exi0.

Therefore, the increase in NO emissions seen with reduced overfire air flow rates in

Figure 5-6 cannot be solely attributed to a reduction in overfire air flow since it was

accompanied by an increase in the excess 02 level (Figure 5-8). Itwas preferred that the

tests be conducted with the control system in automatic, as this is the normal boiler

operating mode. Therefore, in order to determine the amount of the increase in NO

emissions which was due solely to the reduction in overfire air flow, it was necessary
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to adjust the minimum overflre air data in Figure 5-6 by subtracting the NO increase

that was due to the difference in 02 levels. The 02 contribution was calculated by

multiplying the difference in O2 by the post-retrofit NO/O2 sensitivity of

40 ppm/percent (recall Figure 5-10). The adjusted NO emission data for the minimum

overflre air case are shown in Figure 5-11 along with the unadjusted data from

Figure 5-6. The results indicate that the differences in NO emissions between the

maximum and minimum overfire air conditions are due almost exclusively to the

different excess 02 levels for each condition.

Ideally, low-NOx burners and overfire air should control the fuel/air mixing process

over two separate regions of the furnace. The burners should control the mixing in the

near-burner region, while the overfire air should control the mixing over a larger part

of the furnace volume farther downstream. It is likely that at this particular installation,

there is not sufficient distance between the burners and overflre air ports, and both are

contributing to mixing in the near-burner region. This can be more clearly seen in

Figure 5-12, where NO emissions are plotted as a function of burner stoichiometric ratio

for the three overfire air flow rates tested at 100 MWe. The burner stoichiometric ratio

is the ratio of the air and fuel supplied to the burners, and is thus the parameter

controlling NO formation in the region upstream of the overfire air ports. If this is the

case, then it would be expected that the burner stoichiometric ratio would have a large

effect on NO emissions. However, the data in Figure 5-12 show only a weak

dependency of approximately 7 ppmc NO per percent burner stoichiometric ratio. This

suggests that the fuel/air mixing by the burners is sv:_iciently slow such that moving

nominally 10 percent of the air from the burners to the overflre air ports has little affect

on mixing. This further supports the previous statement that the burners are responsible

for the majority of the NO reduction.

As mentioned previously, although increasing overfire air is generally expected to

increase CO emissions and flyash carbon levels, quite the opposite was found to be true
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for this particular installation. Hgures 5-13a and 5-13b show the CO emissions and

flyash carbon levels as a function of excess 02 and overflre air for 110 MWe. Hgures 5-14

and 5-15 show similar data for 100 and 80 MWe, respectively. The data show that at all

three loads, increasing the overfire air at a fixed excess 02 level results in decreased CO

emissions and flyash carbon levels. Again, it is believed that the increase in penetration

and mixing provided at the higher overfire air flows eliminates any locally fuel rich

regions where carbon burnout would be impeded.

Based on the results of the parametric evaluation of the effect of overfire air flow rate,

it is recommended that the maximum overfire air flow condition be maintained

throughout the boiler load range as the data show that this condition results in the

lowest NO and CO emissions, as well as the lowest 02 requirement.

Effect of MlUs Out of Servlce

The datareportedthusfarhavebeenforfourmilloperationatboilerloadsof80MWe

and above,threemilloperation(B Millout of service)at60 MWe, and two mill

operation(A and D Millsoutofservice)at50 MWe. Althoughthesearethenormal

number ofmillsinoperationforeachload,itisimportanttoinvestigateothermillin

serviceconfigurationsfortwo reasons.First,thereisno guaranteethatB Millwill

alwaysbe theone takenout ofserviceat60 MWe, and theperformancewithany

particularmillout ofserviceneedstobe documented. Second,althoughfourmill

operationispreferred,ifany one millhappenstobe outofserviceformaintenance

reasons,threemilloperationispossibleatboilerloadsup to100MWe. Therefore,three

milloperationshouldalsobe investigatedat80and 100MWe and,similarly,two mill

operationshouldbe investigatedat60 MWe. Obviously,investigatingallpossible

combinationsof millinservicepatternsatallboilerloadswould have requiredan

amountoftimewellbeyondthatwhichwas availableforthecurrenttestprogram.In

ordertominimizetheamount oftesttimerequiredwhilemaximizingtheamount of

usefulinformationprovided,arelativelydetailedcharacterizationoftheeffectofmill
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in service pattern was conducted at 80 MWe, and less detailed characterizations

conducted at 100 and 60 MWe. All three sets of tests were conducted with maximum

overfire air which was shown previously to be the optimum operating condition.

The effect of mill in service pattern on NO emissions at 80 MWe is shown in

Figure 5-16, where three mill operation with each of the four mills out of service is

compared to operation with all four mills in operation. Although the data show a

variation in NO emissions depending on which mill is removed from service, the

variation is small and on the order of only 10 percent. In general, the NO emissions for

three and four mill operation are similar. The effect of mill in service pattern on the CO

emissions and flyash carbon levels at 80 MWe are shown in Figures 5-17a and 5-17b,

respectively. The three mill data in each figure again show a small variation, depending

on which mill is removed from service. However, both CO emissions and flyash carbon

levels are substantially higher for three mill operation than for four mill operation. The

increase in carbon losses seen with the switch from four to three mill operation is likely

due to the combination of two effects. First, four mill operation provides a more

uniform distribution of coal and air across the roof of the furnace, thereby minimizing

the likelihood of any locally fuel rich regions where carbon burnout would be impeded.

Second, with one mill out of service, each of the three remaining mills is processing

approximately 33 percent more coal than at the four mill condition. The grinding

efficiency of the three remaining mills is expected to be affected by the increased

loading, resulting in larger coal particles, which take longer to burn.

At 100 MWe, the effect of three mill operation was assessed with only B and C Mills out

of service. The results of these tests are shown in Figures 5-18 and 5-19. Again,

comparison of the three and four mill data show little effect on NO emissions, while a

large increase in CO emissions and flyash carbon levels are seen when only three mills

are in service. Although the three mill data show a variation in NO emissions which is

on the same order as that seen at 80 MWe (approximately 10 percent), the variations in

CO emissions and flyash carbon levels are much larger than those seen at the reduced
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boiler load. The trends in Figures 5-19a and 5-19b are consistent and seem to indicate

that B Mill was not pulverizing the coal as efficiently as C Mill. Since all of the 80 and

100 MWe tests were performed over a period of only ten days, it is unlikely the

difference is due to a degradation in the performance of B Mill during that time. It is

possible that there was a slight difference in the grinding efficiency of the two mills that

was not apparent at 80 MWe, but as the boiler load was increased to 100 MWe, the coal

feedrate requirement was increased to the point where B Mill began generating a higher

fraction larger coal particles.

At 60 MWe, the effect of three mill operation was again assessed with only B and C

Mills out of service. A single test was also run with only two mills operating (A and D

Mills out of service). The results of these tests are shown in Figures 5-20 and 5-21. As

expected, comparison of data with three mills in service shows little effect on NO

emissions. While it is difficult to draw a concrete conclusion with only a single test, it

appears that operation with only two mills in service resulted in an increase in NO

emissions. Figures 5-21a and 5-21b show essentially no variation in the CO and LOI

data for the three mill in service conditions; this is likely due to the increased excess air

and residence time available for carbon burnout at this load. The data also appear to

indicate an increase in CO emissions and flyash carbon levels with only two mills in

service.

The results of the mills out of service tests indicate that for three mill operation, running

with either A or B Mill out of service iis preferable. However, it must be stressed that

these results are valid only for the operating condition of each mill during this test

program and the relative preference of each will likely change as normal equipment

wear and scheduled maintenance occur. Recall the difference in grinding performance

seen for D Mill before and after the hammer replacement on October 24th (Figures 5-1

and 5-2, respectively). Such an increase in grinding performance will likely result in

decreased CO emissions and flyash carbon levels from the three burners fed by that

particular mill. Thus, the decision of which mill is to be taken out of service at reduced
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loads cannot be made based solely upon the data presented in this report. It would be

best made based upon the recent maintenance schedule and current operating

performance of each mill as judged by plant operating personnel.

5.4 Detailed Diagnostic Tests

Throughout the parametric performance evaluation, various detailed diagnostic tests

were occasionally performed, usually in order to gain a better understanding of a

particular process variable, or to provide data for comparison to similar measurements

obtained during the baseline tests. Point-by-point gaseous sampling traverses across the

economizer exit duct, burner-to-burner coal and secondary air distribution

measurements, and furnace exit gas temperature traverses are examples of the former

typ(._sof tests; while SO3, flyash mass loading and particle sizing measurements are

examples of the latter.

Point-by-Point Gaseous Traverses

As mentioned previously, after the low-NOx combustion system retrofit, increases in

overfire air were found to reduce CO emissions and flyash carbon levels, rather than

increase them as originally expected. In an effort to better understand this effect, point-

by-point gaseous traverses were conducted at the economizer exit sampling location.

Figures 5-22 and 5-23 show the 02 and CO data for traverses at 100 MWe with the

original burners and low-NOx combustion system, respectively. Each point represents

a composite sample from the upper and lower probes at each of the six sampling points

on top of the economizer exit duct (recall Figure 4-2). With the original burners

(Figure 5-22), the 02 profile across the center of the furnace was relatively fiat,

indicating a fairly even distribution of secondary air through the burners. The increase

in O2 from nominally 4 to 6 percent at the two outer sampling locations was attributed

to in-leakage through the numerous sootblower openings and observation doors on the

east and west sides of the boiler. A local region of high CO emissions corresponding

to an area of low excess 02 was found in the center of the west side of the furnace. The

shape of the 02 and CO profiles for the retrofit combustion system with maximum

overfire air (Figure 5-23) was found to be quite different from that measured during the

5-43 FERCo-7035-R267



CO (ppm)



10 - • = - I .... I .... I .... 300

7
200

1O0
3

' I
I
I

2 t
I 50
I
I

1 tI
I
I
I

0 _11 . __ _± _. ! " "-_" _ 0
0 10 20 30 40

West Wall Division Wall East Wall

Distance From West Wall (Ft)

Flgure 5-23. Post-Retrofit O2 and CO Traverses at 100 MWe
with Maximum Overfire Air

5-45 FERCo-7035-R267



baseline tests. The post-retrofit 02 profile shows a much greater increase in 02 at the

two outer sampling locations. In addition, a continual decrease in 02 is seen as the

economizer exit duct is traversed from either side wall toward the center. The data

show that even with maximum overfire air, there is an 02 deficit in the center of the

furnace near the division wall which results in a local region of high CO emissions.

Comparison of the 02 profiles before and after the retrofit indicates that the penetration

of the overfire air into the bulk combustion gas flow is very weak, and a significant

amount of the overfire air never penetrates farther than _Gfeet into the boiler.

The NO profiles for the pre- and post-retrofit sampling traverses are shown in

Figure 5-24. The data for the original combustion system show a decrease in NO
emissions near the outside walls. This is consistent with the assertion that the elevated

02 levels seen near the outside walls with the original combustion system (Figure 5-22)

were due to in-leakage. Since this in-leakage occurred downstream of the near burner

region (i.e., the region where NO formation occurs), it would be expected that the NO

emissions near the walls would have been decreased due to dilution. The data for the

retrofit combustion system show an increase in both 02 and NO emissions (Figures 5-23

and 5-24, respectively) near the outside walls. The existence of high 02 and NO

emissions in the same region confirms the belief that the overfire air ports at Arapahoe

Unit 4 are located within the near-burner region (i.e., the region where NO formation

is susceptible to increases in available O2), and are not penetrating all the way to the

furnace division wall.

Coal and Secondary Air Distribution Measurements

Burner-to-burner coal and secondary air flow imbalances can have an effect on the

efficiency of the combustion process as well as NO emissions. A significant imbalance

can result in excessive carbon losses and/or a limitation to the minimum air flows which

can be sustained within the limit of acceptable CO emissions or flyash carbon levels.

Carbon burnout problems would be expected in areas of high coal concentration. In fact,

a relatively small local region that has a high imbalance can dictate the minimum
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operating excess air level for the entire furnace. Conversely, regions with less coal and

a greater availability of 02 can lead to locally high NO emissions.

An approximate burner-to-burner stoichiometric ratio distribution can be achieved by

plotting the ratio of the secondary air and coal flows to each individual burner. The

resulting distribution would likely be valid only for the day that the coal and air flow

measurements were made, since the burner-to-burner coal distribution has been shown

to change on a day-to-day basis (Figures 5-4a and 54b). However, the distribution

would provide an indication of the magnitude of the burner-to-burner variation in

stoichiometric ratio.

Figures 5-25a and 5-25b show the burner-to-burner secondary air and coal distributions

measured at 100 MWe with maximum overfire air on November 19, 1992. Since the

secondary air pitot tubes on each burner are intended to provide only an indication of

relative air flow and are not actually calibrated, the relative air flow to each burner was

calculated as a percent of the total indicated air flow. The method used to determine

the burner-to-burner coal distribution was discussed previously in Section 5.2. The

distribution of the ratios of the relative secondary air and coal flows is shown in Figure

5-26. The data indicate a very large variation in the approximated air/fuel ratio across

the roof of the furnace. In order to better see the burner-to-burner differences, the

tabular data for Figure 5-26 are shown in Table 5-4. The data are presented in an

orientation consistent with that in the figure, namely, west is to the left, and east is to

the right. The data show a large burner-to-burner variation, with the ratio for burner

number six being on the order of twice that calculated for either burner number three

or twelve. The Standard deviation of the approximated air/fuel ratios is nearly 21

percent of the mean. Additionally, the data show that the ratios for the three burners

along the east wall (numbers ten, eleven and twelve) are quite low. In fact, the average

ratio for the east side of the furnace is approximately 12 percent less than that for the

west side. This indicates that the east side of the furnace, and in particular the area

adjacent to the outside wall, will be an area where carbon burnout is limited. Unusual
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Figure 5-25a. Burner-to-Burner Secondary Air Distribution Results
November 19, 1992

Figure 5-25b. Burner-to-Burner Coal Distribution Results
November 19, 1992
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Figure 5-26. Approximate Burner-to-Burner Air/Fuel Ratios
November 19, 1992
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flame patterns were also noted at the furnace exit through the ports at Location G (recall

Figure 4-7). When looking from the west side, the furnace was clear of flames and the

division wall could easily be seen. When looking from the east side, however, flames

obscured the division wall, and in some cases limited the view to only 3 or 4 feet into

the furnace. The point-by-point CO traverse discussed in the previous section (Figure

5-23) also indicates that the east side of the furnace was an area of limited carbon

burnout.

Table 5-4

Tabulated Approximate Burner-to-Burner Air/Fuel Ratio Data

Burner Ratio Burner Ratio Burner Ratio Burner Ratio

3 0.72 4 0.88 9 1.08 10 0.95

2 1.24 5 0.98 8 1.07 11 0.86

1 1.16 6 1.47 7 0.99 12 0.73

Average 1-3 1.04 4-6 1.11 7-9 1.05 10-12 0.85

Average West 1.08 East 0.95

In order to decrease the variation seen in Figure 5-26, it would be necessary to balance

both the burner-to-burner secondary air and coal flow distributions. Balancing the

secondary air can be achieved relatively easily by adjusting the limit switches on the

linear actuator controlling the position of the air damper on each burner. However,

providing a uniform and consistent coal distribution is well beyond the capability of the

1950's vintage coal handling equipment, even with the new distributed control and

burner management systems in place.

During the combustion system optimization tests, three tests were run where the burner-

to-burner secondary air flow distribution was balanced "temporarily" by moving

secondary air dampers by hand. The results (Figure B-2) showed that in all three cases,

balancing the air flow resulted in little or no effect on NO emissions. However, in two
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of the three tests, CO emissions were reduced by nearly 20 ppm. A more detailed

discussion of these tests is contained in Appendix B.

Furnace Exit Gas Temperature Measurements

After the combustion systemretrofit, it was found that the increases in excessair

necessaryto maintain steam temperature at reduced boiler loads were significantly

greater than thosethat were required with the original burners. This is an indication

that the furnace exit gas temperatureswere reduced after the retrofit. In order to

confirm and quantifythe temperaturedecrease,temperaturemeasurementswere made

using both acousticand suction pyrometry techniques. This data was then compared

to similar data collectedduring the baselineburner tests.

The results of the acoustic measurements at the furnace exit (Location G in Figure 4-6)

are shown in Figure 5-27. Although a large amount of data was collected at numerous

boiler operating conditions with the acoustic instrument, much of it was collected before

the optimization of the burner and overfire air port settings was complete. Only the

data collected with the optimized low-NOx combustion system are presented in

Figure 5-27. The data show that the gas temperatures have decreased by approximately

170°F across the entire load range. This decrease is responsible for the additional excess

air necessary to maintain steam temperature at reduced boiler loads, and has also

reduced the amount of steam attemperation required at full load.

Suction pyrometry (HVT) measurements were made through the same two ports utilized

for the acoustic measurements in order to verify the data provided by the acoustic

instrument. Restricted access to the sample port of the east side of the boiler limited the

overall probe length to 10.5 feet, resulting in a maximum insertion depth of 8 feet from

each side. The boiler is approximately 40 feet wide, so roughly 60 percent of the gas

flow along the centerline of the unit was unreachable. Data was taken at 2-, 4-, 6- and

8-foot depths, with a repeat of the 4-foot point as the probe was withdrawn. The

verification tests were conducted on three separate occasions at boiler loads of 60, 80 and
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110 MWe. The acoustic data for 80 and 110 MWe were collected before completion of

the combustion system optimization, and therefore do not appear in Figure 5-27.

The results of the verification tests are shown in Figure 5-28. In each case, the acoustic

measurement yielded a line of sight average temperature which is in good agreement

with, albeit slightly higher than, the average which may be inferred from the partial

HVT traverses. The difference seems to be on the order of 20 to 60°F, but again, the

HVT probe could only cover 40 percent of the distance across the furnace. The average

temperature derived from acoustic measurements is expected to be consistently slightly

higher than the average derived from a complete HVT traverse, because 1) the acoustic

instrument provides a measurement averaged across the entire path, 2) the acoustic

measurement is an average of the square root of the temperature which will slightly bias

the computed value to a higher temperature, and 3) there are radiation and conduction

.heat loss errors associated with the HVT technique which do not affect the acoustic

measurement. Overall, the agreement between the two techniques is good.

In order to confirm the decrease in furnace exit gas temperature measured at location G

with the acoustic instrument, HVT traverses were conducted at location H (see

Figure 4-7) and compared to similar measurements made during the baseline burner

tests. Figure 5-29 shows the results of the pre- and post-retrofit HVT traverses at 60

MWe with C Mill out of service. The data show that after the retrofit, the temperatures

on the west side were reduced by approximately 150°F, while the decrease on the east

side was on the order of 350°F. The difference in the pre-retrofit east and west profiles

is due to the arrangement of the original burners on the roof of the furnace (recall Figure

2-3). With the original burners and C Mill out of service, lower temperatures would be

expected in the regions immediately adjacent to the east wall and in the center of the

west side of the furnace. With the three-by-four arrangement of the new burners (recall

Figure 3-2), removing a mill from service has much less of an impact on the temperature
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distribution within the furnace. The data at 80 MWe with four mills in service (Figure

5-30) show a more even east-west temperature distribution with the original burners, as

well as a decrease in temperature of approximately 200°F on the west side. Data were

not collected on the east side at 80 MWe during the current test program. Finally,

Figure 5-31 compares the traverses made during the baseline burner tests at 100 MWe

to those made after the retrofit at 110 MWe. Even at the higher firing rate, the post-

retrofit data show a decrease in temperature of approximately 200°F on both sides of the

furnace.

HVT temperaturetraverseswerealsomade throughtheeightportsalongthenorthside

of theboilerdownstreamof the secondsetof screentubes(Figure4-7).These

measurementsweremade toassesstheeffectoftheretrofitonthefluegastemperatures

intheimmediatevicinityoftheureainjectionnozzles.

Measurements at 2, 4, 6, and 8-foot depths were made at each of the eight ports,

resulting in a 32-point grid. Figure 5-32 shows the average of the 32 temperature

measurements as a function of boiler load, and compares the results to those found

during the baseline burner tests. The data show a post-retrofit decrease irLtemperature

on the order of 250°F across the load range. Figure 5-33 shows the average west-to-east

temperature profiles at the north port location for 60, 80, and 110 MWe. In this figure,

each point represents the average of the four measurements made through a particular

port. Excluding the points near the outside walls, all three curves show a temperature

variation across the boiler on the order of 200°F. The variation at 60 MWe is the

greatest, and is likely due to the three mills in service operating condition.

Overall, it appears that the retrofit has resulted in a furnace exit gas temperature

decrease on the order of 200°F. This has impacted the amount of excess air required to

maintain steam temperature at reduced loads, and is also expected to impact the

performance of the SNCR system.
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SOs Measurements

SOs levels can play an important role in the formation of corrosive deposits and

corrosion of low temperature equipment. With the SNCR system in operation, SOs can

react with NH3 emissions to form ammonium sulfate and/or ammonium bisulfate. The

formation of these compounds can lead to increased corrosion as well as air heater

deposition. SO3 can be formed directly from the fuel sulfur during the combustion

process. Additionally, SO3 can be formed by the oxidization of SO2downstream of the

flame zone. In coal-fired systems, SO3 can be absorbed into the flyash, which can

mitigate some of the detrimental effects. For a western coal-fired utility boiler, the

alkaline nature of the ash tends to promote SO3 absorption, and therefore low levels of

SO3 may be expected.

SO3 was measured at the economizer exit using the controlled condensation technique.

Triplicate samples were taken through the 4-inch ports at the economizer exit shown in

Figure 4-2. Tests were performed at 100 MWe with both maximum and minimum

oveffire air. The average results are presented in Table 5-5, where they are compared

to the SO3 measurements made during the baseline burner tests.

Table 5-5

Pre- and Post-Retrofit SOs Emissions at 100 MWe

Test Overflre Port Oz SOs(" SOs(I)
Air (%) (%) (ppm) (ppm)

10 Original Burners Center 4.25 0.1 0.1

35 OriginalBurners Center 4.70 0.1 0.1

370 24 Center 3.90 0.6 0.7
West 3.63 0.3 0.3

371 24 Center 4.68 0.7 0.8
West 3.83 0.5 0.5

378 15 Center 3.33 1.3 1.3
West 5.88 1.3 1.6

379 15 West 5.22 0.7 0.8

(1)Average of triplicate test results
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In general, all of the measured SO3levels in Table 5-5 are low (less than I ppm in nearly

every case). Although the results indicate that the low-NOx combustion system retrofit

resulted in a slight increase in SO3 emissions, it is very difficult to make a concrete

conclusion with differences which are generally less than 1 ppm.
!

Particulate Mass Loading Measurements

Particulate mass loading and size distribution measurements were made at 100 MWe

with both maximum and minimum overfire air. The measurements were performed by

TRC Environmental Corp. at the inlet and outlet of the baghouse, and the test report

(without its associated appendices) is attached to this report as Appendix C. TRC also

performed similar measurements during the baseline burner tests. The average inlet and

outlet mass loading results for the two overfire air conditions are tabulated and

compared to those for the original burners in Table 5-6.

Table 5-6

Summary of Pre- and Post-Retrofit Particulate Mass Loading Results at 100 MWe

, T ,,, ,,,,, , , ,,, ,,, , ,,, , , , , r ,

Baghouse Inlet Baghouse Outlet
Parameter ......

XCL XCL XCL XCL
Burners Burners Burners Burners
w/25% w/15% Baseline w/25% w/15% Baseline
OFA OFA Burners OFA OFA Burners

Concentration Test 1 2.44 1.33 1.87 0.0014 0.0027 0.0002
(gr/DSCF) Test 2 3.26 2.49 2.31 0.0016 0.0014 0.0011

Test 3 2.72 m m 0.0017 0.0006 --
Average 2.81 2.49_u 2.09 0.0016 0.0006(u 0.0007

Emissions Average 5635 51860) 3935 3.16 1.29_u 1.42
(Iblhr)

Collection Efficiency (%) .... 99.94 99.98 99.96

(1) Averages based on one test only, due to significant variations in coal properties.

EPA Method 17 was used for the mass loading determinations during the baseline

burner tests. However, after review of the results, PSCC indicated that the outlet
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loadings appeared to be lower than expected for Arapahoe Unit 4. Although a review

of the measurements did not uncover any significant discrepancy, prior measurements

by PSCC using EPA Method 5 sampling had indicated a particulate loading at the

baghouse outlet closer to 9 to 10 lb/hr at full load. Although there should be no

difference in the results obtained from the two methods in a coal-fired application, EPA

Method 5 was used during the current phase of testing at the request of PSCC.

An effort was made to obtain a triplicate series of tests at each sampling location and

overflre air condition during the post-retrofit particulate characterization. This was not

possible at the inlet condition with minimum overfire air due to an emergency load

increase requested by the PSCC system dispatch center. The individual inlet and outlet

results for the minimum overfire air condition show significantly more scatter than those

for the maximum overfire air case. The minimum overfire air tests were run over a

period of two days, and a review of the gaseous data collected during this time indicated

that the SO2 emissions were approximately 25 percent higher on the first day than on

the second, which suggested a change in coal properties. The results of the laboratory

analysis of the raw coal sample collected on that particular day (October 26, 1992) was

shown in Table 5-1, along with the analysis results for four other samples collected

during the parametric tests. The sample in question had sulfur and ash contents which

were 34 percent higher and 20 percent lower, respectively, than the average of the other

four samples. The magnitude of these variations was sufficient reason to question the

mass loading measurements performed on the first day of the minimum overfire air

tests. Although the results of these tests are shown in Table 5-4, the average

concentration and emission values are based only on the tests performed on the

following day when the SO2 emissions were back within the normal range.

The data in Table 5-6 show that the inlet grain loadings are on the order of 20 to 30

percent higher with the retrofit combustion system. This would be consistent with the

lower measured furnace exit gas temperatures, which suggest less slag accumulation in

the radiant section of the furnace. The outlet concentrations show that baghouse
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collection efficiency was unaffected by the retrofit, with efficiencies for both the

maximum and minimum overfire air conditions exceeding 99.94 percent.

Particulate Size Distribution Measurements

Inlet and outlet particulatesizedistributionswere measuredby two different methods.

A cascade impactor was used for the baghouse inlet measurements, while EPA

Method 201A was used to determine the PM10emissions at the baghouse outlet.

A University of Washington Pilat Mark V cascade impactor with a right angle precutter

was used to obtain the inlet size samples. The impactor has a maximum aerodynamic

cutpoint of 15.9 microns. In order to obtain the size distribution above the maximum

cutpoint, the data are extrapolated with a standard impactor cubic spline fit program.

During the baseline tests, a program supplied by the University of Washington was used

to provide the extrapolation. Since that time, the program pcCIDRS (written by

J. McCain of Southern Research Institute) has been released and is becoming regarded

as the best impactor spline fit program available. The post-retrofit particulate size data

were reduced using the pcCIDRS program, and in order to provide an accurate basis for

comparison, the baseline data were rerun through the same program.

A total of five separate impactor runs were made at the maximum overfire air condition

at the baghouse inlet. The additional runs were conducted due to a "heavy loading" on

the initial impactor stages for the second and third tests. After reducing the data, these

two runs were combined into the overall average, as the results indicated similar trends.

Three tests were conducted at the minimum overfire air condition.

The average differential particle size distribution for the baseline tests, as well as those

for the retrofit tests, with maximum and minimum overfire are shown in Figure 5-34.

In this figure, the quantity dM/dlogD50 refers to the change in mass with respect to the

log of the diameter. The baseline distribution is wider than either of the retrofit

distributions, with a signifcant amount of mass found above I00 microns. Although the
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shapes of the maximum and minimum overfire air distributions are similar, the

minimum overflre air case is shifted to slightly higher diameters.

The mass mean diameter (MMD) for each condition can be determined from the

cumulative particle size distributions, shown in Figure 5-35. MMD's of 31, 26 and 18

microns were measured for the baseline burner, and minimum and maximum overfire

air cases, respectively. The decrease in MMD after the retrofit may be attributed to

many different effects. The improved fuel/air mixing may have improved carbon

burnout, or it may have caused more of the larger diameter particles to be caught in the

slag layer on the furnace wails. The decrease may also have been due to improved mill

operation, since the fineness test results (Figures 5-1 to 5-3) showed that the mills were

operating more consistently after the retrofit. Unfortunately, there is not enough data

available to indicate precisely which effect is responsible.

Baghouse exit PM10measurements determine the particulate matter (PM) emissions

which are attributable to particles having an aerodynamic diameter equal to or less than

10 microns. This determination (EPA Method 201A) is made through a combination of

an EPA Method 17 mass measurement and an impactor size measurement. In addition

to the solid particulate matter included in these mass emissions, Method 201A also

includes "condensible" particulate emissions from the impinger washes. The condensible

emissions are recovered from the washes by drying the collected water and weighing

the residue. These additional condensible emissions are added to the sub-10 micron

solid emissions determined from the impactor and Method 17 measurements.

A total of three separate tests were conducted at the maximum overfire air condition at

the baghouse outlet. Minimum overfire air tests were not performed, due to the

emergency load increase requested by the PSCC system dispatch center. A University

of Washington Pilaf Mark HI cascade impactor with a right angle precutter was used to

obtain the outlet size samples. The Mark HI impactor has fewer "stages" than the

Mark V impactor used for the inlet size measurements. A greater number of stages was

necessary at the inlet in order to avoid overloading the initial stage when sampling at
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thehigherpartidedensities.Unfortunately,duringtheanalysisof allthreeoutlet

samples,theback-half(condensible)fractionscouldnot be quantifieddue to the

formationofaresidualorganicinthefinalwash.Withthisoccurrence,thefinalweights

couldnotbe achieved,and a "true"condensiblefractioncouldnotbe quantified.

Table 5-7 presents a summary of the baghouse outlet PM10measurements conducted

during the baseline and post-retrofit combustion system tests. Although analytical

interferences did not affect the quantification of the condensible fractions during the

baseline tests, only the non-condensible PM10fractions are reported in the table for a

direct comparison to the post-retrofit measurements.

In an effort to enhance the particulate collection efficiency and sensitivity over that seen

during the baseline tests, each individual post-retrofit PM_0test was conducted over an

extended period of time (three hours versus two hours). However, the results indicate

nearly an order of magnitude decrease in PM_0emissions for the retrofit combustion

system with maximum overfire air. A decrease of this magnitude was not expected

since the outlet mass loading measurements (Table 5-6) showed higher mass emissions

for the maximum overfire air case, and the inlet cumulative particle size distributions

(Figure 5-35) show that for both the baseline and maximum overfire air cases, 18 percent

of the collected mass was found below 10 microns. In reviewing the PM_0results,

however, it should be emphasized that during both the pre- and post-retrofit tests, only

a very small amount of mass was collected, with the total mass from all the stages being

on the order of only 1 to 3 rag. For a more accurate particle size measurement, it would

be desirable to have approximately 5 mg per stage or about 40 mg overall. Substantially

extended runs (possibly up to 24 hours in duration) may be required to collect sufficient

PM10mass for accurate and reproducible data.
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6

NATURAL GAS FIRING

Arapahoe Unit 4 is generally fired with a low-sulh_r Colorado bituminous coal, but has

the capability to fire I00 percent natural gas. A brief series of tests (8 hours total test

time) was conducted to ensure that the boiler could maintain full load with the retrofit

combustion system, as well as document the NO and CO emissions under gas-fired

conditions. As natural gas firing was not included as part of the detailed test plan, no

baseline data with the original burners was available for comparison. With natural gas,

the flame zone is shorter and less luminous than that for coal firing. This results in a

lower radiant heat loading on the overfire air ports, and therefore, a lower minimum

overflre air flow can be achieved before port metal temperatures become a concern.

Figure 6-1 shows the effect of excess 02 and overfire air on NO emissions for gas firing

at 100 MWe. Two things are noteworthy with natural gas firing compared to coal firing.

First, with natural gas there is a large effect of overfire air on NO emissions. The data

show that NO emissions decrease by approximately 55 percent as the overfire air flow

is increased from minimum to maximum for a given excess 02 level. This effect is

attributed to a more rapid mixing of fuel and air in the near-burner region. Second, the

data also show that overfire air has an effect on the sensitivity of NO emissions to

changes in excess 02 (recall that with coal firing little effect was observed). At the

minimum overfire air condition, the sensitivity is on the order of 115 ppm NO per

percent of 02.
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When the overfire air is increased to the maximum level, the sensitivity is reduced to

approximately 65 ppm per percent.

As mentioned above, the flame zone with natural gas is much shorter than that for coal

firing. This results in a more compact near-burner region, and therefore, a better

separation of the mixing effects of the burners and overfire air ports. This can be more

clearly seen in Figure 6-2, where the NO emissions are shown as a function of burner

stoichiometric ratio. With natural gas firing, the NO emissions show a strong

dependency on burner stoichiometry. Whereas with coal firing, only a weak

dependency was seen (recall Figure 5-12).

The effect of excess 02 and overfire air on CO emissions for full load, natural gas firing

is shown in Figure 6-3. The data show that increasing the overfire air at a fixed excess

02 level results in increased CO emissions. This is more in line with the expected effect

of a large scale staging of the fuel and air in the furnace, and is again, different from the

behavior seen with coal firing. However, the increase in CO emissions is very small in

comparison to reduction in NO emissions, and therefore, maximum overfire air still

provides the "optimum" performance.
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7

LONG TERM LOAD FOLLOWING TEST RESULTS

The results of the parametric tests presented in the previous section were obtained at

baseloaded operating conditions with testing personnel closely monitoring all boiler

variables. However, Arapahoe Unit 4 is generally operated in a load following mode

under automatic control. Under these conditions, oxygen levels can vary significantly

and rapidly. This mode of operation tends to increase CO emissions and can also lead

to higher NO emissions. Immediately following completion of the baseloaded

parametric tests, the boiler was operated for two months (November and December

1992) under normal load following conditions. There were no test personnel on site

during this time, so data were collected automatically with the CEM alternating between

the two heated sampling locations at the air heater exit and stack. PSCC personnel

monitored daily CEM calibrations and data collection to ensure accuracy of the data.

The long term data presented here are from the stack location, and have been corrected

to dry conditions for comparison to the results from the parametric tests.

Figure 7-1 shows a comparison of the NO emissions during baseloaded and load

following operation. The CEM was programmed to calculate and record 10-minute

averages for all the measured gas species, as well as boiler load. The load following

data presented in Figure 7-1 are averages of all of the 10-minute CEM averages which

are within a 10 MWe range (i.e., the 100 MWe data point is the average of all of the
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CEM points between 95 and 105 MWe). In general, the data show that the NO emissions

are 10 to 20 percent (30 to 60 ppm) higher under load following conditions. The increase

is likely due to the higher excess 02 levels which are maintained during normal load

following operation. Figure 7-2 shows a comparison of the excess 02 levels maintained

during baseload and load following operation. Although the baseload and load

following data were collected at two different locations (the economizer exit and stack,

respectively), any error due to air in-leakage between the two is not a concern. During

the majority of the parametric tests, data were collected at the air heater and stack

sampling locations, as well as at the economizer exit. Review of the average 02 data

from these tests showed that there was negligible in-leakage downstream of the

economizer exit at all boiler loads. This was expected since nearly all of the sootblower

openings and observation doors are located upstream of the economizer exit sampling

location. The results in Figure 7-2 show that, in general, excess 02 levels are 1 to 1.5

percent higher during load following operation. The NO/O2 sensitivity with the new

low-NOx burners (40 ppmc NO per percent 02) is most probably responsible for the

increase in NO emissions.

It would be reasonable to assume that the 1 to 1.5 percent increase in excess 02 levels

would result in reduced, or at least similar, CO emissions under load following

conditions. However, as shown in Figure 7-3, the CO emissions increased dramatically,

most notably at the upper and lower thirds of the load ranges. The increases are likely

due to a combination of a number of effects. First, as stated above, load following

operation often entails significant and rapid changes in air and fuel flow rates. If the

fans do not respond as quickly as the coal feeders, as is often the case, the overall boiler

stoichiometry may temporarily decrease during a rapid load increase until the fans catch

up with the feeders. Second, the baseloaded parametric data at 80 and 100 MWe were

collected with all four mills in operation. Three mill operation at these loads is not

uncommon, and it was previously shown that this operating condition results in

substantial increases in CO emissions (Figures 5-17a and 5-19a). Data are not
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availabletotrackwhichmillswereinoperationduringtheloadfollowingtests,sothis

effectcouldnotbeinvestigatedfurther.TheincreasedCO emissionsat110MWe cannot

be attributedtothreemilloperation,butarelikelydue inparttothelowerexcess02

levelmaintainedduringtheloadfollowingtests(Figure7-2).

The increased CO emissions at 50 and 60 MWe may be due to a third effect, which

resulted from a combination of an operational change occasionally made in an effort to

maintain adequate steam temperatures at reduced loads, and the inability of the four

PSCC 02 probes at the economizer exit to accurately assess the 02 levels near the outside

walls. During the long term tests, plant personnel found that steam temperatures at low

loads could be increased, without increasing the 02 trim setpoint, by partially dosing the

overfire air control dampers. It was believed that the total air flow had remained

constant with this change, since the O2trim setpoint had not been moved. The increase

in steam temperature was attributed to a "vertical" redistribution of the air within the

furnace. After the conclusion of the load following tests, this effect was investigated

further, and it was found that the higher steam temperatures were in fact due to an

increase in total air flow resulting from a "horizontal" redistribution of the overfire air.

As discussed previously, when the amount of overfire air is reduced by closing the

control dampers, the penetration of the air toward the furnace division wall also

decreases. This results in a distribution of more of the air in the regions near the outside

walls where it is not seen by the two outermost PSCC 02 probes (Figure 4_3). This

redistribution is perceived as a decrease in 02 by the control system, and the total air

flow is increased in an effort to "maintain" the 02 trim setpoint. The increase in air flow

results in better heat transfer in the convective section, hence higher steam temperatures.

Although the effect of variations in overfire air flow was not investigated at 50 and 60

MWe, the results at 80 MWe and above have shown that decreases in overflre air result

in significant increases in CO emissions (Figures 5-13a, 5-14a, and 5-15a). Since the

overfire air damper settings are not currently recorded on the DCS, their position during

the long-term tests cannot be verified.
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A final effect which may have contributed to the increased CO emissions under load

following operation is also related to the distribution of the overfire air across the

furnace. During the parametric tests, small adjustments in the position of the oveffire

air control dampers were often necessary throughout a test day to maintain relatively

equal air flow to the east and west sides of the furnace. It was found that an imbalance

of 10 to 15 percent could lead to a local 02 deficiency on one side of the division wall

as a result of reduced overfire air penetration on that particular side. The local 02 deficit

would lead to an area of very high CO and, therefore, an increase in the average CO

emissions. During the load following tests, the overfire air control dampers were

operated manually as an automatic control function had not yet been defined. PSCC

control operators changed damper position as they felt appropriate, but likely did not

carefully balance the flow between the east and west sides. This potential imbalance in

air flow may have resulted in an increase in average CO emissions across the load range.

In fact, the operators were not aware of CO emissions as the CO concentration was not

displayed in the control room during the test period, and thus no effort was made to
minimize CO emissions.

Itisrecommendedthattheautomaticcontrolsystembeprogrammedsothattheoverflre

aircontroldampersarepositionedinsucha mannerastobalancetheflowbetweenthe

eastandwestsidesofthefurnace.Itisalsorecommendedthatthecontroloperatorsbe

made awareofCO emissionsand attempttocorrectoperationalproblemswhichlead

toconditionsofhighCO emissions.However,itisnotexpectedthattheCO levels

underloadfollowingconditionswillbereducedtolevelscomparabletothosemeasured

duringthebaseloadedparametrictestswithoutan increaseintheoperatingexcessair

levelinorderto compensatefortherapidincreasesin loadand operationwith a

reducednumber ofmillsinservice.
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OBSERVATIONSAND RECOMMENDATIONS

Observations

The following observations can be made regarding the performance of the retrofit low

NOx combustion system on Arapahoe Unit 4.

• NO reduction during baseloaded operation ranged from 63 to 69 percent,
depending on boiler load.

• CO emissions and flyash carbon levels did not increase during baseloaded
operation as a result of the combustion system retrofit.

• The NO/O2 sensitivity of the new combustion system (40 ppm/percent 02) was
much less than that for the original burners (145 ppm/percent 02).

• The results indicate that over the range of overflre air flow rates investigated (15
to 24 percent), the majority of the NO reduction was obtained with the low-NOx
burners, as the overfire air system was shown to provide little additional NO
reduction at equivalent excess air levels. Howe_1er, since port temperature
limitations precluded testing at overfire air flow rates below 15 percent, it was not
possible to totally separate the effects of the low-NO_ burners and the overfire air
system.

• Significant reductions in CO emissions and flyash carbon levels were seen with
increasing overfire air flow rates. This was contrary to what was expected, and
is attributed to increased overfire air penetration and mixing at the higher flow
rates.

• NO emissions increased by up to 20 percent during normal load following
operation when compared to baseloaded conditions. The increase was due to the
higher excess 02 levels normally maintained during load following operation.

8-1 FERCo-7035-R267



• CO emissions increased substantially during normal load following operation
when compared to baseloaded conditions. Part of the increase was due to
maldistributions of the overfire air, which will be corrected in the future. The
remainder of the increase was due to variations in boiler operating parameters
which are inherent in load following operation.

• No major operating problems have developed due to the boiler modifications,
although the retrofit combustion system has resulted in a decrease in furnace exit
gas temperature of approximately 200°F. This has resulted in an increase in the
amount of excess air required to maintain adequate steam temperatures at
reduced boiler loads (approximately 0.7 percent excess 02 at 80 MWe, and 2.0
percent excess 02 at 60 MWe). The reduced temperatures are also expected to
impact the performance of the SNCR system.

• Limited testing showed that, while firing natural gas, increases in overflre air flow
result in decreased NO emissions and higher CO emissions. This NO/CO
relationship was different from that seen for coal firing, and was attributed to a
separationofthemixingeffectsofthelow-NOxburnersandoverfireairportsdue
totheshortercombustionzoneundergasfiredconditions.

Recommendations

Based on the tests conducted to date, the following recommendations can be made

regarding operation of Arapahoe Unit 4 with the retrofit low-NOx combustion system.

• Inordertomaintainadequatesteam temperatures,aswellasminimizeNO, CO,
and flyashcarbonlevels,thecontrolroom 02 setpointsshouldbe setasfollows:

Load Control Room
(MWe) 02 Set'point (percen0

110 3.6
100 3.4
80 4.3
60 6.5

• Maximum overfireairflowshouldbe maintainedthroughouttheloadrange.

• The overflre air flow should be equally distributed between the east and west
sides of the furnace. This is especially important to minimizing CO emissions
and flyash carbon levels at 100 and 110 MWe.
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s It is recommended that the limit switches on the secondary air sliding damper
actuator for each burner be reset such that the indicated air flow to all burners is
equal when the dampers are in the "normal" position. It is also recommended
that the current differential pressure gauges on each burner be replaced with
units with a smaller range (0 to 2 inches of water) in order to provide a more
accurate indication of relative air flow.

* CO emissionsshouldbe prominentlydisplayedon theDCS operatingscreens,
and PSCC controloperatorsshouldbe trainedtominimizeCO err _ionsby
adjustmentofthe02 trimcontrol.
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INTRODUCTION
..

!

In May of 1992, PublicService Company of Colorado (PSCC) - Arapahoe Unit #4 was

retrofit with twelve (12) DRB-XCLTM burners and six (6) Dual-Zone NOx ports. The

purpose of the burner retrofit was to provide PSCC a means to reduce NOx emissions

at Arapahoe #4 via Iow-NOx burners and staged combustion. Following the retrofit, B&W

performed a series of preliminary tests to identify the optimum operating conditions and

settings for the burners and NOx ports. Formal testing for optimization and evaluation1of

the Iow-NOx combustion system is scheduled for August 1992.

The goal of the preliminary test program was to minimize NOx/CO emissions and

unburned carbon in the ash, while maintaining acceptable boiler operating practices. Test

data was collected and evaluated at various conditions. A total of eleven emissions tests
(

were performed and are summarized in the results section of this report. Emissions data

for tests 1-6 on June 9, 1992 were obtained by traversing the economizer outlet with a

portable analyzer provided by PSCC. The accuracy of the portable analyzer is unknown.

Emissions data for tests 1-5 on June 16/17/18, 1992 was obtained with the newly

installed continuous emissions monitor (CEM). The CEM sampled flue gas from a twelve

point grid located at the economizer outlet. The CEM was routinely calibrated and is

believed to be accurate.
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RESULTS AND DISCUSSION

Initialtesting during the burner optimization indicated that NOx emissions were well below

expected levels. However, unburned carbon (UBC) levels were unacceptably high.

Baseline carbon levels ranged from 3.5-11.5% with an average of about 5.5% carbon in

ash at 100% boiler load with all burners in service. Unburned carbon levels with the XCL

burners was initially 10-13%, but dropped significantly once the burner settings were

optimized. Determining the proper spin vane settings was the most significant factor in

reducing the UBC. With the spin vanes at 45° for both the inner and outer zones, UBC

dropped to 4-5%.

Several tests were performed to identify the solution to the high UBC levels. Test

parameters included primary air flow, burner spin vane settings, NOx port settings, and

burner stoichiometries. These tests are summarized in Table 1, and include tests 1-6 on

June 9, 1992. NOx emissions varied during these tests as a function of the various

settings. However, UBC levels were essentially unchanged.

As another possible cause of the high UBC levels, the pulverizers were checked for coal

fineness and distribution from burner line to burner line. Coal fineness levels were found

to be consistent with baseline levels. Burner line flow balance for each mill was checked

and significant imbalances were identified. Adjustments were made to the mill discharge

dampers to improve burner line balancing. A summary of the flow balancing test data is

presented in Appendix A.
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Coal flow balancing did not have a significant effect in reducing UBC levels and additional

testing was performed to evaluate burner spin vane settings and stoichiometries. The

spin vanes were set at 45° for the inner and outer zones of the burners and test data was

collected. Results from analysis of the ash samples indicated that UBC levels had

dropped to 4-5%. Additional testing was conducted to confirm that these spin vane

settings were responsible for the reduction in UBC levels. Test results with the optimized

burner settings are presented in Table 2.
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PUBLIC SERVICE COMPANY OF COLORADO- ARAPAHOE UNIT #4

TEST CONDITIONS: 82% BOILERLOAD

9 BURNERS IN SERVICE

06/09192 TEST #'1 NORMAL PA FLOW(6000 FPM CLEAN/APPROX.4800FPM DIRTY)
NOx PORTDAMPER 100% OPEN APPROX. STOICH. 1.15

SPIN VANES45-INNER 60-OUTER

02 o/o(DRY-VOL) 6.9 4.6 5.75
CO @ 3o/o02 83 132 108
NOx @ 3% 02 216 182 199

NOx LB/MKB 0.296 0.249 0.273
LOI o/= 7.59 13.84 10.72

06109192 TEST #2 *REDUCED PA FLOW(5250 FPM CLEAN/APPROX.4200FPM DIRTY)
NOx PORT DAMPER100% OPEN APPROX. STOICH. 1.13

SPIN VANES45-INNER 60-OUTER

L
02 % (DRY-VOL) 6.4 4.5 5.45
CO @ 3% 02. 418 431 425
NOx @ 3=/002 299 244 272

NOx LB/MKB 0.410 0.334 0.372

LOI o/o 6.3 9.79 8.05

06/09192 TEST #3 REDUCED PA FLOW(5250 FPM CLEAN/APPROX.4200FPM DIRTY)
( 'NOx PORT DAMPER30% OPEN APPROX. STOICH. 1.28

SPINVANES 45-INNER 60-OUTER

02 % (DRY-VOL) 6.5 5.1 5.80

CO @ 3% 02 165 351 258

NOx @ 3=/002 283 263 273

NOx LB/MKB 0.388 0.360 0.374
LOI=/a 8.75 13.71 11.23

i

106109192 TEST #4 REDUCED PA FLOW(52.50FPM CLEANIAPPROX.4200FPM DIRTY)
NOx PORTDAMPER30% OPEN APPROX. STOICH. 1.23

°SPIN VANES30-INNER 60-OUTER

02 a/o(DRY-VOL) 6.1 4.5 5.30
CO @ 3% 02 152 469 311

NOx @ 3°/o02 239 217 228

NOx LB/MKB 0.327 0.297 0.312
LOI o/o 7.24 13.16 10.20

4
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06109/92 TEST #5 REDUCED PA FLOW(5250 FPM CLEAN/APPROX.4200FPM DIRTY)
•NOx PORT DAMPER100% OPEN APPROX. STOICH. 1.05

SPINVANES 30-INNER 60-OUTER

02 % (DRY-VOL) 5.5 3.7 4.60
CO @ 3% 02 21 130 76

NOx @ 3o/o02 209 169 189
NOx LB/MKB 0.286 0.232 0.259

LOI % 10.25 16.04 13.15

06109192 TEST #6 "NORMALPA FLOW(6000FPM CLEAN/APPROX.4800FPM DIRTY)
NOx PORT DAMPER100% OPEN APPROX. STOICH. 1.07
SPINVANES 30-INNER 60-OUTER

02 % (DRY-VOL) 6.4 3.7 5.05
CO @ 3% 02 163 153 158

NOx @ 3% O2 254 187 221
NOx LB/MKB 0.348 0.256 0.302

LOI % 7.94 11.13 9.54

5
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PUBLIC SERVICE COMPANY OF COLORADO - ARAPAHOE UNIT #4
1

TEST CONDITIONS: 100o/oBOILER LOAD

ALL BURNERS IN SERVICE

06116192 TEST #1 NOx PORT DAMPER 100o/oOPEN APPROX. STOICH. 1.06

SPINVANES 45-INNER 45-OUTER

02 o/o(DRY-VOL) 5.33 4,36 4.85
CO @ 3% 02 11 2 7

NOx @ 3o 02 285 288 286
NOx LB/MKB 0.391 0.394 0.392

LOI% 4.09 4.75 4.42

06116/92 TEST #2 NOx PORT DAMPERS40% OPEN APPROX. STOICH. 1.18

SPIN VANES45-INNER 45-OUTER

LEFT SIDE AVG::: i:ii_ RIGHT: SIDE:AVG:I i i:_i:!UNITi:A_G:_ii_i

02 % (DRY-VOL) 5.68 5.07 5.38
CO @ 3% 02 22 7 15
NOx @ 3% 02 338 312 325

NOx LB/MKB 0.462 0.428 0.445

LOI % 3.59 4.75 4.17

06/17/92 TEST #3 NOx PORT DAMPER 100% OPEN APPROX. STOICH. 1.04

SPIN VANES 45-INNER 45-OUTER

. ., . .:....,;...: . , :.,,, ,,:.,:,.:.,:..... ,,......:.,.;; ....... ;..;,;..;,.....,;..;..;;;.;.,.;.;.:,:.:.:.:.;.; ....... ;.+ ...... >:,...;,.:.,.; .......

02 % (DRY-VOL) 5.1 4.4 4.75
CO @ 3% 02 67 24 45
NOx @ 3% 02 269 255 262

NOx LB/MKB 0.368 0.349 0.359

LOI % 4.8 6.03 5.42

06117192 TEST #4 NOx PORT DAMPER 100% OPEN APPROX. STOICH. 1,06

SPIN VANES45-INNER 60-OUTER

, ;.. . ... , .-::. , :: :.:: :" ::.:: ;.::; •. :.; :..,;.;.:.:.;,::..,. :.;::. ::.;.;.. ; _`;;;_;_____;___;_;_____:___;____`_____;:_______;____:_;_:_;__________+____;_;___;______;_;;;:::.;..,:.;,;,:.:

02 % (DRY-VOL) 5.3 4 4.65
CO @ 3% 02 341 351 346

NOx @ 3% 02 279 231 255

NOx LB/MKB 0.382 0.316 0.349
LOI o/o 8.23 12.99 10.61

06118192 TEST #5 NOx PORT DAMPER 100% OPEN APPROX. STOICH. 0.88

SPIN VANES45-INNER 45-OUTER

LEFT SIDEAVG_ii!iiiiii_iiiilli__RIGHT sIDEIAVIGii ii 0NJ_iAvG:_
,. : ..... ....... • ,::.:.: .;,: ::::: .: ... :...:..:.:.::.;.:.;:::.;..;.;;.:.;.;,;..;.;,:;;,:.:,;, ,,.;:..,;:;::..;.;..,:,..;.;;,::::::.:.:.:.:.+:+;,:.:.;...,:.:.:

02 0/o(DRY-VOL) 4.16 4.49 4.33
CO @ 3o/o02 42 7 24

NOx @ 3o/a02 251 280 266

NOx LB/MKB 0,344 0.384 0.364
-- LOI%

6
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CONCLUSIONS AND RECOMMENDATIONS

|

NOx emissions were significantly reduced with the XCL burners and Dual-Zone NOx

ports. Baseline NOx emissions averaged about 1.15 Ibs/10e Btu. NOx emissions with

the XCL burners were measured as 0.44 unstaged and 0.35 staged. This represents a

62% reduction with minimum air to the NOx ports and a 70% reduction with the NOxport

dampers 100% open.

Unburned carbon levels and CO emissions remained consistent with baseline levels

with the optimized burner settings. Unburned Carbon in the ash was 4-5%, and CO

emissions less than 45 ppm. The optimized burner settings were with the inner and outer

spin vanes at 45° of spin.

Numerous variations in burner settings and NOx port settings were evaluated during

preliminary testing to determine their effect on NOx/CO emission and unburned carbon.

The optimized settings for the spin vanes are believed to be 45° for both the inner and

outer spin vanes. NOx port settings were optimized to provide the best balance of

economizer outlet 02. The optimized NOx port settingswere determined to be with the

core zone damper 100% open and the spin vanes at 455. Evaluationof numerous

additional spin vane combinations is not recommended during the formal test program.

Spin vane variations should be limited to a few different settings to confirm those settings

identified in preliminary testing. The recommended spin vane settings for the formal

testingshouldbe limitedto testingwith the spinvanes at 30° for both the innerand outer

( 8



vanes, 45° for the inner and outervanes, and 60° for the innerand outervanes. NOxport

I settings can be varied to ensure that the optimum balance in economizer outlet 02 is

achieved.
I

i

Flame scanner operation may be affected by spin vane adjustments resultingin a

pulverizertrip if left uncorrected. When adjustingspin vanes, it may be necessaryto

readjustthe angle of the flame scanner head to ensureflame detection.

The NOx port control dampers were varied during preliminarytesting to evaluate the effect

of the NOx ports. With the NOx port dampers 100% open and normal excessair, the

burner zone stoichiometrywas reduced to 1.04. To reduce stoichiometryfurther, itwas

necessary to move the individualburnersecondaryair dampers to the light-offposition

whichforced more air to the NOx ports. Withthe burnerdampersthrottledto the light-off

setting,burnerzone stoichiometrywas reducedto 0.88. The minimumNOxport damper

positionidentifiedduring preliminary testingwas 30-40% open. Closing the NOx port

damper to less than 30%, resultsin insufficientcoolingair to the NOx ports. NOx port

temperaturesshouldnotexceed 1300 °F,and shouldbe monitoredduringthe formaltest

program.
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APPENDIX A - COAL FLOW BALANCING DATA
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ARAPAHOE UNIT #4- COAL FLOW BALANCING

,f glEEATEST S/92t

PIPE 2 PIPE 2 PIPE 3 PIPE 3 PIPE 7 PIPE 7
0.732 0.8556 0.627 0.7918 0.554 0.7443
0.759 0.8712 0.835 0.9138 0.454 0.6738
0.774 0.8798 0.700 0.8367 0.502 0.7085
0.908 0.9529 0.803 0.8961 0.539 0.7342
0.942 0.9706 0,935 0.9670 0.617 0.7855
0.759 0.8712 0.898 0.9476 0.515 0.7176
0.695 0.8337 0.739 0.8597 0.432 0.6573
0.481 0.6935 0.690 0.8307 0.419 0.6473

1.110 1.0536 0.932 0.9654 0.495 0.7036
1.479 1.2161 0.778 0.8820 0,268 0.5177
1.154 1.0742 0.820 0.9055 0.339 0.5822
1.098 1.0479 0.690 0.8307 0.429 0.6550
0,937 0.9680 0.839 0.9160 0.502 0.7085
0.830 0.9110 0.617 0.7855 0,537 0.7328
0.649 0.8056 0.573 O,7570 0.454 0.6738
0.695 0.8337 0.576 0.7589 0.429 0.6550

AVERAGE 0.9274 0.8653 0.6811

REL_:!_FLOW,iI_Ii!_.!::-
SUM SQRS 2.474
AVERAGE 0.8246

,! MILL A TEST 2 06/15192
iii_iVELocIT_i_i!_ ilIRELATIVE _:;_;VEE/_ IT¥iiii_:iiii!iiiiiiRE_TIV Ei!iiiiiii!_E_:i_ !!iiiii!i!_E_T[_ !iil

PIPE 2 PIPE 2 PIPE 3 PIPE 3 PIPE 7 PIPE 7
0.583 0.7635 0.437 0.6611 0.659 0.8118
0.795 0.8916 0.632 0,7950 0.463 0.6804
0.795 0.8916 0.686 0.8283 0.483 0.6950
0.893 0.9450 0.742 0.8614 0.520 0.7211
0.825 0.9083 0.842 0.9176 0.585 0.7649
0.932 0.9654 o.639 0.7994 0.520 0.7211
0.803 0.8961 0.573 0.7570 0.451 0.6716
0.705 0.8396 0.598 0.7733 0.471 0.6863

0.991 0.9955 0.625 0.7906 0.573 0.7570
1.264 1,1243 0.644 0.8025 0.468 0.6841
1.093 1,0455 0.776 0.8809 0.573 0.7570
1.159 1.0766 0.712 0.8438 0.612 0.7823
0.852 0.9230 0.625 0.7906 0.651 0.8068
0.805 0.8972 0.532 0.7294 0.605 0.7778
0.710 0.8426 0.517 0.7190 0.544 0.7376
0.786 0.8866 0.512 0.7155 0.468 0.6841

AVERAGE 0.9308 0.7916 0.7337

AVEAG 0.87

,l
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ARAPAHOE UNIT #4 - COAL FLOW BALANCING
_" MILL A TEST 3 06/15/92

PIPE 2 PiPE 2 PiPE 3 PiPE 3 PiPE 7 PiPE 7
0.813 0.9017 1.125 1.0607 0..551 0.7423
0.695 0.8337 0.810 0.9000 0.451 0.6716
0.749 0.8654 0.537 0.7328 0.456 0 _:,753
0.752 0.8672 0.627 0.7918 0.505 0.7106
0.966 0.9829 0.732 0.8556 0.424 0.6512
0.825 0.9083 0.744 0.8626 0.456 0.6753
0.810 0.9000 0.529 0.7273 0.451 0.6716
0.752 0.8672 0.551 0.7423 0.517 0.7190

1.113 1.0550 0.605 0.7778 0.417 0. 6458
1.799 1.3413 0.703 0.8385 0.419 0.6473
1.142 1.0686 0._03 0.7765 0.441 0.6641
1.040 1.01 98 0.688 0.8295 0.488 0.6986
1.035 1.0173 0.666 0.8161 0.566 0.7523
0.839 0.9160 0.695 0.8337 0.607 0.7791
0.889 0.9429 0.632 0.7950 0.507 0.7120
0.754 0.8683 0.598 0.7733 0.502 0.7085

AVERAGE 0.9597 0.8196 0.6953

.....;....,... .... .. .;,;.:.:.:..;..;.:..:.:.:.:,:.., . ..<.:.:................... :.:,:,:.:.,:.:...:,:,;.:.,,;.:.:,:,;

SUM SQRS 2.475
AVERAGE 0.8249

/ MILL A TEST 4 06/15/92

PIPE 2 PIPE 2 PIPE 3 PIPE 3 PIPE 7 PIPE 7
0.498 0.7057 0.412 0.6419 0.703 0.8385
0.625 0.7906 0.700 0.8367 0.581 0.7622
0.661 0.8130 0.629 0.7931 0.566 0.7523

0.690 0.8307 0.710 0.8426 0.566 0.7523
0.803 0.8961 0.712 0.8438 0.590 0.7681
0.717 0.8468 0.649 0.8056 0.532 0.7294
0.698 0.8355 0.620 0.7874 0.478 0.6914
0.664 0.8149 0.656 0.8099 0.485 0.6964

1.079 1.0387 • 0.629 0.7931 0.366 0.6050
0.720 0.8485 0.715 0.8456 0.595 0.7714
0.698 0.8355 0.639 0.7994 0.598 0.7733
0.671 0.8191 0.654 0.8087 0.573 0.7570
0.793 0.8905 0.634 0.7962 0.588 0.7668
0.747 0. 8643 0.573 0.7570 0.607 0.7791
0.725 0.8515 0.502 0.7085 0.498 0.7057
0.698 0.8355 0.595 0.7714 0.495 0.7036

AVERAGE 0.8448 0.7901 0.7408

SUM SQRS 2.376
AVERAGE 0.7919

,
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ARAPAHOE UNIT #4 - COAL FLOW BALANCING
" MILL B TEST 1 06115/92

PIPE 1 PIPE 1 PIPE 8 PIPE 8 PIPE 9 PIPE 9
0.857 0.9257 0.886 0.9413 1,105 1.0512
0.715 0.8456 1.171 1.0821 0.952 0.9757
0.700 0.8367 1.010 1.0050 0.888 0.9423
0.886 0.9413 1.123 1.0597 1.025 1,0124
0.937 0.9680 1.076 1.0373 1.074 1.0363
0.925 0.9618 0.925 0.9618 1.110 1.0536
0.808 0,8989 0.852 0.9230 1.020 1.0100
0.854 0.9241 0.793 0.8905 0.976 0.9879

0.905 0.9513 0,659 0.8118 0.986 0.9930
0.942 0.9706 1.186 1.0890 0.986 0.9930
0.859 0.9268 1.132 1.0640 1.106 1.0517
0.998 0.9990 1.159 1.0766 1.074 1.0363
1.037 1.0183 0.861 0.9279 0.896 0.9466
1.079 1.0387 0.730 0.8544 0.813 0.9017
1.042 1.0208 0.683 0.8264 0.927 0.9628
0.954 0.9767 0.603 0.7765 0.754 0.8683

AVERAGE 0.9503 0.9580 0.9889

;4

SUM SQRS 2.897

AVERAGE 0.9657

(_
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ARAPAHOE UNIT #4 - COAL FLOW BALANCING
( MILL C TEST 1 06/15/92

!iiVEEOcIT_ii_:i_;i;iiiiRE_TivE:ii_:i!i_EE_i_I ! RE_TiVEI i ii_E_i_ii i!_E_TiI_E i1

0.922 0.9602 1.132 1.0640 0.991 0.9955
1.413 1.1887 1.023 1.0114 1.037 1.0183
0.825 0.9083 0.690 0. 8307 0.991 0. 9955
0.854 0.9241 0.679 0.8240 0.976 0.9879
0. 837 0.9149 0.722 0. 8497 1.001 1.0005
0.800 0. 8944 0.683 0.8264 1.047 1.0232
0.761 0.8724 0.683 0.8264 0.910 '_.9539
0.732 0.8556 0.634 0.7962 0.891 0.9439

0.756 0.8695 0.849 0.9214 0.803 0.8961
0.979 0.9894 0.747 0.8643 0.964 0.9818
0.962 0.9808 0.681 0.8252 0.847 0.9203
0.927 0.9628 0.659 0.8118 0.791 0.8894
0.859 0. 9268 0.712 0.8438 1.049 1.0242
0.832 0.9121 0.673 0.8204 1.181 1.0867
0.808 0.8989 0.576 0.7589 0.981 0.9905
0.730 0.8544 0.595 0.7714 0.957 0.9783

AVERAGE 0.9321 0.8529 0.9804

: : ;...;; .. :,- :,......,... ........ ....... ,.... ,, .= . . ,,. • ...... ,...,;:.:...:.,:.;;.. :.... :..,....,.:. ,..... ........ ; ...... ;.......... :.,;.;.:..; ;..;.:.;,..;.:..:.,:.;.;.;.:..;. ,. : ....,:.;,.:.,..,,.-.;.:.;..

SUM SQRS 2.765
AVERAGE 0.9218

( MILL C TEST 2 06/15/92

PiPE 4 PiPE 4 PiPE 5 PiPE 5 PiPE 12 PiPE 12
1.401 1.1836 1.042 1.0208 1.032 1.0159
1.577 1.2558 0. 764 0.8741 0.786 0. 8866
0.876 0.9359 0.766 0.8752 0.900 0.9487
0.937 0.9680 0.710 0.8426 0.944 0.9716
0.725 0.8515 0.771 0.8781 1.052 1.0257
0.693 0.8325 0.620 0.7874 0.915 0.9566
0. 769 0. 8769 0.593 0.7701 0.908 0.9529
0.744 0.8626 0.595 0.7714 0.886 0.9413

0.759 0.8712 0.932 0.9654 0.720 0.8485
0.827 0.9094 0.981 0.9905 0.866 0.9306
0.827 0.9094 0.615 0.7842 0.861 0.9279
0.962 0.:9808 0.712 0.8438 0.832 0.9121
1.030 1.0149 0.629 0.7931 0.969 0.9844
1.008 1. 0040 0. 686 0.8283 0.954 0.9767
0.905 0.9513 0.698 0.8355 0.964 0.9818
0.881 0. 9386 0.576 0.7589 0.854 0.9241

AVERAGE 0.9592 0.8512 0.9491

SUM SQRS 2.759
AVERAGE 0.9198

(
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ARAPAHOE UNIT #4 - COAL FLOW BALANCING
{ MILL D TEST 1 06/15/92

PIPE 6 PIPE 6 PIPE 10 PIPE 10 PIPE 11 PIPE 11
0.432 0.6573 0.778 0.8820 0.700 0.8367
0.468 0.6841 0.686 0,8283 0.571 0,7556
0.515 0.7176 0,749 0,8654 0.676 0,8222
0.615 0.7842 0.710 0.8426 0,720 0,8485
0.52,9 0,7273 0.715 0.8456 0.783 0,8849
0.500 0.7071 0.615 0.7842 0,756 0,8695
0.485 0.6964 0.542 0.7362 0,698 0.8355
0.493 0.7021 0.522 0,7225 0.722 0,8497

0.512 0.7155 0.776 0.8809 0,561 0.7490
0,429 0.6550 0.854 0.9241 0.549 0,7409
0.532 0.7294 0,725 0.8515 0.622 0.7887
0.529 0.7273 0.759 0.8712 0,715 0,8456
0.712 0.8438 0.808 0.8989 0,639 0,7994
0.688 0.8295 0.754 0.8683 0.744 0, 8626
0.578 0.7603 0.681 0.8252 0.571 0.7556
0.512 0.7155 0.647 0.8044 0,649 0,8056

AVERAGE 0.7283 0.8395 0.8156

_:_ _O'W _ _ _. _'_ _ _'_ _. _. _:_ _ _::_ _ ::9 :I: _67_0. _ _ _ _ _ ;_ _ _ _' _::_ _ _ _ _ _ _ _ _ _._ _._ _ _ r _ _ _ _._ .0 _:_ _ _ ; _ _ _ _._ _._._ _ _ _ _ _._ _ _ _r_._ _ _ _ _. _. _.:_:_._._ _2_:_

SUMSQRS
I

AVERAGE 0.7945

IMILL D TEST2 06115192 J

PIPE 6 PIPE 6 PIPE 10 PIPE 10 PIPE 11 PIPE 11
0.380 0.6164 0.510 0.7141 0.808 0.8989
0.473 0.6877 0.734 0.8567 0.720 0.8485
0.542 0.7362 0,686 0.8283 0.795 0,8916
0.583 0.7635 0.778 0.8820 0.634 0.7962
0.605 0.7778 0.795 0.8916 0.643 0.8019
0.642 0.8012 0.825 0.9083 0,683 0.8264
0.560 0.7483 0.759 0.8712 0,524 0.7239
0.476 0.6899 0.683 0.8264 0.593 0.7701

0.485 0.6964 0.788 0.8877 0.905 0.9513
0.466 0.6826 0.991 0.9955 0.881 0.9386
0.437 0.6611 0.793 0.8905 0.725 0.8515
0.603 0. 7765 0.940 0.9695 0,813 0. 9017
0. 642 0.8012 0.866 0. 9306 0.761 0. 8724
0.549 0,7409 0.769 0.8769 0.678 0.8234
0.493 0.7021 0.651 0.8068 0.673 0.8204
0,490 0. 7000 0.664 0.8149 0.419 0.6473

AVERAGE 0.7239 0.8719 0.8353

.. -;.- ,+: :,:.... ,, ..... :............ . .. .... .. ,..: ......... .: ....... . ...... :.'::_.:;.: ;,:. :.-.;,;.;,;.::,;;:.;.;,.,:.;....:,;,;.:.;::.;:;.;:;::_;.:,:.,::::;-.:;.::_..,: ,::.:.;;.:.;,:.:.;.:.;:.:::.:,:.;.:.;...:.;,..;.....,.,:,,,;.;,;

SUM SQRS 2.431
AVERAGE 0.8104
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ARAPAHOE UNIT #4 - COAL FLOW BALANCING
I"- MILL D TEST 3 06/15/92

PIPE 6 PIPE 6 PIPE 10 PIPE 10 PIPE 11 PIPE 11
0.322 0.5675 0.463 0.6804 0.705 0.8396
0.292 0.5404 0.732 0.8556 0.739 0.8597
0.385 0.6205 0.805 0.8972 0.725 0.8515
0.358 0.5983 0.798 0.8933 0.673 0.8204
0.312 0.5586 0.756 0.8695 0.627 0.7918
0.310 0.5568 0.800 0.8944 0.551 0.7423
0,295 0.5431 0.752 0.8672 0.483 0.6950
0.305 0.5523 0.659 0.8118 0.422 0.6496

0.292 0.5404 0.822 0.9066 0.871 0.9333
0.253 0.5030 0.888 0.9423 0.617 0.7855
0.285 0.5339 0.791 0.8894 0.593 0.7701
0.317 0.5630 0,839 0.9160 0.720 0.8485
0.322 0.5675 0.886 0.9413 0.730 0,8544
0.256 0.5060 0,754 0.8683 0.673 0.8204
0.256 0.5060 0.727 0.8526 0.607 0.7791
0.234 0.4837 0.800 0.8944 0.358 0.5983

AVERAG E 0, 54 63 0.8738 0.7900

SUM SQRS 2.210

AVERAGE 0,7367

MILL D TEST 4 06/15/92

PIPE 6 PIPE 6 PIPE 10 PiPE 10 PIPE 11 PIPE 11
0.515 0.7176 0.581 0.7622 0.734 0.8567
0.527 0.7259 0.568 0.7537 0.671 0.8191
0.581 0.7622 0,712 0.8438 0.578 0.7603
0.544 0.7376 0,708 0.8414 0.622 0.7887
0.490 0.7000 0.693 0.8325 0.661 0.8130
0.527 0.7259 0,625 0.7906 0.747 0.8643
0.526 0.7253 0.505 0.7106 0.747 0.8643
0.520 0.7211 0.559 0.7477 0.703 0.8385

0.583 0.7635 0.725 0.8515 0.649 0.8056
0,505 0.7106 0.781 0.8837 0.752 0.8672
0.410 0,6403 0.669 0.8179 0.512 0.7155
0.454 0.6738 0.864 0.9295 0.585 0.7649
0.603 0.7765 0.896 0.9466 0.676 0.8222
0.727 0.8526 0.854 0.9241 0.664 0.8149
0.583 0.7635 0.725 0.8515 0.561 0.7490
0.568 0.7537 0.673 0.8204 0.559 0.7477

AVERAGE 0,7344 0.8317 0.8057

_:EE_!_J:F"Lo:wii_:iiiiiiii:_iii_:!ii_i:_ii!!_::_ii92i89o_,:.iii_: !i i_iii,!ii: i_ :!illil ii !!i"!_._5:20.%:: !!iiiiiiiiiiiii!iil_:":iiiiiiilli iiill _ii§_
.... . .......... ..,.. . ............... , ,, . . .... . ;.:.:,:::,::. ,....,:,. : :,: ;. : ,,, ..;.;,,;.;...,.;,,.,...;......:.:. : :: ;;:;:: : ::: :.:;': :::::::::::::::::::::::::::::::;,',,.:.;.;.:,;...... ;

SUM SQRS 2.372

AVERAGE 0.7906

16



ARAPAHOE UNIT #4 - COAL FLOW BALANCING
C-" MILL D TEST 5 06/15/92

i_iii_E__!_i_iii!iiiiii_.E_T_vE_ii_ii_ii_ii_vEL_c_ii_!i_RE_T_vE_iiiiiiiiii_!i_E_:_c:i_Mili',i__E_i_Ei!iiii_

PIPE 6 PIPE 6 PIPE 10 PIPE 10 PIPE 11 PIPE 11
0.483 0.6950 0.781 0.8837 0.876 0.9359
0.512 0.7155 0.813 0.9017 0.551 0.7423
0.539 0.7342 0.771 0.8781 0.647 0,8044
0.627 0,7918 0.815 0.9028 0.705 0.8396
0.715 0.8456 0.781 0.8837 0.795 0.8916
0.583 0.7635 0.717 0,8468 0.765 0.8746
0.588 0.7668 0.722 0.8497 0.678 0.8234
0.539 0,7342 0.581 0.7622 0.732 0.8556

0.585 0.7649 0.837 0.9149 0.700 0.8367
0.478 0.6914 0.896 0.9466 0.666 0.8161
0.493 0.7021 0.673 0.8204 0.720 0,8485
0.639 0.7994 0.717 0,8468 0.725 0.8515
0.669 0.8179 0.771 0.8781 0.791 0.8894
0.585 0.7649 0.690 0.8307 0.798 0.8933
0.522 0.7225 0.671 0.8191 0.761 0,8724
0.412 0.6419 0.698 0.8355 0.656 0.8099

AVERAG E 0.7470 0,8625 0.8491

i:_E_ii!_,._'_O_i':!i!_!i!i_i;.iiiiii;_ii_i!ii',i_9_:.__o/._ii.',.i.iiii!.!.;ii.iiii:•_i_,_:iiii_':i_.!i_.i_!i__i_iii.!ii.i_51i2.__.i.i.',i.i.',.i.i.i.!j.i.i!i.i.i.!.!._._!ii:.,,i.!.i_!.i.ij.Uiii.l.ii.':i_ii_!_;_!_',_.
SUM SQRS 2.459

AVERAGE 0.8195

.
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APPENDIX B

DETAILED COMBUSTION SYSTEM
OPTIMIZATION RESULTS

A detailed optimization of the retrofit low-NOx combustion system took place during the

initial weeks of the formal test program. This provided an opportunity for a more

detailed study of the effect of burner and overfire air port settings on combustion

performance than was possible during the initial B&W optimization. The burner

optimization consisted of an assessment of the effect of spin vane position over a wider

range of settings, as well as an investigation of the effect of balancing the secondary air

flow distribution to each burner. The overfire air port optimization addressed the effect

of spin vane and core zone damper position, as well as the effect of balancing the

overfire air flow to the upper furnace.

Burner Spin Vane Position

The detailed burner spin vane optimization was conducted at 100 MW with 20 percent

overfire air. Since the spin vane settings have an effect on the secondary air split

between the burners and overfire air ports, the tests were conducted with the oveffire

air control dampers closed down slightly in order to provide the ability to compensate

for the changing burner windbox pressure drop while maintaining a constant overfire

air ratio. It should also be noted that the 02 levels (as measured by the 12-point

economizer exit grid) were held constant during the tests. Four different spin vane

configurations were tested and the results are shown in Figure B-1. The initial B&W

burner optimization resulted in both the inner and outer spin vanes being set at 45°.

However, the results of the detailed optimization showed that a slight increase in burner

swirl, achieved by changing the angle of the inner spin vanes to 30°, provided lower CO

B-1 FERCo-7035-R267
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Figure B-1. Effect of Burner Spin Vane Position at 100 MWe with 20% Overfire Air
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emissions and fly ash LOI values, while having an insignificant effect on NO emissions.

Increasing the swirl further by moving the inner spin vanes to 22° resulted in little

change in the CO emissions or LOI values, and a slight increase in NO emissions. In the

final case, the inner vanes were returned to 30°, and the swirl increased by decreasing

the outer vanes' angle from 45° to 30°. This configuration resulted in increased CO and

NO emissions as well as higher fly ash LOI values. The results indicate that the

optimum burner configuration was with the inner and outer spin vanes set at 30° and

45°, respectively.

Burner Secondary Air Distribution

The burneroptimizationtestsalsoindicateda substantialvariationintheburner-to-

burnersecondaryairflowdistributionwiththeslidingdampersinthefullopenposition

(seeFigure5-25a).Eachburnerincludesa circularpitottubearray,whichprovidesa

relativeindicationofthetotalsecondaryairflowtoeachburner.Differentialpressure

gaugeswitharangeof0 to10inchesofwaterwereinstalledon eachburnerduringthe

retrofit.Unfortunately,thisrangeisfargreaterthannecessary,sincewhen operatingat

110MWe, theburnerpressuredropreadingsrangeonlyfromapproximately0.6to1.2

inches.On threeseparateoccasions,onceat110_e and twiceat100MWe, the

burnerswere put intoa "manualcontrolmode" by disconnectingthepower tothe

electricactuatorswhichpositiontheslidingairdampers.The positionofthesliding

damperson eachburnerwere thenadjustedby hand suchthatthesecondaryairflow

distributionwas balanced.An inclinedmanometer,witha rangeof0 to2 inchesof

water,was usedtoprovidethepressuredropindicationswitha betterresolutionthan

thatprovidedby theexistinggauges.

The results of the three tests are shown in Figure B-2. In each of the three cases,

balancing the air flows resulted in slightly decreased NO levels. It should be noted that

no effort was made to hold either the 02 or overflre air flow ratio constant during these

tests. In each case, balancing the burner air flows resulted in a slight increase in overflre
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Figure B-2. Effect of Balancing the Secondary Air Flow to All Burners
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airand a smallreductionin the operating02 levels.This decreasein O2 isa

consequenceofthelocationoftheplant's02monitorsand thecontrolsystem.As was

shown inFigure5-11,smallchangesinoverflreairflowata fixed02 levelresultin

negligiblechangesinNO emissions.AlthoughthereductionsinoperatingO2levelwere

relativelysmall(rangingfrom 0.20to 0.45percent),the NO/O2 sensitivityof

approximately40ppmc/percent(seeFigure5-10)willresultinNO reductionswhichare

greaterthanthenetNO reductionsshown inFigureB-2foreachofthethreetests.

Therefore,oncetheeffectofthereducedoperating02 levelisaccountedfor,itcanbe

arguedthattheactofbalancingtheburnerairflowsactuallyresultedinaslightincrease

inNO emissions.However,theincreaseisverysmalland notofgreatconcern.

Inthefirsttwo testsshown inFigureB-2,balancingtheairflowswas shown toreduce

CO emissionsby nearly20ppm. Inthethirdcase,therewas anegligiblereductionin

CO emissions.Itisnotlikelythatthelackofan effectinthethirdtestwas due toa

differentburner-to-burnercoaldistribution(whichresultedinadifferentresponsetothe

balancingofthesecondaryairflows),sincethesecondand thirdtestswererunon the

same day withone testimmediatelyprecedingtheother.The lackofan effecton the

CO emissionsinthethirdtestmey be due toan increasedfurnacewindboxpressure,

whichwas a resultoflowerspinvanesettings.However,thereisnotsufficientdatato

conclusivelysupportthishypothesis.Recallthata lowerspinvaneangleindicatesa

higherlevelofswirl,sincethevanesarefurther"closed".Thisdosirtgactionincreases

theairflowresistancethroughtheburners,resultinginanincreasedwindboxpressure

(asevidencedby ahigheroverflreairflow).Itispossiblethatthisadditionalresistance

evened-outthesecondaryairflowdistributionthroughtheburnerstoapointwherethe

actofbalancingtheslidingairdampersby handprovidednoadditionalbenefitfromthe

perspectiveofreducingCO emissions.

After each of the three tests, power was reconnected to the electric actuators and the

sliding dampers automatically returned to their original positions as set by B&W.

Maintaining the burner balance which had been set by hand would have required
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resettingthelimitswitcheson theslidingdamper actuatorforeach burnerbefore

reconnectingthepower.Thiswas notdoneduetoa lackofasubstantialimpacton NO

emissions,and thelackof a consistenteffecton CO emissions. However, itis

recommended thatthisadjustmentbe made from the perspectiveof good boiler

operatingpractices.Althoughithasbeenshown thatmaintainingrelativelyequalor

constantburner-to-burnercoalfeedratesisnotpossibleatArapahoeUnit4,balancing

thedistributionofsecondaryairtoeachburnerisa relativelysimpletask(Ior2 days

worthofwork)and isalsothefirststepinattemptingtoachievean equalcoal/air

distributionacrossthetopofthefurnace.Ifmany more '"oalancedsecondaryair"tests

were run,itisnotlikelythatCO emissionswould havebeenreducedforeverysingle

test,sincetheburner-to-burnercoaldistributioncanvaryon aday-to-daybasis.On the

average,however,itislikelythatCO emissionswould have beenreducedsincethe

chance of pairing an "above average" coal flow with a "below average" air flow at any

one particular or burner would have been reduced by providing more uniform

distribution of secondary air. It is also recommended that the current differential

pressure gauges on each burner be replaced with units With a smaller range (0 to 2

inches of water) in order to provide a more accurate indication of relative air flow.

Overflre Alr Port Spln Vane Poaltlon

The overflre air port optimization tests were conducted at 100 MVVe with maximum

overfire air. The initial B&W combustion system optimization resulted in the overflre

air ports being set with the core zone dampers 100 Percent open, and the spin vanes at

45°. However, detailed 02 traverses at the economizer outlet revealed a local 02 deficit

along the center of the borer near the furnace division wall which resulted in a region

of high CO levels. In an effort to increase the Penetration of the overfire air into the

center of the boiler, the spin vanes were opened up to 100 percent. The results (Figures

B-3a and B-3b) showed that the "wide open" (spin vanes and core zone damper)

configuration resulted in a large decrease in CO emissions and a slight increase in NO

emissions for a fixed operating 02 level. In order to maximize the overfire air

penetration, a third series of tests was run with the spin vanes closed completely. In
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Figure B-3a. Effect of Overflre Air Port Spin Vane Configuration on
CO Emissions at 100 MWe with Maximum Overfire Air
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Figure B-3b. Effect of Overfire Air Port Spin Vane Configuration on
NO Emissions at 100 MWe with Maximum Overfire Air
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theory, this should have forced all of the overfire air through the smaller diameter core

zone, thereby substantially increasing the velocity and, consequently, the momentum of

the jets. In practice, however, the increased back-pressure on the overfire air port wind

boxes forced more of the secondary air to the burners, and the maximum overfire air

ratio was reduced from 24 to 20 percent. Therefore, the increase in velocity and

momentum actually realized was less than expected. The results show that with the

spin vanes dosed, the NO emissions were unchanged, and the CO emissions increased

to the levels seen with the spin vanes at 45°. It is likely that the reduced overfire air

flow more than offset any benefit of increased velocity, and the penetration of the jets

was reduced. In order to determine the optimal configuration, it was necessary to

compare the results on an equal basis. A CO emission limit of 50 ppm was chosen as

this basis, since PSCC had expressed the desire to limit CO emissions to that level.

Table B-1 shows the 02 level required for operating at or below the 50 ppm lim;t, as well

as the corresponding NO levels for each of the three overfire air port spin vane

configurations. The data show that operating with spin vanes wide open results in the

lowest NO emissions as well as the lowest 02 requirement.

Table B-1

• Operating O2 Levels and NO Emissions
Required to Maintain 50 ppm CO at 100 MWe with Maximum Overfire Air

Spin Vane Setting Operating 02 (%) NO (ppm) OFA Ratio (%)

45° 5.10 273 24
Open 4.50 264 24

Closed 5.00 290 20

In order to separate the effects of reduced overfire air flow and spin vane position in the

configuration where the spin vanes were closed, the three series of tests were run again

at a constant overfire air ratio of 20 percent. The results of these tests (Figures B-4a and

B-4b)show that as the ports are closed (which increases overfire air penetration), the CO

levels decrease while NO emissions increase slightly. Table B-2 shows the 02 level

required for operating at or below 50 ppm CO, as well as the corresponding NO levels,

for the three NOx port spin vane configurations shown in Figure B-4a and B-4b. With
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Figure B-4a. Effect of Overfire Air Port Spin Vane Configuration on
CO Emissions at 100 MWe with 20 Percent Overfire Air
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Figure B-4b. Effect of Overfire Air Port Spin Vane Configuration on
NO Emissions at 100 MWe with 20 Percent Overfire Air
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equal overfire air ratios, operating with the spin vanes closed results in the lowest NO

emissions as well as the lowest operating 02 requirement. However, Table B-1 shows

that it is better to operate at a higher overfire air flow with the spin vanes wide open

than with 20% overfire air flow with the spin vanes closed, since the boiler can be

operated at a lower excess air level (i.e., more efficiently) and with lower NO emissions

for the same CO emission limit of 50 ppm. Therefore, the spin vanes were fixed in the

open position for the remainder of the test program. The core zone dampers were not

moved from the 100 percent open position during the overfire air port optimization tests,

since doing so would reduce both overfire air flow and overfire air penetration and,

therefore, result in increased NO and CO emissions.

Table B-2

Operating 02 Levels and NO Emissions
Required to Maintain 50 ppm CO at 100 MWe with 20 Percent Overfire Air

i

Spin Vane Setting Operating 02 (%) NO (ppm)

45° 5.82 297
Open 5.72 305

Closed 5.02 292

Overflre Alr Port Secondary Alr Dlstrlbutlon

The overfire air port optimization tests revealed that there was a bias of the overfire air

port air flow toward the north side of the boiler. Each overfire air port has two separate

circular pitot tube arrays which provide a relative air flow measurement between the

inner and outer flow areas. With the core zone dampers and spin vanes for each

overfire air port set similarly, the inner and outer flows indicated for the southernmost

ports were lower than those indicated for the northernmost ports. The flow bias results

from the manner in which the secondary air is supplied to each overfire air port

windbox. Existing structural steel necessitated that the duct enter the bottom of each

wind box at its northernmost end (see Figure 3-5).
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A single test was performed at 100 MWe to examine the effect of balancing the overflre

air port flows. This required reducing the flows to the northernmost ports on each side

of the furnace. The air flow through the outer area of each port could not be reduced

without changing the angle of the spin vanes, which would in turn alter the distribution

of the air between the regions near and far from the ports. Therefore, the test was

conducted with the spin vanes dosed and the flows through each port equalized by

adjusting the core zone dampers. The test was started with the overfire air control

dampers dosed down slightly to provide the ability to compensate for the increase in

pressure drop across the ports while maintaining a constant overfire air ratio. It should

also be noted that the economizer exit 02 level was held constant during the test. The

results of the test (Figure B-5) show that balancing the flows through each overflre air

port resulted in a large increase in CO emissions and no effect on NO emissions.

Although one would expect little or no effect on NO emissions since the operating 02

and overfire air levels were held constant, the increase in CO emissions was unexpected.

Since the results indicate that boiler operation is actually improved when the overfire

air is biased to the north side of the furnace, no further attempts were made to balance

the individual overfire air port flows during the remainder of the test program.
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SUMMARYOF RESULTS

MASSLOADINGMEASUREMENTS- EPARM 5

A summaryof the test resultsfor the mass loading testingduringprocessconditions 1 and 2 are
provided in tables:

• Table 1 ; BaghouseInlet MassLoadingMeasurementsARAPAHOEUNIT 4; Condition1
• Table 2 ; BaghouseInlet MassLoadingMeasurementsARAPAHOEUNIT 4; Condition2
• Table 3 ; BaghouseOutlet MassLoadingMeasurementsARAP/_IOEUNIT 4; Condition1
• Table 4 ; BaghouseOutlet MassLoadingMeasurementsARAPAHOEUNIT 4: Condition2

In each table, measuredstack parametersalongwith averageconcentrationsand emissionrates for total
particulates are presented. Detailed data summaries, and raw field data sheets of each test, are provided
in the Appendix of this report (Appendix A).

Outlet Location: Condition 1 a_d 2

A total of three separate tests were conducted for each process condition at the outlet location.
Condition I tests were conducted during the period of October 21, 1992 through October 22, 1992.
Condition 2 tests were conducted October 26, 1992 through October 27, 1992. All baghouse outlet tests
were sampled over increased period of three hours to assist in enhancing the particulate collection and
sensitivity of the mass loading tests. All tests were valid for process and sampling conditions. The results
of the mass loading and average stack parameters are provided in Table 1 and Table 2.

Inlet Location: Condition I

A total of five separate tests were conducted for the Condition 1 process condition at the inlet
location. The tests were conducted during the period of October 21, 1992 through October 23, 1992. All
five tests are reported in the accompanying table and Appendix of this document. Test 1, Test 4, and Test
5 are the tests that are used for the "valid" test series of parameter averaging and reporting. Test 2 was
voided due to failure in passing the final (post) leak check. Test 3 was not included in the final averages
and required the execution of an additional mass loading test in that it was determined that soot blowing
interrupted the final 20 minutes of the extraction period of the test. Test 2 and Test 3, although omitted
from the data averages provided valid information for measured stack parameter. The particulate
concentrations and resultant emission may be biased due to the leak and soot blow conditions. Test results
are provided in Table 3.

Inlet Location ; Condition 2

A total of two separate tests were conducted for the Condition 2 process condition at the outlet
location. Due to facility operational changes, completion of the third test of the triplicate series could not
be completed under the required controlled Condition 2 variables. All tests were valid for process and
sampling conditions. The results of the mass loading (inlet) are provided in Table 4.



Table 1

Baghouse Outlet Mass Loading Measurements ARAPAHOE UNIT 4; Condition 1

...... :z_: . z_ . A_........ i.... i I _ IIIII _ ...... ::-:-. : _, -,,, -- ::r i__ _'P'" I,, ,,,,, _ ....

Test 1 Test 2 Test 3

Parameter 10/21/92 10/21[92 10/22/92 Average
1030-1345 1512-1823 1049-1215

II _ _ _i III __ I_ I I L I q Ill ..... I I' _ I_l T_ Id" ] I " I _

Stack Temperature (°F) 267.7 274.2 260.9 267.6
Stack Gas Velocity (R/sec) 38.39 38.04 37.05 37.83
Actual Volumetric Flow Rate (ACFM) 423,807 420,002 409,011 417,607
Standard Volumetric Flow (DSQqVl) 236,644 234,344 232,823 234,604
Stack Gas Molecular Weight (dry) 2930 29.36 29.20 29.29
Stack Gas Moisture (_ by volume) 7.96 6.91 7.60 7.49
Oxygen Content (_ by volume) 5.3 6.2 7.9 6.47
Carbon Dioxide (_ by volume) 12.9 12.2 11.3 12.13
Nitrogen Content (_ by volume) 81.8 81.6 80.8 81.4
Particulate Concentration (gr/DSCF) 0.0014 0.0016 0.0017 0.0016
Particulate Concentration (grlACF) 0.0008 0.0009 0.0010 0.0009
Particulate Concentration (g_DSCM) 0.0032 0.0036 0.0040 0.0036
Particulate Concentration (g/ACM) 0.0018 0.0020 0.0023 0.0020
Mass Emission Rate (Ibs_hr) 2.8312 3.1749 3.4594 3.1552
Mass Emission Rate (Ibs/DSCF) 1.99E-07 2.26E-07 2.48E-07 2.24E-07

I._11 _: _ _] _; _]_ IlliIIIII i i I i I I : !_ _ : ...... ]] Ill _ _L ......

Table 2

Baghouse Outlet Mass Loading Measurements ARAPAHOE UNIT 4: Condition 2

_ [ __1 L! _....... ii I I I _ I_ :_T Ill _ IIIU lilP _1 I,_, _ II

Test 1 Test 2 Test 3

Parameter 10/26/92 10/26/92 10/27192 Average
0855-1140 1335-1645 0816-1145

"-- _: _ .... _ Iir ] IIIIl 11 II' i I ' I II J _ i;_ _ iI;l; i ...... iii ii I I I i I II iiii i

Stack Temperature (°F) 248.3 _,,3.4 251.9 254.53
Stack Gas Velocity (R/sec) 39.27 41.22 38.50 39.66
Actual Volumetric Flow Rate (ACRVl) 433,550 455,042 424,991 437,861
Standard Volumetric Flow (DSCFM) 249,767 258,292 243,733 250,597
Stack Gas Molecular Weight (dry) 29.18 29.28 29.34 29.27
Stack Gas Moisture (_ by volume) 7.82 6.80 7.44 7.35
Oxygen Content (_ by volume) 7.5 7.4 6.3 7.07
Carbon Dioxide (_ by volume) 11.4 11.3 12.5 11.73
Nitrogen Content (_ by volume) 81.1 813 81.2 81.20
Particulate Concentration (gr/DSCF) 0.0027 0.0014 0.0006 0.0016
Particulate Concentration (grlACF) 0.0016 0.0008 0.0004 0.0009
Particulate Concentration (g/DSCM) 0.0062 0,0032 0.0014 0.0036
Particulate Concentration (g/ACM) 0.0036 0.0018 0.0008 0.0021
Mass Emission Rate (Ibs/hr) 5.7826 3.0561 1.2915 3.3767
Mass Emission Rate (Ibs/DSCF) 3.86E-07 1.97E-07 8.83E-08 2.24E-07

_ Ill II ---- ill i [[_ ill, H]:_



Table 3

Baghouse Inlet Mass Loading Measurements ARAPAHOEUNIT 4; Condition 1

Test 1 Test 2 Test 3 Test 4 Test 5

Parameter 10/21/92 10/21/92 10/22/92 10/22/92 10/23/92 Average (1)
1140-1409 1559-1725 1049-1215 1433-1557 0852-1015

Stack Temperature (°F) 279.6 282.1 277.7 280.9 275.4 278.63
Stack Gas Velocity (Itlsec) 41.12 39.65 4120 41.44 42.05 41_54
Actual Volumetric How Rate (A(]:M) 420,946 405,941 421,807 424,197 430,532 425,225

Standard Volumetric Flow (DSCFM) 229,142 222,445 232.298 235,147 237,114 229,567
StackGas Molecular Weight (dry) 29058 29.63 29_57 29.68 2931 29_52
Stack Gas Moist,.a'e (96by volume) 6.84 5.54 6.19 5.14 7.44 6.47

Oxygen Content (96by volume) 4.0 5.1 6.0 6.1 63 5.47
Carbon Dioxide (_ by volume) 14.2 13.2 13.1 12.9 123 13.13
Nitrogen Content (_;by volume) 81.8 81.7 80.9 81.0 81A 81.40

Particulate Concentration (gr/DSCF) 2.4431 1.3973 2.2916 3.2646 2.7205 2.8094
Particulate Concentration (grIACF) 1.3297 0.7655 1.2618 1.8093 1.4980 1-5457
Particulate Concentration (gff)SCIVl) 5.6181 3.2130 5.2696 7.5071 6.2559 6.4604
Particulate Concentration (gJACM) 3.0576 1.7603 2.9015 4.1607 3.4448 3.5544

Mass Emission Rate 0bs/hr) 4,797.59 2.663.59 4,561.98 6.578.91 5,528.13 5,634.87
Mass Emission Rate (ibs/DSCF) 3.49E-04 2.00E-04 3.27E-04 4.66E-04 3.89E-04 4.01E-04

(I) Average values for the e,tire test series were derived from the aritlnmetic tnnean of Test 1, Test 4, amJ Test 5. Test 2

was omitted from the average values due to failure of post leak check of sample train that may affect the particulate
concentrations. Test 3 was omitted from the average vahnes dt,e to soot blow activities during the final 20 minutes

of the test period. All plwsical stack parameters (temperate,re, flow, molec,lar weigh) are accurate for the entire five
test series.



Table 4

Baghouse Inlet Mass Loading Measurements ARAPAHOEUNIT 4; Condition 2

• ' ' ,11 "";"' irll i '"1 ,,,,, ,,, ,,,,,,_,l .... , ,, . ,L ..... ,J.. .................... .._...................

Test 1 Test 2

Parameter 10/26/92 10/27/92 Average
1419-1555 0906-1029

.... ,, ,, _ i,, . ,luu L .... ,,,....... __ ..... , ,, _ i ,if _'- - : :_ ' "_," _ " "' L_ - • "'"'

Stack Temperature (°F) 273.7 267.9 270.8
Stack GasVelocity (_sec) 44.24 42.79 43.52
Actual Volumetric Flow Rate (AC_) 452,890 438,046 445,468
Standard Volumetric Flow (DSCFM) 243,811 243,376 243,594
Stack Gas Molecular Weisht (dry) 29.24 29.59 29.42
Stack Gas Moisture (_ by volume) 8.03 6.12 7.08
Oxygen Content (_ by volume) 6.3 5.9 6.1
Carbon Dioxide (_ by volume) 12_3 13.2 12.8
Nitrogen Content (_ by volume) 81.4 80.9 81.2
Particulate Concentration (gr/DSCI=) 1.3270 2.4864 1.9067
Particulate Concentration ($rlACF) 0.7142 1.3812 1.0477
Particulate Concentration (K/DSCM) 3.0515 5.7176 4.3846
Particulate Concentration (g/ACM) 1.6424 3.1760 2.4092
Mass Emission Rate (Ibs/hr) 2,772.6! 5,185.83 3,979.22
Mass Emission Rate (Ibs/DSCF) 1.89E-04 3.55E-04 2.72E-04

. 'I.'_', , _ ' ,,,,' , .,, ,, .. ...... : _ .... ,,i , ,,, , ,, ..,,., , ,, ,,," , _ , ..,, _ ,,.,,,



PARTg2B_/'gl_

A summaryof the test resultsfor the particle sizingtestsat Inlet and outlet locationsduring process
Conditions 1 and 2 are providedIn the following table_

• Table 5 ; BaghouseInlet ParticleSizeMeasurementsARAPAHOEUNIT 4; Condition1
• Table6 ; BaghouseInlet ParticleSizeMe..surementsARAPAHOEUNIT 4; Condition2
• Table 7 ; BaghouseOutlet MassLoadingMeasurementsARAPAHOEUNIT 4; Condition 1

Dueto the specificpower demandrequirementsof Unit 4, Condition2 sampleperiodwas reduced
from the scheduled3 days. Due to the reduced time frame, the particle size samplingcould not be
accomplishedat the outlet location.

Detailed data summariesand raw field data sheets of eachpanicle size test are provided in the
Appendix of this report (AppendixB).

Inlet Location; Condition I and Condition 2

A total of five separate particle size runs were conducted for the Condition I process condition at
the inlet location. All impactor runs at the inlet location were sampled using the University of Washington
PUat MARKV cascade impactor. The tests were conducted during the period of October 21, 1992 through
October 23, 1992. All five tests are reported in the accompanying Table .5 and Table 6 and with supporting
documentation in Appendix B of this document. Addition runs were conducted due to the "heavy loading"
on initial stages for Test 2 and Test 3. At_er reducing the data, these two runs were combined into the

overall average as results indicated similar trends. Three tests were conducted during the second condition
prior to the Unit going off line. Due to the heavy loading, extreme care was taken to not "overload"
impactors. Sample runs were reduced to approximately 3 to 5 minutes to ensure representative particle
size samples were collected. Individual sample runs and associated data reduction of test runs using
pcCIDRSwritten by J. McCain are provided in Appendix B.

Outlet Location : Condition I

A total of three separate tests were conducted for each Condition I at the outlet location.
Condition 1 tests were conducted during the period of October 21, 1992 through October 22, 1992. All
particle size runs at the outlet location were conducted using the University of Washington Pilat MARKII1
cascade impactor. Condition 2 tests were not performed due to time constraints on the required process
condition. All baghouse outlet tests were sampled over increased period of three hours to assist in
enhancing the particulate collection and sensitivity. However, it is recommended, due to the extremely
light loading, that extended runs, ofup to 24 hours may be required to collect sufficient PM_0(in-stack) mass
or accurate and reproducible data.

PM,odata is provided as that of in-stack measurements only. The back half (condensible) fractions,
for the particle size tests conducted during Condition 1, could not be quantified due to formation of a
residual organic in the final wash. With this occurrence, final weights could not be achieved and "true"
condensibles could not be quantified. The results of the tests are located in Table 7 with the accompanying
individual sample impactor runs found in Appendix B.



Table 5

Baghouse Inlet Particle Size Measurements ARAPAHOEUNIT 4; Condition I

Test 1 Test 2 Test 3 Test 4 Test 5

Parameter 10/21_92 10122192 10/22f32 10fl3/92 10fZ3_92 Average
1859-1905 0841-0846 0920-0925 1108-1111 1210-1213

Stack Temperature (OF) 274_3 271.0 280.7 273.0 284.5 276.70
Stack Gas Velocity ([t/sec) 45.50 43.29 41.07 44.42 44.49 43.75
Actual Volumetric Flow Rate (ACFM) 465,856 443,230 420,443 454,705 455,431 447,933

Standard Volumetric How (DS(]:M) 252.959 244,141 227,620 251,248 247,762 244.746

Aerodynamic Particle Diameter Cumulative Mass;, Percent < or = Stated Particle Size

15.85/dcron 31.28 42.66 4636 37.86 38.95 41.00
10.00 idcron 17.52 18.65 2452 16.99 19.t)4 18.65
5.01 /dcron 10.27 7.99 12.42 8.65 9.28 9.21
2.51 _cmn 5.05 3.82 6.07 3.51 4.75 4.30

1.00/dcron 1.72 1"37 2.60 0.97 1.85 1.58
0.50/dcron 0.74 0.67 1.67 OCI8 1.24 0.87
0_7.5 _icron 0.31 0.23 0.68 0.21 0.45 0.34
0.10 #icron 0.19 0.10 0.15 0.16 0.10 0.13



Table 6

Bashouse Inlet Particle Size Measurements ARAP_IOE UNIT 4; Condition 2

"' _ lilt'Ill I - _ i i, i is ,,,,r ' ' ,rr,i h,, , ....... ' I .

Test 6 Test 7 Test8f"_"
Parameter 10/26/92 10/26/92 10/_/_2 Average

1110-1113 1200-1203 09204)925

Temperature (OF) 268.0 264.0 280.7 273.0
GasVelocity (ft/sec) 49.03 50.26 41.07 44.42
Volumetric Flow Rate (A(2:M) 501,929 514,497 420,443 454,705
Volumetric Row (DSCFM) 273,766 282,171 227,620 251,248

Aerodynamic Particle Diameter

Cumulative Mass; Percent < or = Stated Particle Size

15.85 #icron 16.41 39.98 32.08 37.86
10.00 _icron 7.44 19.02 18.52 16.99
5.01 _icron 3.76 9.02 8.75 8.65
2.51 /,lcron 1.84 4.42 3.43 3.51
'I.00 #icron 0.57 1.20 1.01 0.97
0.50/_icron 0.26 0.78 0.47 0.38
0.25/xicron 0.12 0.48 0.18 0.21
0.10/_lcron 0.08 0.30 0.10 0.16

................ r I',, ;,,, "Jr'rl, , h, , , r,,, ' ,,,,,,', , ,,,, L
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Table 7

Bashouse Outlet Part!cle Size (PMIo) Measurements AR,M)NtOE UNIT 4
Condition 1 ;October 1992

Test 1 Test 2 Test 3

Parameter 10/'22/92 10/23/92 10/'23/92 Average
1434-1756 0806-1116 1312-1622

-- f , , , i ,,,

Temperature (°F) 270.3 255.1 258.0 273.0
Sample Volume (DSCF) 75.883 79.124 76.723 772.43
Gas Velocity (ft/sec) 4 !_37 40.41 42.44 44.42
Volumetric Flow Rate (ACFM) 456,681 446,087 468,522 454,705
Volumetric Flow (DSCFM) 258,465 260,872 271,867 251,248

Stage/Cutpoint Mass Collected (milligrams)

1 16.617 /Aicron 1.39 0.42 1.04 0.950
2 10.541 /dcron 0.13 0.07 0.14 0.113
3 3.949/dcron 0.00 0.02 0.12 0.047
4 2.106/dcron 0.00 0.00 0.03 0.01
5 1.199/dcron 0.00 0.00 0.00 0.00
6 0.577 #icron 0.00 0.00 0.00 0.00
7 0.204/dcron 0.00 0.00 0.00 0.00

Non-condensible (NQ Fraction (In-stack)

Mass Collected (rag) 1.52 0.51 1.33 1.12
Mass Collected (mg) < 10/dcron 0.13 0.09 0.29 0.17
Percent < or -- 10/_icron 8.55_ 17.65_ 21.80_ 15.80_

Total Impactor ( < 16.617 /_icron )

NC PMIo Cone. (g]DSCF) 2.00E-05 6.45E-06 1.73E-05 1.46E-05
NC PMIo Conc. {gr_DSCF) 3.09E-O4 9.95E-05 2.25E-04 2.25E-04

NC PM10Emission Rate (Ibs_hr) 0.6584 0.2225 0.6245 0.5108

From Impactor Stage 2 ( < 10.541 #icron )

NC PM_oConc. (g]DSCF) 1.17E-06 1.14E-06 3.78E-06 2.21E-06

NC PMIo Conc. (gr/DSCF) 2.65E_)5 1.76E-05 5.83E-05 3.41 E4)5
NC PMIo Emission Rate (Ibs_hr) 0.0586 0.0393 0.1360 0.0779
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Arapahoe 4 Retrofit Burner Data Summary

Test Date & Time Description Load Mills Burner OFA Dmprs CRO2 Total OFA 02 03 NOc CO2 SO2c Airhtr Stack LOI Acoustic
MW_, EX)S Spin Vanes %Open % wet Air Flow % ppm pprn@ % ppm@ 02 02 FERCo FEGT

Inner/outer West/East kpph % 3% 02 3%O2 % % % °F

200 08106/92 15:08 80-90 MW dispatch, As Found 45°/45 ° 100/100 5.22 629 4.70 125 303 13.4 367
202 08/07192 11:41 100-116 MW dispatch, As Found 45°/45 ° 100/100 3.89 949 5.45 165 290 12.9 377 11.3

203 08/10/92 08:28 AsFound 100 45°/45 ° 100/100 4.05 862 23 5.35 57 288 12.9 370 5.20 5.40 7.3

204 08110192 14:38 OF,&, Dampers to 40% 100 45=/45 ° 40140 3.99 898 14 5.60 42 310 12.9 375 5.40 5.60 5.7
205 08/11/92 08:23 AsFound 100 450/45 ° 100/100 3.96 875 22 5.10 48 277 13.2 374

206 08111/92 10:00 Secondaries to light-off 100 45o145 ° 100/100 3.96 892 27 5.20 27 290 13.1 374

207 08/11/92 14:40 Secondaries @ light-off, Reduced OFA 99 45°/45 ° 50153 3.97 890 21 5.15 40 285 13.0 372

208 08112/92 14:00 Repeat 207 Next Day 100 450145 ° 52/52 3.89 928 20 5.30 103 288 13.1 372
209 08112192 15:05 B Group Secondaries to Normal 100 45°/45 ° 52152 4.12 911 21 5.00 322 269 13.2 371

210 08/12/92 16:12 C Group Secondaries to Normal 100 450145 ° 52/52 3.95 916 20 5.30 62 291 13.0 376
211 08/13/92 09:58 104 MW As Found, Aborted due to Dispatch 104 450145 ° 1001100 899 22 5.30 64 288 13.1 371

212 08113/92 10:38 110MW, AsFound 110 45°145 ' 100/100 4.03 970 22 5.20 39 302 13.2 368

213 08/13/92 14:15i 110 MW, Balanced Secondary Air Flows 110 45°145 _ 100/100 3.95 965 23 5.00 19 298 13.2 369
214 08/14/92 09:13 _ AMilIOOS, ASFound 101 A 450145 ° 1001100 3.93 888 25 4.80 152 270 12.9 377 1_.8

215 08114192 12:06 A Mill OOS, OFA Flow Biased to East 101 A 450/45 ° 55/100 3.99 928 23 5.60 1i2 296 12.2 383 10.5

216 08114192 14:10 AMillOOS, OFADampers@40% 101 A 450/45 ° 40/40 3.96 894 15 5.70 271 298 12.1 382
217 08114192 16:30 AMiIIOOS, OFA @ 100%,inners @ 45°-2 101 A 300/45 ° 1001100 4.10 920 26 5.30 342 268 12.1 378

218 08114192 18:30 All Mills, OFA @ 100%, inners @ 45°-2 101 30°/45 ° 1001100 3.97 859 23 4.90 54 239 12.9 378
219 08117192 10:36 PSCC VWO Heat Rate Test 113 300/45 ° 1001100 4.00 980 24 4.15 60 287 13.6 377 5.90 5.40 1891

220 08118192 08:45 OFA @ 100%, inners@45°-2, Outers@450 100 300145 ° 1001100 4.04 871 24 4.85 74 246 13.4 368 4.85 5.25 9.1 1834
221 08118192 13:31 As 220 with Balanced Burner Secondaries 100 300/45 ° 100/100 4.10 878 27 4.55 55 243 13.7 390 4.6K 6.00 7.7

222 08118192 15:38 As 221 with outers to 45°-2 100 30o/30 ° 100/100 4.02 869 30 4.70 36 271 13.5 400 4.75 __.10 5.1
223 08/18/92 17:25 _.s 222 with Secondaries at normal positior 100 30°/30 '+ 100/100 4.00 886 27 5.15 38 279 13.0 406

224 08/19/92 08:59 Repeat 223 next day 100 300130 ° 1001100 4.06 856 28 4.83 56 256 13.3 410 4.80 5.90 7.3 1829

225 08119192 11:04 Repeat 220 100 30°/45 ° 100/100 4.02 845 23 4.53 47 248 13.7 417 4.60 5.65 7.9 1874
226 08119192 14:33 OFA @ 100%, inners@45°-3, Outers@45 ° 100 220145 ° 1001100 4.02 840 24 4.70 88 244 13.6 419 4.60 5.65 7.7 1832

227 08/20192 08:48 Repeat 226 next day 100 220145 ° 100/100 4.03 853 24 4.63 81 235 13.4 411 4.80 5.65 9.4 1797
228 08/20/92 11:02 inners to 45 ° 100 450/45 ° 100/100 4.01 848 21 4.58 140 238 13.2 411 4.65 5.65 7.1 1808

229 08121192. 08:43 C Mill OOS, innr@45°-2, otrs@45°,low O2 100 C 300145 ° 1001100 3.24 823 27 4.35 215 261 14.6 420 10.3 1789
230 08121/92 10:36 As 229 with normal 02 100 C 30°/45 ° 1001100 4.02 862 27 4.90 38 283 14.2 490 6.9 1834

231 08124/92 10:23 OFA @ 100%, inners@45°-2, Outers@450 100 300/45 ° 1001100 3.99 841 25 4.75 253 235 13.9 538 4.90 6.65 8.2 1896

232 08124192 15:21 Repeat 231 (LOI Problems) 100 300145 ° 1001100 4.00 866 24 4.85 229 242 14.0 549 9.9
233 08125192 07:55 100MW, 100%OFA, 4.0%CRO2 100 30o145 ° 1001100 3.96 865 24 4.97 121 240 14.1 550 4.95 6.95 4.7 1845

234 08/25/92 10:23 _,s 233 with WlE OFA Dampers @ 45/42% 100 30°/45 ° 45142 3.85 886 16 5.43 122 276 13.6 532 5.25 7.20 3.4 1838
235 08125192 12:46 As 233 with WlE OFA Dampers @ 35/32°./o 100 300145 ° 35/32 4.14 911 12 5.50 56 298 13.4 490 5.45 7.35 3.9 1880

236 08125192 15:01 As 233 with W/E OFA Dampers @ 55/58% 100 30°/45 ° 55158 4.15 898 20 5.18 76 263 13.7 449 5.00 7.60 5.0 1882

237 08126192 09:06 80MW, 100%OFA, 4.9%CRO2 80 30°/45 ° 1001100 4.91 686 23 5.70 65 219 13.2 423 5.55 7.45 5.5 1710
238 08/26/92 11:46 As 237 with W/E OFA Dampers @ 30/34% 80 300/45 ° 30/34 4.86 724 10 6.38 22 275 12.7 415 6.20 7.75 2.8 1732

239 08/26192 13:58 As 237 with WlE OFA Dampers @ 45/44% 80 30°/45 ° 45/44 4.91 697 16 6.05 94 247 12.8 415 5.65 7.65 4.5 1749

240 08/28/92 08:33 80MW, 100%OFA, 5.7%CRO? 80 300/45 ° 100/100 5.69 769 23 6.70 19 247 12.4 408 6.65 7.70 3.6 1669
241 08128/92 10:40 As 240 with WlE OFA Dampers @ 40/42% 80 300/45 ° 40/42 5.76 776 14 7.02 9 285 12.1 405 6.80 7.70 2.1 1716

242 08/28/92 14:27 As 240 with W/E OFA Dampers @ 25/29% 80 300/45 ° 25/29 5.70 791 8 7.13 6 3_4 11.9 403 6+95 7.15 1.7 1760

243 08/28/92 16:36As 242 with avg 02 reduced to same as 24( 80 300145 ° 25/29 5.13 731 8 6+78 8 287 12.3 406 6.50 6.65 2.4 1755
244 08129/92 08:09 60MW, 100%OFA, 7.0%CRO2 60 C 300/45 ° 100/100 6.94 629 25 7.98 11 304 11.4 412 7.90 8.50 2.1 1538

245 08/29/92 10:13 As 244 with WlE OFA Dampers @ 42/39% 60 C 30°145 ° 42139 6.99 657 16 8.33 14 310 11.2 423 8.25 8.40 3.0 1570

246 08/29/92 12:05 As 244 with W/E OFA Dampers @ 25/20% 60 C 300/45 ° 25/20 6.94 679 9 8.50 9 337 11.2 476 8.45 8.60 2.2 1580



Arapahoe 4 Retrofit Burner Data Summary

Test Date & Time Description Load Mills Burner OFA Dmprs CRO2 Total OFA 02 £]E) NOc C£_ SO2c Airhtr Stack LOI Acoustic

MWe 0(36 Spin Vanes %Open %wet Air Flow % ppm ppm@ % ppm@ 02 02 FERCo FEGT

Inner/outer West/East kpph % 3°/002 3% 02 % % % °F
247 08129192 14:08 As 246 with avg 02 reduced to same as 24_ 60 C 300145 ° 25120 6.42 646 9 8.05 10 308 11.4 512 7.90 8.25 2.2 1589

248 08/30/92 08:32 60MW, 100% OFA, 6.2% CRO2 60 B 300145 ° 1001100 6.23 591 26 7.70 1 1 256 11.5 529 7.40 7.70 2.0 1620

249 08130192 10:15 As 248 with W/E OFA Dampers @ 42/39% 60 B 300145 ° 42139 6.24 596 16 8.07 18 268 11.3 519 7.65 7.95 2.9 1585
250 08130192 12:05 As 248 with WIE OFA Dampers @ 16/15% 60 B 30°/45 ° 16115 6.27 613 6 8.23 28 294 11.1 543 7.80 8.20 3.1 1596

251 08130192 13:51 As 250 with avg 02 reduced 60 B 30°145 ° 16/15 6.12 589 5 7.95 38 284 11.4 553 7.65 7.95 3.4 1612

252 08130/92 15:28 As 250 with avg 02 reduced to same as 24E 60 B 300145 ° 16115 5.91 573 5 7.62 57 269 11.7 $53 7.35 7.70 3.5 1616
253 08/31/92 08:22 80MW, 100%OFA, 4.7%CR02, Rpt237 80 300/45 ° 100/100 4.71 714 23 5.75 51 220 13.2 552 5.55 6.10 3.5 1758

254 08/31/92 10:49 As 248 with Dmprs @ 31/29%, Rpt 238 80 300/45 ° 31/29 4.82 732 10 6.28 23 271 12.7 555 6.05 6.70 1.6 1751
255 08131/92 12:41 As 254 with 02 Bias at -0.25% 80 30°/45 ° 31/29 4.50 712 10 6.00 30 256 13.1 554 5.70 6.40 1.9 1776

256 08/31/92 15:23 As 254 with 02 Bias at -0.70=/0 80 30°/45 ° 31/29 4.03 709 10 5.82 75 251 13.1 557 5.60 6.20 2.0 1794

257 09/01/92 08:21 100MW, 100% OFA, 4.5% CRO2 100 30o/45 ° 100/100 4.43 893 24 5.47 20 261 13.4 557 5.25 5.90 2.6 1912

258 09/01/92 10:16 As 257 with OFA Dampers @ 50/50% 100 30°/45 ° 50/50 4.51 905 18 5.63 23 282 13.3 553 5.65 6.25 2.6 1917

259 09/01/92 12:18 As 257 with OFA Dampers @ 3,5/35% 100 300/45 ° 35/35 4.49 931 12 5.90 12 314 13.0 557 5.80 6.30 2.4 1914
260 09/02/92 08:42 100MW, 100% OFA, 3.5% CRO2 100 30°/45 ° 1001100 3.52 822 23 4.27 212 221 14.4 525 4.20 4.75 8.0 1915

261 09/02192 11:14 As 260 with OFA Dampers @ 50/50% 100 30°/45 ° 50/50 3.55 865 18 4.95 251 257 13.7 496 4.20 4.95 5.9 1901

262 09/02/92 13:18 As 260 with Dmprs @ 43/44%, Aborted 105 300145 ° 43/44 3.28 906 16 4.90 285 281 14.2 453 7.6 1887

263 09102/92 14:49 As 260 with OFA Dampers @ 43/44% 100 300145 ° 43/44 3.36 854 15 4.90 246 275 13.7 436 4.50 4.80 6.7
264 09/03/92 08:55 100 MW, 100% OFA, 5.0=/oCR 02 100 30°/45 ° 1001100 4.88 878 24 5.60 27 275 13.2 416 5.50 6.00 5.8 1859

265 09103192 10:49 As 264 with OFA Dampers @ 49150% 100 300/45 ° 49150 5.05 924 18 5.93 21 312 12.9 411 5.85 6.15 5.2 1833
266 09/03192 15:25 As 264 with OFA Dampers @ 33/35% 100 30°145 ° 33135 4.88 957 12 6.50 12 364 12.5 411 6.15 6.60 4.3 1802
267 09103/92 08:08 80 MW, 100"/00FA, 5.7% CRO2 80 30°/45 ° 100/100 5.71 757 23 6.48 20 257 12.4 407 3.6 1685

268 09/03/92 10:18 As 267 with OFA Dampers @ 42/40°/o 80 30°/45 ° 42/40 5.80 792 14 7.10 9 306 11.9 410 6.85 7.20 2.5 1718

269 09/03/92 12:01 As 267 with OFA Dampers @ 26/28% 80 30°/45 ° 26128 5.76 804 8 7.15 3 333 11.7 407 6.90 7.30 1.8 1738
270 09/17192 09:02 100MW, Dmprs @ 50/50%, 4.0% CR 02 100 30°/45 ° 50/50 4.13 891 18 5.55 139 293 13.2 409 5.20 5.35 6.7 1825

271 09/17/92 11:22 As 270 wl Nox Port Spin Vanes Wide Open 100 300145 ° 48/50 4.39 897 18 5.55 25 311 13.4 407 5.45 5.40 4.9 1848

272 09/17/92 14:39 As 270 wl Nox Port Spin Vanes Closed 100 300145 ° 55/61 4.10 909 18 5.58 16 323 13.4 405 5.35 5.40 5.2 1810
273 09/18/92 08:49 100MW, 18% OFA, 4.0% CRO2, Rpt270 100 300145 ° 49/46 4.00 868 18 5.35 170 282 13.6 416 4.90 5.40 5.9 1826

274 09118192 11:03 As 273 w/ Nox Ped Spin Vanes CIosed 100 300145 ° 58/56 4.18 871 18 5._'5 27 288 13.7 415 5.15 5.60 3.9 1812
275 09/18192 14:10 As 274 wl NOx Port Centers Balanced 100 30°/45 ° 59157 3.96 895 18 5.50 48 304 13.4 407 5.10 5.70 5.7 1791

276 09/18/92 16:25 Quick Repeat of 274 100 300145 ° 57157 4.18 869 18 5.35 20 293 13.5 406

277 09/19/92 08:19 100MW, Port Vanes Closed ,Centers Open, 100 45/45 98/100 4.10 885 19 5.45 80 289 13.9 409 5.2 1836
Max OFA (19%), 4.0% CR 02, 45/45

278 09/19192 10:01 As 277 with inners/outers @ 45-2n/45 100 30°145 ° 70170 4.20 888 20 5.38 23 287 13.8 410 3.8 1847

279 09/19/92 11:57 As 277 with inners/outers @ 45-3n/45 100 30°/45 ° 60/65 4.19 885 19 5.43 19 295 13.8 405 4.0 1843
280 09/19/92 14:57 As 277 with inners & outers @ 45-2n 100 30°/30 ° 48/49 4.04 905 19 5.60 31 298 13.5 402 5.2 1811

281 09120192 08:12 Repeat 277 100 45°/45 ° 1001100 4.03 896 19 5.48 50 303 13.8 411 4.6 1837
282 09/20/92 09:39 As 281 with inners/outers @ 45-1n/45 100 370145 ° 1001100 4.27 889 20 5.38 37 297 13.8 409 4.4 1857
283 09120192 11:00 As 281 with inners/outers @ 45-2n/45 100 300145 ° 65180 4.18 895 19 5.50 19 306 13.6 407 4.7 1860

284 09/20/92 14:19 A 283 with NOx Port Centers Balanced 100 300145 ° 801_00 3.57 901 19 5.53 164 305 13.5 403 4.4 1890

285 09121192 08:30 110MW, MaxOFA, 3.0°/oCR02 110 30°/45 ° 100/100 3.01 920 18 4.85 198 291 14.0 420 4.45 4.75 6.4 1899
286 09/21/92 10:35 110MW, MaxOFA, 4.0=/oCR02 110 30o/45 ° !001100 3.97 970 21 5.65 36 336 13.3 419 5.55 5.60 4.2 1921

287 09/21192 13:42 110MW, MaxOFA, 4.8%CR02 110 300145 ° 1001100 4.78 990 21 5.97 20 343 12.9 413 5.95 6.10 4.4 1900

288 09/21/92 15:14 Rpt 285, Abort Half-Way Through 110 30°/45 ° 1001100 3.03 927 21 4.93 390 307 13.3 398 9.8 1862
289 09122192 08:34 110MW, MinOFA, 3.7%CR02 110 30°/45 ° 25/17 3.69 1011 8 5.90 123 377 13.6 412 5.65 5.95 5.7 1881

290 09/22/92 10:34 110MW, MinOFA, 4.0%CR02 110 30°/45 ° 21/19 3.96 1015 8 5.95 128 377 13.6 409 5.85 5.95 6.2 1881
291 09122192 14:17 As 290 w/Mills Biased to Balance CR 02 110 300145 ° 21/19 3.91 975 8 5.70 220 353 13.6 405 5.40



Arapahoe 4 Retrofit Burner Data Summary

Test Date & Time Description Load Mills Burner OFA Dmprs CRO2 Total OFA 02 GO NOc CC_ SO2c Airhtr Stack LOI Acoustic
MWe OOS Spin Vanes %Open % wet Air Flow % ppm ppm@ % ppm@ 02 02 FERCo FEGT

Inner/outer West/East kpph % 3% 02 3% 02 % % % °F
292 09/23/92 10:50 110MW, 15%OFA, 4.0%CRO2 110 300145 ° 39/42 3.82 1018 15 6.12 73 375 13.1 393 5.90 6.10 6.7 1831
293 09123192 13:34 As 292 wl Mills Biased to Balance CR 02 110 30°/45 ° 39/42 3.85 1002 14 5.85 182 364 13.2 392 5.60 5.80 9.2 1843

294 09124192 08:22 110MW, 21%OFA, 3.8% CR02 110 300/45 ° 100/100 3.81 981 21 5.43 80 338 14.5 407 5.05 5.45 5.8 1866
295 09/24/92 12:05 As 294 wl Mills Biased to Balance CR 02 110 30°/45 ° 100/100 3.71 931 21 5.33 49 336 14.6 404 7.2 1876

296 09125192 08:13 110MW, 21%OFA, 3.8% CRO2, Rpt294 110 300145 ° 100/100 3.73 975 21 5.30 37 339 14.1 423 6.1 1840

297 09125192 09:42 As 296 w/100 OFA alas to East, 20% OF,_ 110 300145 ° 100/60 3.81 961 20 5.33 27 338 13.9 417 5.7 1840
298 09/25/92 11:17 As 296 w/ 20% OFA Bias to East, 19%OFA 110 300145 ° 100/50 3.73 974 19 5.40 24 352 13.7 409 5.6 1853

299 09125/92 13:04 As 298 (19% OFA) wl E&W OFA Balanced 1 10 30°/45 ° 58162 3.80 991 19 5.38 32 337 13.9 415 6.0 1844
300 09/28/92 10:58 100MW, 20°/0OFA, 3.85%CR02 100 30°/45 ° 100/100 3.77 862 20 5.23 110 283 14.0 417 5.05 5.20 5.5 1759

301 09/28192 12:48 100MW, 200/0OFA, 4.4%CRO2 100 300145 ° 100/100 4.37 882 21 5.78 25 309 13.4 414 5.35 5.75 3.4 1785
302 09128192 14:24 100MW, 20% OFA, 4.9%CRO2 100 300145 ° 100/100 4.90 934 21 6.35 11 333 12.9 407 6.10 6.25 2.7 1793

303 09/29/92 10:03 HVTTests, 111MW, 21%OFA, 4.0%CR02 111 30°/45 ° 100/100 3.94 958 21 5.45 75 322 14.2 419 1838

304 09/30/92 08:43 100MW 10%OFA, 3.8% CRO2 100 300145 ° 30/24 3.81 888 10 5.65 140 320 13.8 419 5.45 5.75 6.5 1804
305 09/30/92 10:21 100MW 100/0OFA, 4.4% CRO2 100 30°/45 ° 30/30 4.41 897 10 6.25 44 349 13.1 416 6.00 6.15 4.0 1831

306 09130192 11:38 100MW 10% OFA, 5.0% CR 02 100 30°/45 ° 30/30 4.89 946 10 6.70 12 376 12.8 411 6.35 6.80 3.9 1829
307 09/30/92 13:34 100MW 15°/00FA, 5.00/0 CR02 100 300145 ° 44/47 4.93 911 15 6.58 18 352 13.0 413 6.35 6.45 4.0 1809

308 09/30/92 15:00 100MW 15%OFA, 4.4%CR02 100 300145 = 44/47 4.39 888 15 6.13 32 333 13.5 414 6.00 6.15 4.5 1813

309 09/30/92 16:18 100MW 15%OFA, 3.8°/= CR 02 100 30°/45 ° 44/47 3.84 853 15 5.48 145 310 13.8 405 5.40 5.70 5.2 1834
310 10/01/92 09:38 100MW, 24% OFA, 4.9% CR 02, Old Ports 100 300145 ° 1001100 4.95 883 24 5.50 33 289 13.7 409 5.45 5.60 6.7 1807

311 10/01/92 11:31 100MW, 24%OFA, 4.4%CRO2, Old Ports 100 300/45 ° 1001100 4.45 856 24 5.00 53 268 14.0 410 5.10 5.25 5.2 1840

312 10101/92 13:37 100MW, 24% OFA, 4.00/° CR O2, Old Ports 100 30°145 ° 100/100 4.04 831 23 4.38 220 246 14.4 404 4.45 4.75 6.0 1859
313 10101192 15:25 100MW, 20%OFA, 4.0%CR02, NewPorts 100 30°145 ° 100/100 4.02 830 21 4.85 65 280 14.2 408

314 10/01192 15:51 100MW, 20% OFA, 4.4%CR02, NewPorts 100 30°/45 ° 100/100 4.40 846 20 5.20 35 298 13.9 407

315 10102192 09:01 100MW, 15% OFA, 4.9% CR 02, Old Ports 100 30°145 ° 42/37 4.84 935 15 6.13 135 321 12.9 403 5.65 5.85 8.0
316 10/02/92 11:03 100MW, 15%OFA, 5.6% CRO2, OId Ports 100 30°145 ° 41141 5.55 968 15 6.63 47 339 12.5 401 6.30 6.65 4.1

317 10102192 12:33i 100MW, 20% OFA, 6.0% CR O2, Old Ports 100 30°/45 ° 52158 6.01 958 20 6.48 17 323 12.7 401 6.40 6.60 3.8
318 10/02192 13:58 _ 100MW, 20% OFA, 4.9% CR 02, Old Ports 100 30°145 ° 52158 4.99 883 19 5.38 103 279 13.5 400 5.25 5.40 5.9

319 10/02192 15:17 100MW, 20%OFA, 5.2%CRO2, Old Ports 100 30°145 ° 52/58 5.21 923 20 6.00 36 304 13.1 400 5.85 6.10 4.4
320 10/02/92 16:37 Recheck Test# 318 100 30°/45 ° 52/58 4.98 913 19 5.90 45 302 13.1 398

321 10103192 09:24 100MW,24%OFA,4.9%CRO2,OId,Rpt#310 100 300145 ° 100/100 4.90 854 24 4.95 89 270 13.9 406 5.05 5.20 6.6
322 10103192 10:49i 100MW, 240/=OFA, 4.9% CRO2, Wide Open 100 30°/45 ° 1001100 4.98 868 25 5.10 18 292 13.7 404 5.15 5.50 4.7

323 10103192 12:17 100MW, 24%OFA, 4.4%CR02, WideOpen 100 30°/45 ° 100/100 4.43 849 24 4.68 37 271 14.1 408 4.55 4.80 5.2
324 10/03/92 13:28 100MW, 24%OFA, 3.8% CRO2, WideOp'_.n 100 30°/45 ° 100/100 3.79 793 24 4.03 115 249 14.7 402 3.95 4.20 6.7

325 10/04/92 08:33 60MW, B Mill OOS, 28=/00FA, 7.6% CR02 60 B 30°145 ° 100/100 7.55 633 28 8.53 7 323 10.9 388 8.25 8.50 1.7 1564
326 10/04/92 09:48 60MW, B Mill OOS, 28% OFA, 7.0% CR02 60 B 30°145 ° 1001100 7.00 600 28 8.05 10 300 11.3 391 7.75 8.05 1.8

327 10/04/92 11:04i 60iW, g Mill OOS, 28% OFA, 6.5% CR02 60 B 30°/45 ° 100/100 6.47 585 27 7.73 13 289 11.6 390 7.50 7.60 2.8
328 10/04/92 12:42 60MW, C MilIOOS, 28% OFA, 7.6% CR02 60 C 30°/45 ° 100/100 7.57 613 27 8.08 1 1 305 11.3 383 7.95 8.15 2.2

329 10/04/92 13:54 60MW, C MilIOOS, 28% OFA, 7.0°/0 CR02 69 C 30=/45 ° 100/100 6.98 587 26 7.68 15 292 11.6 385 7.50 7.75 3.1
330 10/04/92 15:05 60MW, C Mill OOS, 28% OFA, 6.5'/o CRO2 60 C 30°145 ° 1001100 6.49 557 26 7.20 21 277 12.0 384 6.95 7.25 3.2

331 10/05/92 08:05 80MW, 25%OFA, 6.2%CR02 80 30°/45 ° 1001100 6.14 767 25 7.08 6 303 12.4 392 6.80 6.95 2.4

332 10105192 09:16 80MW, 25%OFA, 5.5% CRO2 80 30°/45 ° 1001100 5.52 731 25 6.45 5 287 12.7 386
333 10/05/92 09:50 80MW, 25%OFA, 5.0% CR02 80 300145 ° 100/100 5.14 696 24 6.10 7 272 13.1 389

334 10/05/92 10:25 80MW, 25%OFA, 4.5%CR02 80 30°/45 = 1001100 4.49 648 24 5.43 21 240 13.8 395 5.15 5.30 3.3
335 10105192 12:08 80MW, 15%OFA, 4.5%CR02 80 300145 ° 42/38 4.43 672 15 5.70 180 262 13.4 390 5.45 5.65 4.2

336 10105192 13:32 80MW, 15%OFA, 5.0% CRO2 80 300145 ° 42138 5.06 692 15 6.15 97 282 13.0 387 6.05 6.10 3.0

337 10/06/92 08:51 100MW, 20% OFA, 3.8°/0 CR02 100 30°/45 ° 59155 3.79 840 20 4.75 237 270 14.3 409 4.70 4.90 8.3



Arapahoe 4 Retrofit Burner Data Summary

Test Date & Time Description Load Mills Burner OFA Dmprs CRO2 Total OFA 02 0D NOc CO2 SO2c Airhtr Stack LOI Acoustic
MWe OOS Spin Vanes % Open % wet A i r Flow % ppm pprn@ % ppm@ 02 02 FERCo FEGT

Inner/outer West/East kpph % 3% 02 3%O2 % % % °F

338 10106192 10:12 100MW, 20%OFA, 4.4%CR02 100 30°145 ° 59155 4.32 862 20 5.25 109 288 13.8 411 4.90 5.10 4.5
339 10106192 11:32 100MW, 20%OFA, 5.0% CR02 100 30°/45 ° 59155 4.89 865 22 5.78 40 306 13.3 408 5.80 5.90 3.1

340 10/06/92 13:18 100MW, 15%OFA, 5.0o/o CRO2 100 30°/45 ° 39/35 4.99 898 15 6.35 21 351 12.7 408 6.15 6.50 3.0

341 10106192 14:44 100MW, 15%OFA, 4.4% CR02 100 30°/45 ° 39/35 4.45 852 15 5.75 69 324 13.3 402 5.35 5.65 5.5

342 10/06/92 16:02 100MW, 15% OFA, 3.1P/0CR02 100 30°/45 ° 39/35 3.79 832 15 5.28 132 303 13.5 405 5.10 5.45 4.9
343 10107192 09:10 100MW, C Mill OOS, 28% OFA, 5.0% CR02 100 C 30°/45 ° 1001100 4.95 923 28 6.23 128 308 12.8 408 6.00 6.25 11.4

344 10/07/92 10:48 10OMW, C Mill OOS, 28% OFA, 4.50 CR02 100 C 30°/45 ° 100/100 4.46 898 27 5.45 293 281 13.4 405 5.60 5.90 13.7

345 10/07/92 13:09 100MW, C Mill OOS, 28% OFA, 6.1% CR02 100 C 30°/45 ° 100/100 6.19 990 27 7.18 78 340 12.2 403 7.05 7.45 9.5

346 10113192 07:55 110MW, 24%OFA, 4.2% CRO2 110 300145 ° 1001100 4.17 970 24 5.25 22 304 14.0 537 4.85 5.25 4.0
347 10113192 09:53 110MW, 24% OFA, 3.5% CRO2 1 10 30°/45 ° 100/100 3.46 924 25 4.58 56 278 14.5 536 4.45 4.65 5.2

348 10113192 11:23 110MW, 24%OFA, 2.8%CRO2 110 30°145 ° 100/100 2.86 893 24 3.98 111 249 14.9 530 3.85 4.05 7.8

349 10/13/92 13:53 110MW, 15%OFA, 3.5% CR02 110 30°/45 ° 40/40 3.48 1001 15 5.30 99 332 13.7 501 7.00 6.2
350 10/13/92 15:08 110MW, 15%OFA, 4.2% CR02 1 10 30°145 ° 40/40 4.17 1008 15 6.03 46 357 13.1 505 5.65 5.90 4.7

351 10/14192 07:58 80MW, C MilIOOS, 27% OFA, 5.9% CR 02 80 C 300145 ° 100/100 5.93 779 27 7.38 17 332 12.0 421 7.30 7.60 4.5

352 10/14192 09:06 80MW, CMilIOOS, 27%OFA, 4.9%CR02 80 C 30°145 ° 100/100 4.99 707 27 6.23 39 287 12.9 416 6.05 6.30 7.3

353 10/14/92 10:33 80MW, CMiilOOS, 27% OFA, 4.4%CRO2 80 C 30°/45 ° 100/100 4.47 688 27 5.80 88 266 13.3 417 5.55 5.85 8.4

354 10114192 12:04 80MW, B MiIIOOS, 27%OFA, 4.4% CR 02 80 B 30°145 ° 1001100 4.40 702 27 6.00 62 259 13.2 419 5.90 6.10 8.0
355 10/14192 13:12 80MW, BMiUOOS, 27%OFA, 4.9%CR02 80 B 30°/45 ° 100/100 4.90 731 28 6.40 40 274 12.9 416 6.30 6.40 6.2

356 10/14/92 15:03 80MW, B Mill OOS, 27% OFA, 5.7% CR 02 80 B 30°145 ° 1001100 5.73 778 27 7.05 31 298 12.1 409 7.00 7.15 5.5
357 10/15/92 08:03 80MW, DMilIOOS, 27°/0OFA, 5.8%CR02 80 D 300/45 ° 100/100 5.77 791 27 7.38 24 325 12.3 411 7.25 7.35 5.8

358 10115/92 09:33 80MW, D Mill OOS, 27% OFA, 4.7% CR 02 80 D 30°145 ° 100/100 4.64 732 27 6.30 78 274 13.2 410 6.15 6.25 8.2

359 10/15192 10:48! 80MW, DMilIOOS, 27%OFA, 6.3%CR02 80 D 30°/45 ° 100/100 6.26 813 27 7.60 27 333 12.1 411 7.45 7.60 6.2
360 10/15/92 12:23 80MW, AMilIOOS, 27%OFA, 6.3%CR02 80 A 300145 ° 100/100 6.26 778 27 7.08 13 335 12.5 411 6.95 7.25 4.5

361 10115/92 13:32i 80MW, AMillOOS, 27%OFA, 5.8%CRO2 80 A 30°/45 ° 1001100 5.79 762 26 6.75 16 317 12.7 408 6.60 6.80 5.0
362 10115192 14:46 80MW, AMilIOOS, 27%OFA, 5.2%CRO2 80 A 30°145 ° 100/100 5.18 723 26 6.35 28 300 13.0 405 6.15 6.50 6.2

363 10116/92 07:48 100MW, B Mill OOS, 28%OFA, 5.0% CR02 100 B 30°145 ° 100/100 4.98 924 28 6.43 43 350 13.3 409 6.40 6.60 8.6

364 10/16/92 09:13 IOOMW, B Mill OOS, 28%OFA, 4.4% CRO2 100 B 30°145 ° 1001100 4.34 885 28 5.90 79 332 13.5 408 5.75 5.90 9.7
365 10/16/92 10:59 100MW, B Mill OOS, 21P/0OFA, 3.6% CRO2 100 B 30°/45 ° 100/100 3.61 851 27 5.03 212 299 14.1 398 5.05 5.15 12.4

366 10120/92 11:26 100MW, GASFIRE, 26%OFA, 2.1%CR02 100 30°145 ° 1001100 2.13 777 26 2.80 166 197 10.4 0
367 10120/92 12:18 100MW, GASFIRE, 26%OFA, 3.4%CRO2 100 30°145 ° 1001100 3.46 854 26 4.90 35 336 9.5 0

368 10/20/92 13:06 100MW, GASFIRE, 26%OFA, 2.6%CR02 100 30°/45 ° 1001100 2.52 793 26 3.80 53 231 10.1 0
369 10120192 13:33 ;00MW, GAS FIRE, 80 OFA, 2.60 CR02 100 30°145 ° 30/30 2.50 821 8 4.40 1 5 795 9.8 0

370 10/21/92 09:11 TRCTests, 100MW, 24% OFA, 3.7% CR02 100 30°/45 ° 100/100 3.70 830 24 4.87 35 253 14.4 402 1886

371 10122192 08:12 TRCTests, 100MW, 24%OFA, 3.7%CRO2 100 30°145 ° 1001100 3.73 839 24 4.84 94 251 14.7 417 5.10 1882
372 10122192 13:47 TRCTests, 100MW, 24%OFA, 4.2%CR02 100 30°/45 ° 1001100 4.18 855 24 5.30 78 268 14.2 407 5.25 1854

373 10123192 07:56 TRCTests, 100MW, 24'/00FA, 4.30 CR02 100 30°145 ° 1001100 4.29 852 24 5.34 66 270 14.2 402 5.80

374 10124192 08:04 50MW, A&DMiUsOOS, 32%OFA,8.4%CRO2 50 A&D 30°/45 ° 1001100 8.33 592 32 9.75 25 355 10.6 408 9.80 9.60 5.9 1430

375 10124192 09:56 60MW, A&DMiIIsOOS, 31%OFA,7.6%CRO2 60 A&D 30°/45 ° 100/100 7.67 658 31 8.80 26 360 11.3 405 10.00 8.70 5.4 1500
376 10125192 07:17 HVTTests, 60MW, 26% OF,&,,7.3% CR02 60 C 30°/45 ° 100/100 7.37 646 26 8.70 8 312 11.1 527

377 10/25/92 12:04 HVTTests, 80MW, 24% OFA, 5.20 CRO2 80 30°145 ° 1001100 5.10 728 24 6.55 12 262 542
378 10126192 09:18 TRCTests, 100MW, 15%OFA, 4.5%CRO2 100 30°/45 ° 40/40 4.54 917 15 5.99 31 310 13.8 573 5.75 1846

379 10/27/92 08:40 TRCTests, 100MW, 15%OFA, 4.6%CR02 100 30°/45 ° 40/40 4.55 900 15 5.89 21 303 14.0 466 5.95 1822

380 10/29192 08:22 100MWGAS FIRE, 8% OFA, 3.0% CR02 100 30°/45 ° 2511 5 2.82 795 8 4.35 5 663 9.3 0 7.60 7.10

381 10/29/92 09:36 100MWGAS FIRE, 80 OFA, 2.2% CRO2 100 30°145 ° 25/15 2.19 774 9 3.70 35 565 9.6 4 7.00 6.60

382 10129192 10:03 100MW GAS FIRE, 8% OFA, 3.50 CR02 100 30°/45 ° 2511 5 3.54 839 9 5.20 2 743 8.8 3
383 10/29/92 11:01 100MW GAS FIRE, 20%OFA, 3.8%CR02 100 30°145 ° ?/? 3.82 811 20 4.70 27 436 9.1 4
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