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T'

DEMONSTRATIONOF SELECTIVE,CATALYTIC
REDUCTION(SCR) TECHNOLOGY FOR THE

: CONTROL OF NITROGENOXIDE (NOX) EMISSIONS
FROM HIGH-SULFURCOAL-FIRED BOILERS

: DOE Contract
DE-FC22-90PC89652

SCSContract
C-91-G:O::]26

Quarterly Report No. 4
For the Period
April-June, 1991

August 1991

Prepared by:

- Southern Company Services, Inc.
__ 800 Shades Creek Parkway
: Birmingham, Alabama 35209

Patents Cleared by Chicago on August 20, 1991



Q ,b

LEGAL NOTICE

This reportwas preparedby SouthernCompanyServices,Inc.

pursuantto a cooperativeagreementpartiallyfunded by the U.S.

Departmentof Energyand neitherSouthernCompanyServices,Inc.

nor any of its subcontractorsnor the U.S. Departmentof Energy,

nor any person actingon behalfof either:

(a) Makes any warrantyor representation,expressor implied

with respectto the accuracy,completeness,or usefulnessof

the informationcontainedin this report,or that the use of

any information,apparatus,method,or processdisclosedin

this reportmay not infringeprivately-ownedrights;or

(b) Assumesany liabilitieswith respectto the use of, or For

damagesresultingfrom the use of, any information,

apparatus,method or processdisclosedin this report.

Referenceherein to any specificcommercialproduct,process,or

serviceby trade name, trademark,manufacturer,or otherwise,does

not necessarilyconstituteor imply its endorsement,

recommendation,or favoringby the U.S. Departmentof Energy. The

views and opinionof authorsexpressedhereindo not necessarily

state or reflectthose of the U.S. Departmentof Energy.
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Section I

SUMMARY

The objectiveof this projectis to demonstrateand evaluatecommercially

availableSelectiveCatalyticReduction(SCR) catalystsfrom U. S., Japanese

and Europeancatalystsupplierson a high-sulfurU. S. coal-fi_edboiler. SCR

is a post-combustionnitrogenoxide (NOx)controltechnologythat involves

injectingammonia intothe flue gas generatedfrom coal combustionin an

electricutilityboiler. The flue gas containingammonia is then passed

througha reactorthat containsa specializedcatalyst. In the presenceof

the catalyst,the ammoniareactswith NOx to convertit to nitrogenand water

vapor.

AlthoughSCR 'iswidely practicedin Japan and Europe,there are numerous

technicaluncertaintiesassociatedwith applyingSCR to U. S. coals. These

uncertaintiesinclude:

(I) potentialca,talyst deactivationdue to poisoningby trace

metal speciespresentin U.S. coals that are not presentin

other fuels.

(2) performanceof the technologyand effectson the balance-of-

plant equipmentin the presenceof high amountsof SO, and

SO,.

(3) performanceof a wide varietyof SCR catalystcompositions,

geometriesand methodsof manufactureunder typicalhigh-

sulfurcoal-firedutilityoperatingconditions.

These uncertaintieswill be exploredby constructinga series of small-scale

SCR reactorsand simultaneouslyexposingdifferentSCR catalyststo flue gas

derived from the combustionof high sulfurU. S. coal.

The demonstrationwill be performedat Gulf PowerCompany'sPlant Crist Unit

No. 5 (75 MW capacity)near Pensacola,Florida. The projectwill be fundedby

the U. S. Departmentof Energy (DOE),SouthernCompanyServices,Inc. (SCSon

behalf of the entire Southernelectricsystem),and the ElectricPower

Research Institute(EPRI). SCS is the participantresponsiblefor managing

all aspectsof this project.
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The projectis being conductedin the followingthree phases:

Phase I - Permitting,EnvironmentalMonitoringPlan and Preliminary

Engineering

Phase II - DetailedDesign Engineeringand Construction

Phase III - Operation,Testing,Dispositionand Final Report

During this reportingperiod,DynaGen, Inc., a fluid mechanicsconsulting

subcontractor,completedflow model testingon the reactorinlet design

configurations. Two additionaltests were made to examinethe effect of

orientingthe resistancepipes in a verticalarrangementinsteadof the

previouslytested horizontalarrangement. In summary,recommendationswere to

maintainthe horizontalconfigurationof resistancepipes (also the ammonia

injectiongrid) since the uniformvelocityprofileresultswere not as

favorablein the verticalarrangement;also, to changeto a five cell diffuser

with four bafflesto match an array of 5x5 ammoniainjectionnozzles.

The detaileddesign engineeringphase continuedduring this reportingperiod.

Vendorbid responseswere evaluatedand contractsawardedfor the rotaryand

heat pipe air preheaters. Specificationswere preparedand releasedfor bids,

and vendor responseswere evaluated,and contractsawardedfor the flue gas

and air fans, and for the venturis.

Specificationswere completedand releasedfor vendorbids on the distributed

controlsystem/dataacquisitionsystem,electricdistributionsystems,and the

bypassheat exchangers. Preparationof specificationswere begun for the flue

gas and air electric heatersand for the cyclones. Detaileddesign work also

began on the ammoniastoragesystem,platforms,controlroom, and gas sampling

system.

SCS submitteda draft list of importanttestingparametersfor laboratory

evaluationof SCR catalyststo each of the catalystsupplierson this project

for their review and comments.

DOE and SCS personnelvisitedtwo of EPRI's I-MW'SCRpilot plants. A project

statusreviewmeetingwas held on April 23 with DOE, Gulf Power,and SCS.
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Section2

INTRODUCTION

The InnovativeClean Coal Technology(ICCT)Programis designedto demonstrate

clean coal technologiesthat are capableof retrofittingor repowering

existingfacilitiesto achievesignificantreductionin sulfurdioxide (SO,)

and/ornitrogenoxides (NOx) emissions. The technologiesselectedfor

demonstrationare capableof being commercializedin the 1990s and are

expectedto be more cost effectivethan currenttechnologies.

This ICCTproject is jointly fundedby the U.S. Departmentof Energy,the

I ElectricPower ResearchInstitute(EPRI),and by SouthernCompanyServices

'J (SCS) on behalfof the entire Southernelectricsystem. The project's

objectiveis to demonstratethe selectivecatalyticreduction(SCR) process

that removesnitrogenoxides (NOx)from the flue gas of boilersthat burn U.S.

high-sulfurcoal. The SCR technologyinvolvesthe catalyticreductionof NH,

which is injectedinto the flue gas to react with NOx containedin the flue

gas to producemolecularnitrogen(N,)and water vapor°

A simplifiedSCR process flow diagramwith major equipmentis shown in Figure

I. Specifically,hot flue gas leavingthe economizersectionof the boiler is

ducted to the SCR reactor. Prior to enteringthe reactor,NH, is injected

into the flue gas at a sufficientdistanceupstreamof the reactorto provide

for completemixing of the NH, and flue gas. The quantityof NH,can be

adjustedand it reactswith the NO,from the flue gas. The flue gas leaving

the catalyticreactorenters the air preheaterwhere it transfersheat to the

incomingcombustionair. Provisionsare made for ash removalfrom the bottom

of the reactorsince some falloutof fly ash is expected. Duct work is also

providedto bypass some flue gas aroundthe economizerduring periodswhen the

boiler is operatingat reducedload. This is done to maintainthe temperature

of the flue gas enteringthe catalyticreactorat the properreaction

temperatureof about 700°F. The flue gas leavingthe air preheatergoes to

the electrostaticprecipitator(ESP)where fly ash is removed. The ESP is

part of the existingplant and is generallyunaffectedby the SCR system

except as higher SO,contentaffectsthe electricalresistivityof the fly ash

or if NH,HSO.co-precipitateswith the fly ash.

The SCR technologyis in commercialuse in Japan and westernEurope on gas,

!
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oil, and on low-sulfur,coal-firedpower plants. The first utility

applicationsof SCR catalysttechnologystartedin Japan in 1977 for oil.-and

gas-firedboilers and subsequentlyin 1979 for coal-firedboilers. As of

1986, ninety utilityboilersin Japan had been equippedwith SCR catalyst

technologyincludingtwenty-twocoal-firedboilers. These coal-firedboilers

representa combinedcapacityin excessof 6500 MWe and are typicallyfired

with a low-ash, low-sulfurcoal.

i In additionto Japaneseexperience,severalcountriesin western Europe (most

ii notablyWest Germany and Austria)have passedstringentNO. emission

!_ regulationsthat have all but mandated the installationof SCR. Prior to
commercialSCR installationsin West G_rmany,utilitycompaniesdemonstrated

severaltypes of SCR facilitiesin prototypedemonstrationprogramssimilarto

this ICCT project. Over 50 SCR pilot plantswere built and operatedin

western Europe. These pilot plants ranged from 19 to 6200 SCFM and provided

the data base that led to commercializationof the SCR technologyin western

Europe.

PreviouslycompletedU.S. work with the SCR processon utilityboilers

consistsof three projectswhich were carriedout in the late 1970s and early

1980s. One of these was carriedout on a naturalgas fired boilerby Southern

CaliforniaEdison. Anotherprojectconsistedof a pilot test conductedfor

the EPA at Georgia Power'sPlant Mitche11. This pilot plant treateda I000

ACFM (0.5 MWe) slip streamof flue gas resultingfrom the combustionof low-

to medium-sulfurcoal. A third pilot-scaleproject,carriedout at the Public

ServiceCompanyof Colorado'sArapahoStationtreateda 5000 ACFM (2.5MWe)

slip stream of flue gas resultingfrom the combustionof U.S. low-sulfurcoal.

AlthoughSCR is widely practicedin Japan and Europe,there are numerous

technicaluncertaintiesassociatedwith applyingSCR to U.S. coals. These

uncertainties include"

(I) potentialcatalystdeactivationdue to poisoningby trace methyl

speciespresentin U.S. coals that are not presentin other fuels.

IL_,
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(2) performanceof the technologyand effectson the balance-of-plant

equipmentin the presenceof high amountsof SO.and SO,.

(3) performanceof a wide varietyof SCR catalystcompositions,

geometriesand methodsof manufactureunder typicalhigh-sulfur

coal-firedutilityoperatingconditions.

These uncertaintieswill be exploredby constructinga seriesof small-scale

SCR reactorsand simultaneouslyexposingdifferentSCR catalyststo flue gas

derivedfrom the combustionof high sulfur U.S_ coal.

The first uncertaintyabove will be _andledby evaluatingSCR catalyst

performancefor two years under realisticoperatingconditionsfound in U.S.

pulverizedcoal utilityboilers. The deactivationrates for the catalysts

exposedto flue gas from high sulfurU.S. coal will be documentedto determine

accuratecatalystlife, and thus, accurateprocesseconomics.i
The seconduncertaintyabove will be exploredby performingparametrictestingand throughthe installation/operationof air preheatersdownstreamof the

largerreactors. During parametrictesting,operatingconditionswill be

adjustedabove and below designvalues to observedeNOx performanceand

ammoniaslip as functionsof the change in operatingconditions. Air

preheaterperformancewill be observedto evaluateeffectsfrom SCR operation

upon heat transfer,and therefore,upon boiler efficiency.

The third uncertaintyis being handledby using honeycomb-and plate-typeSCR

catalystsfrom U.S., Japan and Europeof variouscommercialcomposition.

Resultsfrom the tests with these catalystswill expandour knowledgeof

performanceon a varietyof SCR catalystsunder U.S. utilityoperating

conditionswith high-sulfurcoal.

The intentof this project is to demonstratecommercialcatalystperformance,

properoperatingconditions,and catalystlife for the SCR process. This

projectwill also demonstratethe technicaland economicviabilityof SCR

while reducingNO. emissionsby at least 80%.

The projectwill be conductedat Gulf Power Company'sPlant Crist Unit 5, a

commerciallyoperating75 MW unit, located in Pensacola,Florida,on U. S.

coals with a sulfur Contentnear 3.0%. Unit 5 is a tangentially-fired,dry

I



bottom boiler,with a hot and cold side ESPs for particulatecontrol. The SCR

processto be used in this demonstrationwill be designedto treat a slip-

stream of flue gas and will featuremultiplereactorsinstalledin parallel.

With all reactorsin operation,the maximumamount of combustionflue gas that

can be treatedis 17,400 standardcubic feet per minute (scfm)which is

roughlyequivalentto 8.7 MWe.

The proposedSCS facilityis a slip-streamSCR test facilityconsistingof

three 2.5 MWe (5000SCFM)SCR reactorsand six 0.20 MWe (400SCFM)reactorsthat

will operatein parallelfor side-by-sidecomparisonsof commercially

availableSCR catalysttechnologiesobtainedfrom vendorsthroughoutthe

world. Figure2 presentsa simplifiedprocessflow diagramfor the proposed

facility. The large (2.5MWe) SCR reactorswill containcommercially

availableSCR catalystsas offeredby SCR catalyst suppliers. These reactors

will be coupledwith small-scaleair preheatersto evaluateth_ long-term

effectsof SCR reactionchemistryon air preheaterdepositformationand the

deposits'effectson air preheater. The small reactorswill be used to test

additionalcommerciallyavailablecatalysts. This demonstrationfacilitysize

will be adequateto developperformancedata to evaluateSCR capabilitiesand

costs that are applicableto boilersusing high-sulfurU.S. coals.

The demonstrationprojectis organizedinto three phases" (I) Phase I -

Permitting,EnvironmentalMonitoringPlan and PreliminaryEngineering;(2)

Phase II - Detail Design Engineeringand Construction;and (3) Phase III -

Operation,Testing,Disposition,and Final Report. The cooperativeagreement

was signedJune 14, 1990, and the projectcompletiondate is now proj6ctedto

be in the secondquarterof IggS. The total estimatedprojectcost_ are

$15,574,355. The co-fundersare SC$ ($6,049,017),DOE ($7,525,338),Bnd EPRI

($2,ooo,ooo).

i
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Section3

PROJECTDESCRIPTION

Withinthe three phasesof the project,the followingtasks will be conducted

to effectivelydemonstratethe SCR process:

Phase I - Permitting,EnvironmentalMonitoringPlan and Preliminary

Engineering

Task 1.1.1 - PrototypePlant PermittingActivities

Task 1.1.2 - Develop EnvironmentalMonitoringProgram

Task 1.I.3 - PreliminaryEngineering

Task 1.1.4 - Engineeringand ConstructionContractsScope Development

Task 1.1.5 - ProjectManagementand Reporting

Phase II - DetailDesign Engineeringand Construction

Task 1.2.1 - DetailedDesignEngineering

Task 1.2.2 - Construction

Task 1.2.3 - OperationStaff Training

Task 1.2.4 --Planningfor DetailedTesting

Task 1.2.5 - Start-Up/Shakedown

Task 1.2.6 - ProjectManagementand Reporting

Phase III - Operations,Testing,Dispositionand Final Report

Task 1.3.1 - SCR DemonstrationFacilityOperationsand Maintenance

Task 1.3.2 - Process Evaluation

Task 1.3.3 - EnvironmentalData Managementand Reporting

Task 1.3.4 - EconomicEvaluation

Task 1.3.5 - Dismantling/Disposition

Task 1.3.6 - ProjectManagementand Reporting
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Section4

PROJECTSTATUS

Progressduring April - June, 1991, is summarizedbelow for each of the on-

going tasks in the Scope of Work.

PHASE I - PERMITTING,ENVIRONMENTAL_IONITORINGPLAN AND PRELIMINARY

ENGINEERING

T___E__,2 - Devej.ooEnv_t__onm_entalMonJ_t_E_J_ngPro_a_

R_,dianand SCS are addressingthe issuespreviouslyraised by OOE's comments

on the EnvironmentalMonitoringPlan(EMP) in order to finalizethe EMP.

T_3.E__.._.u,Pre] imiJl_.r_y_F;._iD__ri__Eg

During this reportingperiod,DynaGen,Inc., a fluid mechanicsconsulting

subcontractor,providedvideotapehighlightsfrom the previouslycempleted

flow model testingon the reactorinletdesign configurations. Two additional

tests were performedusing reactorinletmodel design number I, the design

previouslyselected for achievingthe best results,to examinethe effect of

orientingthe resistance.pipesin a verticalarrangementinstec_dof the

previouslytested horizontalarrangement. The uniformvelocityprofile

resultswere not as favorablefor the verticalarrangementof the resistance

pipes (also servingas the ammoniainjectiongrid) as those previously

achievedwith the horizontalconfigurationof piping. In additionto the

recommendationto maintainthe horizontalarrangementof resistancepipes,it

was suggestedto increasethe numberof baffles in the diffusersectionof the

reactor inletducting. The previoustestingwas done with three baffles,

givi_nga four cell diffuser. The diffuserwill be changedto four

baffles/fivecells to bettermatch an array of 5x5 ammoniainjectionnozzles.

The resultsof all the the reactorinlet model testingwere summarizedin a

final report _rom DynaGen, the majorityof which is similarto that given in a

preliminaryreport attachedto the previousquarterlyprogressreport,

Attached in AppendixA of this reportare highlightsfrom the final reporton

the above-mentionedadditional testingand overallsummaryof resultsand

conclusions.

t
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The SCR processConceptualDesign Data Book was essentiallycompletedand

assembled,based on preliminaryengineeringdesign,and is being preparedfor

printing.

a,T.g.Lk_!,],:4-,_ngirLeerinaand Const.r.i_ct.lo.nContrac___S,q.___g_me.cD__

Gulf Power _.;viewedand gave commentson proposedconstructioncontractscope

packagessuP,mittedpreviouslyby SCS. A meet,ing was scheduledfor July

between Gulf Power and SCS to furtherdefineprocurementand construction

proceduresand responsibilities,and to begin to identifybudgetresponsiblity

betweenSCS Engineeringand Gulf'PowerConstructionfor 'fndividualbase-line

cost estimateitems. '

PHASE II - DETAIL DESIGNENGINEERINGAND CONSTP.UCTION

Task 1,2,I - __l___d._Q_iqn Enqineerin]

The detailed designengineeringphase continueddu_ingt_:!s_'_}_t';,t'_ period.

Vendor bids and 'technicalresponseson the specificationsf_t_ _,;_.__,>t_._rya,',,._:i

heat pipe air preheaterswere evaluatedand contractsw_._,__,_'_rdec,_ _,,-,_ABEl_Cr

PreheaterInc. Some of the major technicalspecificationsioF _,i'_-a_r

preheatersare listed in AppendixB.

Flue gas/airfan specificationswere developedand released!or _:_id,_"_;.,.'_,_er

responseswere receivedand evaluated;a contractwas subsequ_,,__T:':v_.',._,_,,::,_,!_o

Howden Sirroco, Some of the major technicalspecificationsfor i'_'.._F_ue_;,-,,_

and air fans are shown in AppendixC. Specificationpreparation/';°_,i,;,;_;_z_=,;c!

receipt/evaluationof vendorresponseswere also completedfor th_ !_c:.!:"io_.,_

venturis, The contractwas awardedto Flow-linCorporation.

Specificationswere completedand releasedfor vendorbids on the dis_._;b_!:;,_<i

controlsystem/dataacquisitionsystem,electricdistributionsystems,_n_:the

bypass heat exchangers, Preparationof specificationswere begun for the fIu_;

gas and air electricheatersand for the cyclones. Detaileddesignwork began _

on the ammoniastoragesystem,platforms,controlroom, and gas sampling

system.

SCS prepareda draft list of importanttestingparametersfor laboratory

l ,
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evaluationof SCR catalysts. This list was submittedto each of the catalyst

supplierson this projectwith a requestfor their commentsand

recommendations. Some responseswere receivedduringthis reportingperiod

and the compilationand comparisonof responsesis underway. Remaining

responsesare expectedearly in the next quarter. A copy of the list of

laboratorytestingparameterssent to each vendorto review is attachedin

AppendixD.

Ta_k 1.2.6 :.ProjectMa_nacle__entand _!n__q

Weekly coordinationmeetingswere held with Design Engineering. The MIS,

developedfor trackingoverallbudget and scheduleinformation,was used to

monitorbudget and scheduleand to help fulfillDOE reportingrequirements.

Monthlyprogress reportswere submittedto DOE. A brief statusprogress

summarywas preparedand releasedto each of the catalystsuppliers.

DOE and SCS personnelvisitedtwo of EPRI's I-MW SCR pilot plants: a hot-side

systemat TVA's ShawneeSteam Plant near Paducah,Kentucky,and a cold-side

system at NYSEG'sSomersetStation. A projectstatusreview meetingwas held

on April 23 with DOE, Gulf Power,and SCS personnelin attendance.
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PLANNEDACTIVITIES

Du_ingthe July - September,1991 quarter,the followingactivitiesare

plarmed:

o Issue the draft DesignData Book to DOE for review.

o Completethe followingportionsof Phase II, detailedengineering

design:

Io Completeevaluationsof vendor bid responsesand award contracts

for distributedcontrolsystem,bypass heat exchanger,and

electricdistributionsystem.

2. Developspecifications,issue inquiriesfor vendorbids, complete

evaluationsof vendorbid packages,and award contract for

cyclones,flue gas and air electricheaters,and the ammonia

handling system.

3. Develop specificationsand issue inquiriesfor vendor bids on the

gas samplingsystem.

4o Develop specificationsand investigateleasingarrangementfor the

air compressors.

5. Complete specificationsfor the design of the reactorvessels in

preparationfor issueingto catalystvendorsfor review.

o Hold design reviewmeetingwith DOE/EPRIand statusreviewmeetingwith

Gulf Power.



APPENDIXA

Additional Results and Conclusions from DynaGen

for Reactor Inlet Model Designs
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3.2 .Test,,,,0fModified Reactor Inlet Duct Geometry With a
Four Passaee Diffuser

The velocity profiles for the base duct geometry show that the velocity is tc
in the center region of the duct and too low around the sides for traverse locat;
L3_ and L4. The biggest problem and greatest profile non-uniformity is causeL,
transition from a I' circle to a 1' square. Peak velocities at the outlet of the gradua.
diffuser (Location 2, Figure 3-5 data) show velocities still greater than 50 fps, more than
three times what is desired at the core inlet and outlet. The only practical way to reduce
these velocities and distribute the flow more uniformly in the short duct path of the model
design no. 1 is to use a resistance device that will have the following characteristics:

I. reasonable pressure loss while creating the required velocity profile
improvement at the core;

2. simple and low cost design;



3. resistance to erosion; and

4. could be part of the ammonia injection system requirements.

The type of resistance that meets these requirements the best is a set of pipes installed
across the duet cross-section at a location where the velocity profile is poor and must be
improved downstream. The location selected was immediately at the outlet of the circle
to square transition which also corresponds to a poss_le ammonia injection cross-section.

. Table 3-1 summarizes data for four tests with three different pipe resistances and
shows what figures present the detailed geometry and detailed velocity profiles. The use
of a pipe resistance has progressively increased the diffuser outlet (Location 2) uniformity
from 16.7% of data within +_.10%for Test 10 and 11 to 87.5% of data within +10% for
Test 16 and 17. At the same time, the same values at Location 3 have improved from
41.3% for Test 11 to 93.8% for Test 16 and at Location 4 have improved from 81.9% for
Test 11 to 95.5% for Test 17. This is probably as close as we can hope to get to the
objective with a two foot dummy core. Further improvement can be obtained by
increasing from 2' to 3' or more of dummy core length and corresponding resistance.

The difference between Tests 16 and 17 geometries is that Test 16 has the 12"
model spacer in piace between the elbow and the core whereas Test 17 does not have the
spacer in piace. When the spacer is removed, the unit'ormity at Location 3 (core inlet)
gets a little worse but the uniformity at Location 4 (core outlet) actually gets a little better.

For these two tests (16 and 17) at Location 3 (core inlet), the velocities below 90%
of average are near the duet sides that correspond to the inner and outer walls of the 90"
duct elbow. Only Test 17 without the 12" spacer shows low velocities near the inner bend
because the traverse station 3 is 12" closer to the vanes in the elbow. These are the

values that make the uniformity worse for Test 17 at Location 3. The high velocities
occur mostly near one side wall. For Location 4 (core outlet), the low velocities occur
near the outside of the elbow and the high velocities occur near the same side wall as
Location 3.

3.3 Test.of Modified Reactor Inlet Duct Geometry With a Five Passage Diffuser

The diffuser for the model design number 1 for the large reactor inlet was changed
to have five cells and the five pipes were oriented vertically to be parallel to the four_

i diffuser baffle plates. The geometry of the diffuser and the twopipe resistances tested

are shown on Figure 3-27. The Test 23 pipes are equally spaced (half space to walls) like
Test 14. The Test 24 pipes are unequally spaced (more than half space to walls) like

Tests 16 and 17. For Tests 14, 16, and 17, the pipes were oriented horizontally which isperpendicular to the diffuser baffle plates. This latter pipe arrangement is more desirable

i because the wakes and jets of flow from the pipes are cut into small pieces by the

perpendicular diffuser baffle plates and cells. When the pipes are parallel to the diffuser

q
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baffles and cells, whole jet and wake regions from the pipes are swallowed by the diffuser
cells with less opportunity for break-up and mixing.

Velocity traverses were taken at the following locations as specified on Figure
3-1.

Location 2 Diffuser Outlet

Location 3 Dummy Core Inlet
Location 4 Dummy Core Outlet

The uniformity values for the three traverses for each of the two tests presented on
Figures 3-28 through 3-39 are summarized on Table 3-2 along with the previous Tests 14
and 17 for comparison. Table 3-2 also shows which data figures go with which test
number and traverse location. /

Test 23 with uniform pipe spacing is comparable in pipe resistance geometry to
Test 14. The velocity uniformity at Locations 2 and 3 for Test 23 is better than Test 14
while Location 4 results are slightly worse for Test 23. Test 23 compared with Test 17,
the previous best uniformity, is not as good a uniformity at ali three traverse locations.
The velocity profile at Location 2 for Test 23 erda'bits more up and down alternate i
variation in the row average readings on Figure 3-28 than for previous Tests 14 and 17 i
which may be related to the pipe orientation change. Also, since the lowest row average
values occurred for the top and bottom rows on Figure 3-28 which corresponds to the
outside slanted walls of the outer diffuser cells, the decision was made to try the non-
uniform spacing of pipes from the best previous Test 17 but rotated 90*.

Test 24 with the non-uniform pipe resistance spacing achieved the following in
comparison to Test 23:

Improvements
R

• The top and bottom row average velocity values were increased and !
velocities in the center of the duct were decreased. I

• The velocity uniformity values compared to Test 23 were improved
significantly at Location 2 but only slightly at Location 4.

• The spread between adjacent row average values for Location 2 decreased
in most eases.

Worse Results

. Location 3 uniformity results were worse than Test 23.

In general, the isovelocity patterns for Locations 3 and 4 are quite similar for Tests 23 and
24 but Test 24 is better at the most important Location 4.
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When compared to the best previous Test 17, neither Test 23 nor Test 24 come
very close at any of the traverse locations. In fact, at Location 4, Test 14 also has better
velocity uniformity than the results of Tests 23 and 24. Comparison of Test 17 to Test
24 at Location 4 shows:

Test .RMS -!-/-10%Band _% Ban___.__dd

17 0.049 95.5% 99.0%
24 0.062 88.5% 97.6%

Test 17 is better 0.013 7.0% 1.4%
than Test 23 by

3.4 Pressure Los.s Results for Reactor Inlet Model.D.e,sifn NO. 1

Pressure measurements were taken for all of the tests at the four test locations
shown on Figure 3-1 and reduced to stagnation pressure loss as deseMbed in Section 2.3.
These tests showed the following results when scaled to field operating conditiom using
the field condition in Section 2.4:

1. The reactor core material showed a field stagnation pressure loss of 0.160
inches of water per foot of core materia! equivalent to 5.57 inlet face velocity
heads loss per foot of core length.

2. The 90° vaned expanding area elbow showed a field stagnation pressure loss
of 0.043 inches of water.

3. The duet and pipe resistances between Locations 1 and 2 showed the
following field stagnation pressure loss values:

Test deltaPr..(inches of water)

10, 11 0.081"
12 0.219"

| 14 0.326"
16, 17 0.331"

I 23 0.335"

,i 24 0.334"

i
|
I

t
I

- Ii



Table 3.2

VELOCITY UNIFORMITY VALUES FOR TRAVERSE LOCATIONS 2, 3, AND 4 ....
FOR NEW TESTS 23 AND 24 AND PREVIOUS TESTS 14 AND 17

Test Traverse +10% Band +15% Band _.+25% Band
No__ . Location RMS_ (%) . (%) _ (%)

23 2 (Fig. 3-28, 3-29) 0.093 70.8 88.5 100
3 (Fig. 3-30, 3-31) 0.078 84.4 94.8 99.0
4 (Fig. 3-32, 3-33) 0.070 86.5 96.5 99.0

24 2 (Fig. 3-34, 3-35) 0.076 83.3 94.8 1t30
3 (Fig. 3-36_ 3-37) 0.087 79.9 91.0 98.6
4 (Fig. 3-38, 3-39) 0.062 88.5 97.6 99,3

14 2 0.104 61.5 85.4 97.9
3 0.088 80.9 92.7 98.6
4 0.062 89.9 98.6 99.7

17 2 (Fig. 3-19) 0.066 87.5 97.9 100
3 (Fig. 3-23) 0.074 86.1 95.5 99.7
4 (Fig. 3-25) 0.049 95.5 99.0 100

1.5
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Figure 3- f

MODEL GEOMETRY AND VELOCITY TRAVERSE LOCATIONS

FOR REACTOR INLET MODEL DESIGN NO. i

I _ . (Model Scale Factor = 2.0) , _ _I -

s perforat_¢ plate -_ -V _, -i-

flow traightener_ , _'8 - .,-_

i

=iil"Spacer size ,_ b

Instrumentation Locations varies fro---_m ...... I0" to 12" _"_ [3

I. Pitot tube 0 ,

40 points, 8 radii, 5 points .! i

Dummy _ i
2. Hot wire anemometer reactor core i

96 points (8 x 12) =

3. Hot wire anemometer (_ ---_- _

288 points (12 x 24) _ --_ _----------,a ....

4. Hot wire anemometer _ _ "
288 points (12 x 24) "- I

i
Q

_q

i

I

I
I

16
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Figure 3-3

GEOMETRY OF MODEL PIPE RESISTANCES FOR TESTS 12, 14, 16, AND 17

(Model Scale Factor - 2)

i u

ii_ i iii ii

Pipe Resistance for Test 12

C-! !
66.7% open

Pipe Resistance for Test 14

i ii I I ii i

_
--Five i" dowels

58.3% open .....

Pipe Resistance for Tests 16 and 17

__ ', _ ":_.i _'_' - , " ' -'_"

....
unequally spaced _t I I .....
58.3% open average I

18
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Section $

CONCLUSIONS FROM EXPERIMENTAL EVALUATION OF TWO
REACTOR INLET MODELS

5.1 Model Desien No. 1 With Four Passaee D.Jffuser

I. This is the minimum height and length design and is a more practical field
unit configuration.

2. The initial base design with elbow vanes and diffuser baffles but no
resistance pipes was very poor.

3. Resistance pipes are needed at the outlet of the circle to square transition
to improve velocity profile uniformity.

4. The best velocity uniformity results, achieved at the core outlet Location 4
(Figure 3-25) for Test 17 were RMS ffi 0.049, 95.5% of data with +10% of
average, and 99.0% of data within _+15%.

5. This velocity uniformity could be improved further by:

a. adding more dummy core length;
b. using unequally spaces vanes; or
c. adding a second resistance at the diffuser outlet or the elbow outlet.

6. The pressure loss is low from Location 1 in the inlet pipe to Location 4 at
the core outlet and equal to about 0.69 inches of water at field operating
conditions.

7. The pipe resistance can be used as the grid for the ammonia injection
nozzles.

8. The use of a 12" model (24" field) spacer between the elbow outlet and
dummy core inlet gives better results above the dummy core but worse
results at the dummy core outlet.

5.2 Model Desi2n No. 2

1. The length of this design is at a practical minimum but the elevation is about
66 field inches more than design no. 1.

82
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2. The initialbase designwith elbow vanes and diffuserbafflesbut no
resistancepipeswas betterthanmodel designno.Iwithoutresistancepipes
but not as good as the best configurationof model designno. I with
resistancepipes.

3. Resistancepipesare needed at the outletof the circleto rectangular
transitionto improvevelocityprofileuniformity.

4. The bestvelocityuniformityresultsachievedatthecoreoutletLocation4

(Table 4-1) for Test 21 were RMS = 0.055, 91.3% within +__10%of average
and 99.0% within +15% of average. This is almost as good as model design
no.I.

5. This velocity uniformity could be improved further by:

a. adding more dummy core length; or
b. adding resistance pipes to the outlet of the second diffuser.

6. The pressure loss as compared to model design no. 1 is about 0.28 inches
of water more due to higher velocity levels through the pipe resistance.

7. The pipe resistance can be treed as the grid for the ammonia injection
nozzles.

5.3 General Conclusions Between Reactor Inlet Model Designs 1 and 2

1. Model design no. 1 achieves the best velocity uniformity results at the core
outlet for the minimu_ a space, pressure loss and cost although the objective
of ali data within +1_% of average is not achieved.

2. The pipe resistance at the duct transition outlet should be used as the
ammonia injection grid. A grid of 25 nozzles could be used conveniently,
five on each of five pipes. The horizontal diffuser should be changed to
include five passages rather than four.

3. The size of the resistance elements in field dimensions should be 2.0" outside

diameter. This could be achieved by using a 2.0" outside diameter tube or
by using 1.5" nominal pipe size that has an outisde diameter of 1.90 inches
and putting a thin (0.05") abrasion resistant coating on the outside to reach
2.0"

4. The best way to further improve uniformity would be to add one or two
additional feet of dummy core to the two feet of core tested in the model.
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5.4 Evaluation of Resistance Pipes Installed'pa_lle! to.Diffuseu
]_affles {Tests 23 q_nd24) Rather,Than Perpendicula.._E
_.Tests !4 and !7,)_

If the resistance pipes are also going to be used as the NH_ nozzle supply pipes,
theta the non-urdfcrm pipe spacing for Tests 17 and 24 will produce a non-uniform nozzle
grid, if the nozzles are mounted on the pipe centerlines. Figure 5-1 shows the nozzle
positions on the resistance pipes for Tests 14, 17, 23, and 24. Tests 14 and 23 have
uniform pipe spacing and the 25 nozzles can easily be located at the center of 25 equal
areas in the 2' x 2' field unit cross-section. However, the non-uniform pipe spacing of
Tests 17 and 24 cause offsets from the ideal spacing for ali but the center pipe. Of:f._,ets
in the outer most pipes on each side is 0.60 inches.

The nozzles for Test 17 can easily be centered in the diffuser cell passages with the
offset occurring along the vertical eenterline of each cell passage. This would appear to
be much more preferable than the Test 24 arrangement where the nozzles are offset from
four out of five of the diffuser cell vertical centerlines, lt would be possible to position
the nozzles away from the pipe eenterline with smaU offset connectors or to angle the
nozzles slightly to compensate for their non-uniform spacing. However, this is an added
complication that probably is not warranted.

__and Reeommendat!on.s

1. Test 17with the non-uniformly spaced resistance pipes perpendicular to the diffuser
baffles achieves the most uniform velocity profile results at the dummy core outlet
and comes significantly closer to the goal of 100% of readings within +_.10%of the
average velocity than any other test geometry.

2. Although uniform nov..le spacing would be most desirable_ the nozzl_espacing and
location relative to the diffuser baffles for Test 17 is expected to be ,,_atisfactoryfor
NH, mixing. Test I7 nozzle locatiorts are better than Test 24 noz.zJe 1__ations.

3. Test 17 geometry (Figures 3-1, 3-2, 3-3) should be changed tc, a five passage
diffuser with four baffles as shown on Figure 3-27 for Tests 23 and 24 to match an
array of 5x5 nozzles for NI-I_injection. Test 17 does not include a .,;pacerbetween
the elbow outlet and the dummy core.

4. I do not understand the concern about having the NH_ supply pipes vertical rather
than horizontal. Ii there could be pluggage of these pipes or nozzles, provisions
could be made to clean out the pipes and nozzles if a problem do.esdevelop. Also,
if a certain orientation of the NH_ supply pipes is necessary, the pilot plant is the
place to find out. You might consider installing one or more of two pipe
resistances and pipe orientations on the five large reactors for evaluation.



5.5 Histogram of Veloci_ Data for Recommended Confiauration
for Test 17 at the Dummy Core Outlet Location 4

The histogram of velocity data is presented on Figure 5-2 as Percent of Data Points
in Bands that are 2% of average velocity wide. Any field data that you take can be
reduced in the same way and compared against this model data profile.
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Figure 5-1 LOCATION OF PIPES AND NOZZLES FOR
TWO RESISTANCE PIPE ORIENTATIONS

FULL-SCALE DIMENSIONS

I

,_ _ ,...

si+14 • ,q_

1 + *'* _

l tltis i .,_',

I, , .... i

TEST 23 TEST 24

Solid Lines : Diffuser Baffles
Dotted Lines" Pipe Center Lines



Figure _-2

HISTOGRAH OF VELOCITY DATA AT THE DUMMY CORE OUTLET

FOR REACTOR INLET MODEL DESIGN NO. 1

Test 17 Data at Location 4 - Figure _-a_

Geometry - Figures 8-I) _-_ _ _t_ 8-_

0

80 90 i(_0 i 0 i O

Percent of Average Velocity
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APPENDIXB

Air Heater Specifications/Performance



LjungstrumAir Heater Performance

Air heatermanufacturer C-E Air Preheater

Air heater size/type Size g/vi (vertical,gas flow down)

Numberof elementsectors 12

(Trisector) (Bisector)
Selection| .Selection2,

Flows (Ib/hr):

Air Entering 23,850 27,757

. Air Leaving 18,250 22,357
m /

Gas Entering 24,934 24,934
- Gas Leaving 30,534 30,334

| Temperatures(°F):

i Air Entering 100 100

li Air Leaving 633 579

Gas Entering 700 700

Gas LeavingUncorr. 334 298

Gas LeavingCorr. 293 264

PressureDifferentials(in. HzO):

Air-side Pressure Drop 1.60 I.BO

Gas-sidePressureDrop 2.85 2.50

Hot-end Differential 1.00 1.00

Cold-endDifferential 5.45 5.30

|
I
I

1

I
i

!

z
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Rotary Air Heater Rotor Designs

SelectionI:

aL_ !__h _ Mai_rial

Hot End 30" DU Low alloy corrosionresistantsteel

Cold End 42" NF-3.5 Low alloy corrosionresistantsteel

Selecti(_n2:

Laver _ Desiqn Material

Hot End 18" DU Low alloy corrosionresistantsteel

Intermediate 42" NF-3.5 Low alloy corrosionresistantsteel

Cold End 12" NF=3.5 Low alloy corrosionresistantsteel



Specif.ications/Performanceof Heat Pipe Heat Exchanger

Design:

o

Total Number of Heat Pipes 328

Pipe o.d. (in.) 2.0

Fin Density (fins per inch) 3.0 gas/3.0air

Fin Type Solid

Tube Arrangement In-Line

TransversePitch (in.) 3.75

Longitudinal Pitch (in.) 3.75

Total Gas-side Surface Area (sq. ft.) 10,057

Total A_r-side SurfaceArea (sq. ft.) 4,076

Total Unit ApproximateWeight (lb.) 54,100with transitions

Performance:

Flue Gas CombustionAir

Flow Rate (Ib/hr) 24,934 21,759

EnteringTemp. ('F) 700 100

LeavingTemp. ('F) 300 588

PressureDrop (in.HzO) 1.60 3.00

Avg. SpecificHeat (Btu/Ib°F) 0.263 0.247

Heat Recovered(MMBtu/hr) 2.69

MinimumMetal Temp. ('F) 277

m
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Hot Air Fan



6.6 Hot Air Fen (Reln_rdon to unit)

6.6.1.1 Fan type (model/umes) 520000T.AN, SWSI, _-'-_. _7

6.5.1.2 Type ¢onu_ Inlet: vane control

6.5.1.3 Drive lurangoment Direct.connect.sl
e

, , /':

6.5.1.4 NurnOmof fans 1
,

6.5.2 Performance
Tesi BIo¢_ Maximum

6.6.2.1 Performance dills for esc11fan al: (gulrantoed)
a. Speed - rpm 1775 1775
1).C¢Olcity - sc/m 37000 . " 31784
c. Density- 10s/cult .037 .037,,,,..iH i i

d. Temperature - c_g F 600 600 .

e. Pressures- "vg -5.5 -4.01. Inlet static

2. Dischuge siattc i4.5 14.0
3. Fan ststlClxessuro 20.0 ].B. 0

f. Static efficiency- _ 82.5 _ 78.2
g. Powerinput to fin - I)t11:) 141 115
I1.Comprlu_biltty .983 98 _

6.5.2.2 Performance (Mils foreach f_ at: DWgn Minimum
a. Speed - rpmrl ].775 ..... ].775
b. Ca4:)l¢_ - _ 20097 9793

C.Defl_ _ .037 .037
d.T mqlB- -6oo .... 6oo' '

: e. Pre._ _RI -4.0 -4.0
1. Inlet MIIIIIO

2. Dlsct_a_rgemtlc 14,0 __ 14.0
18.0 18.03. Fan staB: premmre .... -

f. Static efficiency- #t 73, 8 50,4 .
g. POWerinput to flu1- b11p 77 .__ 55
11.Compres_ltty .98 5 .98 5
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Small Reactor Fans

(



6,3 SmallReactorFans(_u_ fromcyclones)

6.3.1 General

6.3.1.1 FaJI1type (ffwXR_IMtel) 355000LI, Srv_Z, Art, :7

6.3.1.2 Type control Variable FTequency.Controller

6.3.1.3 Drive_rrangement V belt

] 6.3.1.4 Num0erof fans . 2



Large Reactor Fans



6.1 L.zrgeRnctor Fsns(suctionfromcyclones)
i L ii ii m

i, i ' b " " i i

6.1.1 GenerJ ................
/

6.1,1.1 Fw__ (mo_ue,m®s) S40000L1,s_'sZ,_'z'. ,.7 ...

B.I.1.2 Typecontrol VeriebleP:equenc_.C_n_ller,mmm_llll i .L L .. "

Dizec_Connected
6.t.1.3 Driveirrzw_ment ......................

6.1.1.4 " Numl)_rof flms 3 .... .: ,

6.1,2 Performznc4
TestBlock Musmum

6,_..2.1 Performancecla_,foreicn farost: (guzrlnteqKl)
a. Speed- rpm L775 __ 1621I i L_ I /I IIBtlI

o.C_oaor_-a_m .16000........14351,4
C. Oenldty - _b&/c:uff .0434 ....... .0434,,i...._'..-_J_-_ ,mm,zmmmmm m,m,m._ _m.i_.mmm

d,.Temperature- degF _ 4__09_ _00 ........... _.

e. Pressures- "wg 3_,_21. In,let_ - 34 _ .1
-8 --9:o2.D,__ _ ,,.

3. Fln__ 26.0 23.I_
,. -",'9.'/5-- ,, --,
g, poww -_.,82 ....._ ._6i ,, .
_t Com_PO_ ....... ' 9 7 6 . --. I _7 9 .........

8.1,2,2 Per/_ _ foreach1f_ l_. Design Mtnimum993 665

...... ii ii '1 111I ? - __.,

c.Denz_rf-_ 3oo 2so
a.Teml_Orlllal--(legF ......... - ...........

e. Prnlure_l .. "wg -18.30 -14.30
. 1. lnt_t ltIl/_ --;9; 0 " - -"9.0......

_..
IIIIIII II I JL .

3..Irtn mz_ preuurl ............ -.. .........
f.Stz_ m/k:lency- _ 78.,3

,.Compr__ i.0 .......-_ .:L...0 ....

6.1,2.3 Gen,erlll:_on.amoe dam
z.pe,mx,orw,_,wer(@TW_r,a_%,) 9,5
b. Muimum to,rq,u,eex:pecteO(fl-_b) __-- --- .......
¢,St,&mngtorque(_-H:) .__s on de_it:v .

IIII II lr,
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STANDARDACTIVITY TEST PARAMETERS

Per the EvaluationAgreementreachedbetweenSouthernCompanyServices
(SCS) and each catalystsupplier,catalystactivitydata will be measured
using laboratoryreactor(s)operatingunder conditionsagreed to by SCS
and the catalyst supplier. SCS wishes to removelarge variationsin
laboratoryactivitytest proceduresof SCR catalystsbetweenthe various
suppliers. SCS is requestingcommenton the testingparametersas listed
below. We wish to obtaineach supplier'srecommendationfor what he
considersare the most appropriatetest conditionsto determine
differencesin activity(NOxconversion)and selectivity(S02oxidation)
during the course of the 2 year DOE/SCS SCR project. SCS will assess the
catalyst suppliers'commentsand recommendationsand attemptto developa
uniform set of testingconditions.

Eight areas of testingparametersare listedbelow for review and comment.
Within each area additionalpoints/questionsare includedfor
clarification. We requestthat you providea descriptionof laboratory
proceduresthat addresseach of the points listedbelow and a labeled
schematic/sketchof the laboratorytest apparatusand relatedequipment
(e.g.,analyticalinstrumentsand feed gas deliverysystem). Some of the
points/concernsunder these areas,though,may not necessarilyapply to an
individualcatalyst. If so, please provideexplanatorycomments. A]so,
if you find that we have left off an importantissue,please list and
describe separately,and explainwhy that issue is important.

Te_.__t_tingPB_ameters

I. Catalyst Preparation:

a. What are the shape and size of catalyststested in the lab reactor?
Is the surfacearea/volumeratio a criticalparameter,and if
so, what is the desiredvalue?

b. What is the void volume in the reactor?
Is channelingin the lab reactora concernand how is it
addressed?

c. Sample usage for activityand analyticaltests.
Will catalystpieces for activityand analyticaltesting
be obtainedfrom the same sampleremovedfrom the pilot
reactor?

d. Removalof flyashfrom catalystsurface
Is this necessaryor is it better to measurethe influenceof
flyash,e.g. adsorbedammoniumbisulfate?

e. What is the minimumcatalystvolume (weight)for accuracy?
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2. Catalyst Pretreat_nt (Startup):

a. What is the gas composition for pretreatment (e.g. S02, NH3, 02,
NOx, H20, etc.)?

Is a presulfidingor similarstep required,and if so, what are
the conditionsused?

b. Sequence of additionof gases and durationof exposureto catalyst.
Is the reactorbypassedwhen adjustinggas composition?

c. What is the rate of heatup?
d. What are the initialand final temperatures?
e. Gas flow (totalvolumepassedthrough reactor)and its relative

importance.
f. System pressure.

/

3. ReactorDesign:

a. Dual bed reactor, for side by side comparison with same feed,
versus single bed measurementsof fresh and spent catalyst, and
reasoning for preference.

b. What are the internal diameter and length of the reactor?
c. Adiabatic or isothermal operation?
d. Flow regime prior to and following catalyst.

How important is it to maintain laminar flow?
e. Location of thermowell(s) and influence on catalyst packing.

Howmany and where are temperature measurementstaken? What
effect is there on the flow regime?

f. Amount, size, and locationof glass wool/glassbeads for mixing.
g. Externalheatingjacket

How are the reactorand connectinglines heated?
h. Preheaters,if any.
i. Upflow or downflowof reactantgases.
j. Pressureregulators,if any.

4. Measurement Devices:

a. Analytical instrumentsdescriptionwith sensitivitiesand detection
limits.

b. Heated lines to preventcondensationof HZS04,ABS, NH3, etc.?
c. Descriptionof mass flowcontrollers(or similardevice used to

measure flow) and their accuracies.
Will the flow over long periodsbe verifiedwith wet test
meter or similardevice?

d. How will samplesbe handled?

5. Feed Gas Preparation:

a. Howwill feed gas be prepared?
b. If feed gas is premixed, what type of cylinders are to be used?
c. Howwill adsorption on walls of cylinders be avoided (e.g. for S03,

NH3, etc.)?
d. Will NH3 and S03 have to be kept separated?
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6. Operating Conditions:

a. Area/space velocity.
b. Temperature.
c. Linear velocity.
d. Ammonia/NOxratio.
e. NOlevel.
f. NOZlevel.
g. SOZ level.
h. S03 level.

.. i. 02 level.
j. HZ0 level.
k. N2 level.
1. Impurities.

Are there any in the feed that could be of concern and how
addressed?

m. Howwill steady state be verified?
n. Are there different operating conditions for determining activity

and selectivity?
o. Empty reactortests for NH3 and S02 oxidation.
p. Pressureof reactor,permittedpressuredrop.

7. Data Reduction and Analysi s:

a. Continuous or intermittent analysis of inlet/outlet gas
compositions and specific analysis frequency?

b. Temperature recorder.
What type will be used; is it continuous?

c. How will side reactionsbe accountedfor?
For instance,ABS, AS, NH4N03,N?O, SO3 formation.

d. Accountfor relativeinfluencesof mass transferto catalyst
surface(throughpore structure,etc.) and intrinsicactivity.

e. Analysisof catalystpropertiesbefore and after test.
Is there a need to determineoxidationstate or performXRD,
XRF for poisons,BET surfacearea, PVD?

8. Reactor Shutdown"
I

a. What procedure is recommended?
b Sequenceof gasesI " "

Is there any particularorder during shutdown?
c. Temperaturereduction.

What is cool down rate; is it importantif catalystsare to be
analyzedfollowinglab tests?

d. Unloadingof reactor.
Any specificproceduresneededwhich may influenceany tests to
be conductedon catalystafter laboratoryactivitytests?

a
i
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