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I ENHANCED FLUE GAS CONDITIONINGSTUDY FINAL PROJECTREPORT

I
1.0 INTRODUCTIONANDSUMMARY

m This projectwas conductedby the University of North Dakota Energy and

m EnvironmentalResearch Center (EERC)for Wahlco, Inc. and the U.S. Departmentof Energy PittsburghEnergy TechnologyCenter (DOE/PETC). The DOE/PETC share

of the project was funded throughCooperativeAgreementNo. DE-FC21-86MC10637

m under the Joint Venture portion of the Agreement.

m Many electrostaticprecipitators(ESPs) do not achieveacceptable
particulateremoval efficienciesbecauseof high-resistivityash. One method

m to improveESP performanceis to employ chemical conditioningagents to reduce
fly ash resistivity. Widely used agents includesulfur trioxide (S03)and

m ammonia, which are sometimesused simultaneously. For some fly ashes, thathave a low affinity for S03,conditioningwith S03 alone is not adequate to

reduce resistivitywithout excessiveamounts of S03 exitingthe stack. In

m such cases, the use of ammonia in additionto S03 may reduce the amount of

required S03 and prevent the emission of excess S03 out of the stack.

!
The generalobjective of the work was to test enhancedflue gas

m conditioningmethods to improvethe performanceof ESPs. Specific objectives
were to I) verify the relationshipbetweenthe requiredS03 injectionrates to

m maintain the desired fly ash resistivityand temperaturefor four coals, 2)verify that dual conditioningwith both ammonia and S03promotes S03

utilizationand allows for resistivitymodificationwith moderateS03

m injection rates, and 3) verify the effectiveness and practicality of an

enhanced flue gas conditioning (EFGC) method. The EFGCmethod is a

m proprietarydevelopment Wahlco, Inc.
of

m Tests were conducted at EERCwith a pilot-scale pulverized coal-fired
combustor and single-wire tubular ESP. A total of 37 one-day runs were

m completed, each run usually consisting of four two-hour tests. The primaryindependent variables were I) conditioning method--S03 alone, dual, and EFGC;

2) coal type--Big Brown, Texas lignite, Hunter Valley Australian

m subbituminous,Hudson bituminous,and Pleasant Prairiesubbituminous;3) ESP

m i
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temperature--250°, 325°, and 400°F; and 4) concentrationsof S03 and ammonia-- 1

0 to 25 ppm S03 and 0 to 50 ppm ammonia. The primarydependentvariableswere 1
1particulateemissions,ESP electricalconditions,ash resistivity,sulfur

retention,and ash tensile strength. A velocityof 5 ft/s correspondingto a l

specific collectionarea (SCA) of 124 ft2/1000acfm was held constantfor all 1
tests.

!
Superiorperformancewas achievedwith dual conditioning,comparedto S03

alone with all four coals. The improvedperformancewith dual conditioningis 1
Battributedto severaleffects. For many tests, resistivitywas lower with

dual conditioning,comparedto S03 alone using the same amount of SO3. This 1
1means that better transferof the SO: to the fly ash was achieved,and the

amount of S03 in the flue gas downstreamof the ESP was reduced,which should

correspondto reducedsubmicronemissions. In cases where resistivitycannot 1

be adequatelycontrolledwith S03 alone, a reductionin resistivitywith dual

conditioningshoulddirectlyresult in lower particulateemissionsbecauseof 1
1

a higher allowableelectricfield strength. Another primarymechanismof

reducedparticulateemissionswith dual conditioningis the effect on the 1
1

cohesive propertiesof the ash. Quantitativemeasurementsshow that dual

conditioningresultsin a greater ash tensile strengththan S03 alone. The 1
1increasedtensilestrengthof the ash with dual conditioningresults in

reduced continuousreentrainmentand lower rappingpuffs. The net result is 1

that, for some coals, significantlylower particulateemissionscan be 1

achievedwith dual conditioning.

I
Three of the coals--BigBrown, Hunter Valley,and Hudson bituminous--

were difficultto conditionwith S03 alone, and significantimprovementsin 1
1

ESP performancewere achievedwith dual conditioning. PleasantPrairiecoal

was readilyconditionedwith SO3 alone, but some reductionin particulate 1
1emissions resultedfrom using dual conditioning.

The EFGC resultsindicatedsome improvementin ESP performanceover SO3 1

alone, but much less improvementthan was seen with dual conditioning.

Nevertheless,furtherdevelopmentof the EFGC conceptwould appear warranted, 1

1

1

because changescan be made that will likely enhancethe resultswith EFGC.

!
2 I
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m 2.o OBJECTIVES

I The general objectiveof the proposed work was to determinethe

effectivenessof three conditioningmethods in controllingfly ash resistivity

I as a temperature. Specific objectiveswere as follows"
function of

m i. Determinethe required S03 injectionrates to control ash
resistivityfor four coals, each at three ESP temperatures.

m 2. Determinethe effectivenessof dual conditioning(S03and ammonia)

in controllingfly ash resistivityfor four coals as a functionof

m ESP temperature,and compare the effectivenesswith S03 conditioning

alone.

!
3. EvaluatepotentialEFGC approachesand select,design, construct,

m and installone or more EFGC systemson the EERC pilot combustor.

m 4. Determinethe effectivenessof EFGC in controllingfly ashresistivityfor four coals, each at three ESP temperaturesand one

S03 add rate, and comparethe effectivenesswith S03 conditioning

m alone and dual conditioning.

I
3.0 SCOPE OF WORK

!
The work was divide into 5 tasks. Task I, ProjectManagementand

I Preparation,was for the purposeof procuringtest coals, preparingthe
experimentalfacility for testing,writing reports, and general project

i management. Task 2, Baseline S03 Effectiveness,consistedof tests with fourcoals to evaluate the effectivenessof SO_ in controllingash resistivityat

severaltemperatures. Task 3, Dual Conditioning,consistedof tests with the

I same coals and ESP temperaturesas in Task 2 for the purpose of comparingthe

effectivenessof using only S03 to the effectivenessof S03 and ammoniaused

I in combination. Task 4, Design and Installationof EFGC, was for the
purpose

of evaluation,design,construction,and installationof one or more EFGC

I systems. Task 5, EFGC Testing, consisted of tests with the same four coals

I 3
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and ESP temperatures to evaluate the effectiveness of one or more EFGC

approaches, compared to the baseline S03 and dual conditioning results.

I
A total of 36 one-day runs were originally planned, including 12 runs

each for Tasks 2, 3, and 5. The one-day runs were planned for seven to ten
hours of test time. Each day of testing was with the same coal and one ESP

I

temperature; however, four to five separate tests were completed on most days.
A total of 37 one-day runs have been completed, including an initial shakedown |

run, 22 one-day runs evaluating SO3and dual conditioning, and 14 one-day runs

evaluating EFGC. I

The primaryindependentvariablesfor the study were as follows" I

I. Conditioning Method" This was the main purpose of the study and I
included the three different methods" SO3alone, dual, and EFGC.

i

In addition,severalconfigurationswithin each of the three main

methodswere tested, such as concentrationsof conditioningagents. |

At the end of the test program,severaltests were also conducted mm

with ammonia alone.

mm

2. Coal Type" The basoline resistivityand amount of SO3 requiredto I
controlresistivityare highly dependenton the coal type and

correspondingfly ash chemistry. The _xact test coals, selectedby I

Wahlco, includedBig Brown Texas lignite, Hunter Valley Australia
B

subbituminous, Hudson bituminous, and Pleasant Prairie

subbituminous. The original plan was for identical tests to be I

conducted with each of the four coals, consisting of three main i

conditioning methods with each coal. Of the 36 runs reported (not

including an initial shakedown run), 9 runs were completed with Big

Brown, 13 runs with Hunter Valley, 3 runs with Pleasant Prairie, and I
II runs with Hudson bituminous. After consultation with Wahlco

personnel, it was decided to complete more tests with the other I
coals, rather than to complete the original plan with the Pleasant

ii

Prairie,because the resistivityof the PleasantPrairieash is
I

relativelyeasy to controlwith conditioning.

!
' !
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3. ESPTemperature" Since fly ash resistivity is highly temperature

dependent, the amount of S03 required to control resistivity is also

temperaturedependent. In addition,mass transferof the SO3to the

surface of the ash particlesis temperaturedependent. Therefore,

were over a range temperaturestypical
tests conducted of of cold

side ESPs. Three main ESP temperatures,250°, 325°, and 400°F,were

l tested. However, severalEFGC tests were also conductedwith a
275°F ESP temperature.

4. SO3 Concentration" The S03 concentrationswere chosento cover a

reasonablywide range. Initialplannedconcentrationswere O, 5,

l 10, 15, and 25 ppm, but, after the first test, it was decided to

test four concentrationseach day to allow longertest times. For

most of the remainingtests, SOs concentrationswere O, 5, 15,
and

25 ppm; however,with Hunter Valley, some tests were conductedat 45

ppm because little effect was noted at lower concentrations.

5. Ammonia Concentration" Ammoniawas employed for Task 3 and forseveraltests at the end of Task 5. Plannedconcentrationswere at

ammonia/S03ratios of 0.5, I, and 2, with one S03concentrationbased on resultsfrom Task 2. Some tests were also conductedwith

ammonia at a second S03 concentration. In addition,a secondary

variablewas the ammoniainjectionlocationrelativeto the S03
injection. Two tests were conductedto evaluateresultswith

ammonia injection downstream of the S03 injection. For all other
tests with ammonia, the ammonia was injected upstream from the SOs

injectionlocation.

The primarydependentvariableswere particulateemissions,ESPelectricalconditions,ash resistivity,sulfur retention,and ash tensile

strength. A velocity of 5 ft/s correspondingto an SCA of 124 ft2/1000acfm

was held constant for all tests.

For each 2-hour test, particulateemissionswere monitoredcontinuously
as a function of time with both the AerodynamicParticleSizer (APS) and

CondensationNucleus Counter (CNC). In addition,EPA Method 5 dust loadings
were conductedat the ESP inlet and outlet; however,they were not completed
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for each 2-hour test. Electrical measurements of the ESP included applied i

electrode voltage, corona current (measured at the plate), supply power, and

sparking voltage. I

|
4.0 FACILITY DESCRIPTIONANDPROCEDURES

1

4.1 Coal Preparation 1

The four coals, Big Brown Texas lignite, Hudson bituminous coal, I

Pleasant Prairie subbituminous coal, and an Australian Hunter Valley

bituminous coal, used for the tests were shipped to EERCby truck. The i
-4-inch coal was unloaded and stored in 25-ton bunkers. Prior to the tests,

the coal was removed from the bunkers, crushed to -8 mesh, and then pulverized I
i

to 70% -200 mesh in a hammer mill pulverizer. Sieve analysis was used to

document the final size distribution of the coal and to maintain quality i
Ucontrol. The pulverized coal was then stored in sealed tote bins until needed

for the tests, l

4.2 ParticulateTest Combustor (PTC) i
BI

The pilot-scalefurnace,known as the particulatetest combustor(PTC),

is a 550,O00-Btu/hrpulverizedcoal-firedunit designed specificallyto i
I

generate fly ash representativeof that produced in a full-scaleutility

boiler. The combustoris oriented verticallyto minimize wall deposits. A i
g

refractory lininghelps to ensure adequate flame temperaturefor complete

combustion and preventsrapid quenchingof the coalescingor condensingfly
|ash. The mean residencetime of a particle in the combustoris approximately

three seconds, based on the superficialgas velocity. Combustorefficiencies m

of 99+%, based upon loss on ignitionof the fly ash and the CO concentration i

in the flue gas, are evidencethat incompletecombustionis not normally a

problem with this combustor. However, for the initial Hunter Valley tests, i

i

higher than normal carbon carryover was observed. To correct this, a

controlled swirl burner was installed for later tests, i

The coal nozzle of the PTC fires axially upward from the bottom of the i
|combustor, and secondaryair is introducedconcentricto the primaryair with
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I turbulent mixing. In addition, tertiary air is supplied above the base of the

i combustor. Coal is introduced to the primary air stream via a screw feederand ejector. An electric air preheater is used for precise control of the

combustion air temperature. Water-jacketed heat-exchangers provide flue gas

l temperature control to the ESP. An extra piping loop was added to provide

additional cooling when necessary. The PTC instrumentation permits system

l temperatures, pressures, flow rates, flue gas constituent concentrations, and
ESP operating data to be monitored continuously and recorded on a data logger.

l Figure I illustrates the PTC schematically.

l Flue gas samples were taken at three system sample points" the furnaceexit and at the ESP inlet and outlet. After passing through sample

conditioners to remove the moisture, the flue gas was analyzed for 02, C02,

I S02, NO,, and CO. Except for the CO2 and CO, each constituent was analyzed at

both the inlet and outlet of the ESP simultaneously using two analyzers. Flue

I gas concentration data for all of the instruments were recorded continuously
using circle charts. In addition, all data were recorded at set time

I intervals by the EERCoperations personnel. NO, was determined using two
Thermo Electron chemiluminescent NO, analyzers. The 02, CO, and C02 analyzers

i are made by Beckman, and the S02analyzers are manufactured by DuPont. Eachof these analyzers are regularly calibrated and maintained to provide accurate

flue gas concentrations.

4.3 ElectrostaticPrecipitator(ESP)

!
A vertical single-wire tubular ESP was used for these tests. A

I schematic of the unit is shown in Figure I. The stainless steel ESP has a
plate length of 79 inches and an inside diameter of 8.3 inches. The gas

E velocity through the ESP was held constant at 5 ft/sec, giving a specificcollection area (SCA) of 124 ft 2 of plate area/lO00 acfm. To keep the gas

velocity constant at different ESPoperating temperatures, part of the flue

i gas was bypassed. Table I gives the flue gas flow rate throughthe ESP at the

differentoperating temperatures.

!
The wire electrodewas a i/8-inchstainlesssteel wire attached at the

I top and weighted at the bottom. All connections were electrically isolated
using ceramic materials and teflon. Silicone-insulated cable heaters were
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I TABLE1

I ESP Flow Rates
Percent

I ESP Temperature ESP Flow Total Flow
(°F) (scfm) (nominally130 scfm)

I 250 81.6 62.8
275 78.7 60.5

I 325 73.8 56.8
400 67.5 51.9

I
m used for initialheatup of the ESP and to maintain the temperatureduring

testing. Followingeach test, the ESP was cleaned by rappingwith two

i electricallyinsulatedpneumatichammers,after which the ash hopper wasremoved, and the ESP manually cleaned using a steel wire brush.

l The ESP power supply was manufacturedby KiloVolt Corporationand has a

range of 0-70 kilovoltsat a maximum currentof 10 milliamps. The power

m supply can be operatedeither in a currentor voltagemode. For these
tests,

a manual voltagemode was used. Unless sparkingoccurred,the voltagewas

m usuallyheld constantat 50 kV. If sparkingoccurred,then the test was run
at the highest voltagethat could be maintainedwithout sparking.

m Prior to each day of testing, a clean plate voltage-currentdensity (VI)

curve was generated. Each test generallylasted 2 hours, after which the ESP

m was rapped once, and then a VI curve was generatedwhile at the test

conditions,beginningat the highestvoltageobtainablewithout sparking. In

m addition,during the test, the voltage, and ESP
current, inlet and outlet

temperatureswere continuouslymonitored.

I 4.4 ResistivityMeasurement

m in situ resistivitymeasurementswere completedwith the Wahlco

resistivitydevice installedjust upstreamof the ESP. The device,shown in

m Figure 2, consists of a cyclone to collectan ash sample in a cylindrical

m 9
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Figure 2. Schematicof resistivityprobe. I

teflon cup. A high-voltagepin electrodeis on the central axis of the cup I

and is electricallyinsulated. The second electrodeis annular in shape and

placed along the wall of the cyclonecup. As ash is collected in the cyclone, I

it falls into the cup until it fills the space between the two electrodes. A

high voltage (1000 volts) is then appliedbetweenthe pin and outside I

electrode, and the resistivityof the collectedsample is determinedby

measurementof the currentthrough the collecteddust sample. I

The dust sample is drawn into the cycloneby using an eductor,driven by Bi

pressurizedair of at least 60 psig. During sampling,the device is tapped m
with a hammer to facilitatepacking of the dust into the annularspace between m

the electrodes. After severaltrial runs, the length of time needed to I

1o |
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I
collect an adequate sample (usually15 to 20 minutes) can be determined. The

I cyclone is fitted with an air purge to clean the cup after a test, so multipletests can be conductedwithout removingthe cyclonefrom the duct.

I The device is simple to operateand has many advantages,but it also has

characteristicsthat may lead to variabledata. The ash will be size-

I fractionatedbecause the cyclone collects only than the
particleslarger

cyclone cut point. The cut point of a cyclone dependsprimarilyon the size,

I shape, and gas-samplingrate. The cut point, as a functionof flow rate, was
not known, but, based on comparisonswith other samplingcyclones,would

i appear to be about 5 micrometers. If the collectedash is somewhatdifferentthan the ash collected in the ESP, resistivitymeasurementsmay not be

correct. Another possiblecause of variablemeasurementsis the unknown flow

I rate throughthe cyclonewhich may vary as the eductorbecomes pluggedwith

ash. A vacuum gauge was installedbetween the eductorand cyclone to help

I maintain steady flow but the eductorhad to be cleanedto
a rate, periodically

maintain an adequate vacuum. Therefore, some variabilityin cyclone flow rate

I likely occurred. In general, the sampling with the cyclone is nonisokinetic
which may also lead to a nonrepresentativeash sample. Other factorswhich

I may affect the resistivityreadings includehow well the sample packs into theannular space betweenelectrodesand the residencetime of the ash in the

cyclone cup before a measurementis taken. With dual conditioning,the ash

I was generallymore porous and did not pack as weil. The effect of poor

packing on the resistivityreadings is unknown. Residencetime in the cup

I could also be a factor if the S03 reacts with alkalineash constituents.
Typically,the samplingtime was held constant from test to test to minimize

I residencetime effects. During each test, three or four repeat resistivity
measurementswere usually taken. In general, resistivityreadings were

I repeatablewith reasonablestandarddeviations. The most difficultywasexperiencedwhen the LOI of the ash was high, which resulted in unreasonably

low current readings,most likely because of larger amountsof conductive

I carbon in the ash.

I 4.5 ParticulateSampling and Measurement

I Near real-timemeasurementswere conductedwith an AerodynamicParticle
Sizer (APS 33), manufacturedby TSl Inc., shown schematicallyin Figure 3.

I ]I
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Figure 3. Schematicof AerodynamicParticleSizer. I

The primary advantagesof this system are the high resolutionand short l

samplingtime. In the APS, particle-ladenair is passed througha thin-walled
m

orifice,and, because of their higher inertia, the particleslag behind the mm
lgas. The velocity lag is uniquelyrelatedto the aerodynamicdiameterof the

particles. Therefore, the aerodynamicdiameter of a particlecan be mm

determinedby measuring the particlevelocity as it exits the orifice. To II

measurethe particle velocity,the APS employs a laser which is split into two

beams. The light scatteredby a particlepassing throughthese beams is I
collected,and two pulses are emitted, separatedby the time taken for the

particle to cross the distancebetweenthe two beams. From this time l
ml

interval,which is measured electronically,the aerodynamicdiameter is

calculated. For most applications,the particle-sizedistributionfor II

particlesranging in size from 0.5 pm to 30 pm can be obtainedwithin 20

seconds,giving near real-timemeasurements. I

The APS system includesa computerfrom which the particle-size

distributioncan be obtained on the basis of either a number or mass I

12 |
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I concentration. However, rather than lookingat emissionsof severalparticle

sizes, fine particle emissionscan be combinedby using a calculatedvalue of

I respirable mass. The American Council of Governmental and Industrial

Hygienists (ACGIH) definition of respirable mass, as given in Table 2, is

I used. The ACGIH definition is extrapolatedand interpolatedto calculatethe

percentage at the midpoint of each channelfor that particle size. The

I respirable mass from all of the channels is added to obtain the total
respirable mass. This provides a convenient and effective method of plotting

I fine particle emissionsas a function of time.

i To determine the concentration of submicron particles (0.01 to 1.0 Mm),a Differential Mobility Particle Sizer (DMPS), also manufactured by TSl Inc.,

was used. Electrical mobility is _ measure of how rapidly an electrically

I charged particle responds to an electricfield. This responsetime is related

to the particle diameter and the number of chargescarried by the particle.

I The DMPS system consists of two primarysections" an electrostaticclassifier
and a CondensationNucleus Counter (CNC). The purposeof the electrostatic

I classifier is to remove a predictablefraction of the particleswithin a
narrow size range to pass these to the CNC, where the particlesare counted.

I Aerosols are initiallypassed through a Krypton-85neutralizer,which exposesthe particlesto high levels of both positive and negativeions. The

particles acquire a charge distributionthat is describedby the Boltzmann

I equilibriumcharge distributionequation. A voltageis appliedto the

electrostaticclassifierwhich maintains a center electrodeat a precise

I negative potentialwhich attracts the positivelychargedparticles. Only
those particleswith a narrow predictablemobility range pass through a slit

I near the bottom of the center electrode.

i A small air flow (0.3 liters/min)carriesthese particlesto the CNC.The CNC measures particlenumber concentrationby using the light-scattering

technique. Since the dry submicronparticlesare too small to be easily

I detected by light scattering,the particlespass throughan alcoholvapor

which condenses on the particle, forminga droplet. Each droplet is large

I enough to scatter detectableamount of when it
a light passes through a light

beam. The droplet size is nearly independentof the size of the original

I particle over a wide range of particle sizes, so the light scatteredis a
function of number concentrationonly, not of size distribution. This

| 13
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TABLE 2 I

ACGIH RespirableMass Definition I
AerodynamicDiameter RespirableMass Fraction I

(micrometers) (percent)

2.0 90 I

3.5 50

50 25 I
10.0 0

I
instrumentwas also used independentlyof the electrostaticclassifieras a

continuousreal-timemonitorof the number of fine particlespresent in the I
Iflue gas. An impactor,prior to the gas streamenteringthe CNC, removedthe

larger particles,giving the number concentrationof submicronparticles. I

For both the APS 33 and DMPS particle analyzers,a dilution system was lira

employed. Dilutionof the flue gas is necessaryto preventmoisture I

condensationin the sensorsand to reduce particleconcentration,which, if

too high, may exceed the maximum output of the CNC and may cause coincidence I

error in the APS. To be effective,the dilutionsystemmust providea

constant flow of aerosolthrough the nozzle, regardlessof the pressure in the I
Istack. A schematicof the particulatesamplingsystemwith diluter is shown

in Figure 4. The APS pump draws the sample into the diluter volume. A second II
Ipump is used to draw off a portionof the flue gas to recycle it back as

dilution gas after it has been cleaned and the moisture removed. As is shown
I

in the figure, both the APS and DMPS were operatedsimultaneouslyusing this I
dilution system. The maximumdilution that can be obtainedwith this system

is about 10 to I; if higherdilutions are needed,as was the case for these I
I

tests, the system is operatedin conjunctionwith a Model 3302 TSl diluter.

With both systemsoperating,dilutions up to 1000 to I can be obtained. I

In additionto the DMPS and APS, a modifiedEPA Method 5 was used to I
Iobtain dust loadingsat the inlet and outlet of the ESP to determinethe

overall ESP particulatecollectionefficiency. The particle-sizedistribution I

of the bulk fly ash was determinedusing a CoulterCounter. I
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Figure 4. Schematicof particle-samplingsystem (APS 33, DMPS, and dilution

l system).

The o,!tletparticulateconcentrationwas recordedevery 10 minutes

during a test with both the APS and CNC. In addition,one DMPS measurement

requiringapproximatelya 25-minutesample time was taken during each 2-hour

period. During remainderof the test period,the CNC w_s operatedon
test the

a continuous basis. Two inlet and two outlet EPA Method 5 dust loadingswere

l completedeach day of testing. To determinethe particulateconcentration
during the rapping puff, an APS sample was taken immediatelyfollowingthe

l rap. While data were collectedto generate the VI curve, a respirablemass
value was also obtained, at each voltage setting, using the APS.

4.6 Sulfur Trioxide and Ammonia Injection

l provide S03,a catalyticSO3 generator,shown in Figure 5, was used.
To

Air and S02 are passed through a vanadium-catalyst-filledreactorthat is

l heated to 850°F, thereby oxidizingthe SO2 to S03. Conversion measured
was

using S02 analyzersand was determinedto be 70% ± 10%. To help verify the

I is
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Figure 5. Sulfur trioxide and ammoniainjectionsystem using S03 generator, mm
|

B
actual S03 concentrationin the flue gas, the selectivecondensationS03

measurementmethod was used during one of the tests. Two S03 sampleswere

collectedwith the
S03 generatorset to provide 15-ppmS03 to the flue gas. I

The results from these two samplesshowed that the S03 concentrationsin the

flue gas were 14 and 19 ppm, respectively. These values are within the

combined error of the measurementmethod and the S03 generator.
i

Ammonia (from a tank of anhydrousammonia)was injectedupstreamof the I

S03,with the flow rate to the ESP controlledusing a mass flow controller mm

calibratedfor ammonia. The relative locationof the ammonia and S03 injec-

tion points is shown schematicallyin Figure I. The SO3 injectionpoint was
20 feet and the ammonia 31 feet

from the inlet of the ESP. This gives I
residence times, prior to reaching the ESP, of 0.6 seconds and 1.0 second,

respectively. I

One concernwith ammonia injectionis the amount of ammoniathat is not

transferredto the fly ash and exits the stack as ammoniaslip. The ammonia |
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I exiting the ESP was measured by extractinga known quantityof flue gas

l through impingerswhich contained0.1N sulfuricacid. The ammonia in theextractedflue gas is absorbed by the sulfuricacid. The solutionwas diluted

to a known volume and the ammoniaconcentrationmeasured using a selective ion

I electrode. To ensure that all the ammonium ions in the solutionwere

convertedto ammonia,the pH of the solutionwas inc,'easedto 11 using 6 N

l sodium hydroxide. Multiple ammoniaslip measurementswere taken, but almost
all indicatedless than I ppm of ammoniaslip. The accuracyof the method is

I probably no better than ±2 ppm. lt should be recognizedthat the method
detects only gas-phaseammonia and does not account for any ammoniumsulfate

i or bisulfatein particulatephase.

4.7 CohesiveTensile StrengthMeasurements

!
A Cohetester, manufactured by Hosokawa Micron International, was used to

l quantify the cohesivepropertiesof the ESP fly ash. The Cohetesterprovides
a direct measurementof the tensile strengthof the fly ash as a functionof

l compactionpressure. These data can be used to optimizeconditioningagent
concentrationsfor improved ESP performanceand, possibly,to predictthe ESP

i collection efficiencyfor a particularfly ash.

A schematicof the Cohetesteris shown in Figure6. lt consistsof a

I horizontalsplit cell 5 cm in diameter,with one half of the cell movable and

the other half fixed. The cell is suspendedso that it can be pulled apart

I with minimal force when is in the thus
no sample cell, minimizingany error

due to externalfrictionalforces. When the strain motor is turned on, the

I powder bed is pulled and extended in the same directionas the tensile force.
The displacement(extension)of the powder bed and tensile stress are plotted

l on an x-y recorder. The maximum value on the verticalaxis is the cohesivetensile strengthof the powder in grams of force per square centimeter

l (g,/cm2) at that compactionforce.

The followingprocedurewas used for making a tensilestrengthmeasure-

I Cohetester. Becauserelative humiditysignificantlyaffects the
ment with the

cohesive propertiesof fly ash, the samplesare preparedby siftingthem

I through a 60-mesh-screenand storing them overnightin a humidity-controlled
chamber at 10% relative humidity. A weighed amount of sample (basedon

| 17
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Figure6. Schematicof Cohetester. I

!
experience)is carefullypoured into the cell and compactedby guiding the m

packing
weight carefullyinto the extensiontube. Additionalweights (up to l

amaximum total compactionweight of approximately5 kg) are placed on the

first weight until the lip of the packingweight rests on the cell extension l
tube. With the sample properlycompacted,the weights and cell extensiontube

mm

are removed. After zeroing the recorder pen and releasingthe securing knob, I
the strain motor is turned on, and the fracture curve is recorded. I

Compactionweights over a range from 320 to 5000 grams were used to I
compress the samples,which correspondsto compactionpressuresof 16 to 255 I

g,lcm 2. The
upper value of the compactionweight is limitedby the structural l

integrityof the suspendedcell. lt is necessaryto compactthe ash so that

it will break along a plane when it is pulled,giving a valid tensile strength l
measurement. The range in porosity for a given fly ash sample is determined

I

by the range in compactionforce, which is the same for each sample. For a I
particularash sample,at least five tensile strengthmeasurementsover the

I

full range of compactionforce are required to plot the tensilestrength as a I

function of porosity. The percent porosity of the powder cake for each test l
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I was determinedfrom the particledensity (measuredby helium-airpycnometry),

i the sample weight, and the cell volume occupied by the compactedpowder(suppliedby the manufacturer).

I 4.8 Sample Analyses

I To providedocumentationas to the type of coals used in these tests,
ultimate and proximateanalyseswere completedfor each coal. Carbon,

I hydrogen,nitrogen,and sulfur valueswere obtainedusing a Leco CHN analyzer
and a Leco sulfur analyzer. A higher heating value was obtainedfor each coal

i using a bomb calorimeter(ASTM Method D2015-77). In addition,inorganicconstituentsof the coal were determinedusing x-ray fluorescenceanalysis

(XRFA),with the coal ash samplesprepared by ASTM Method D3174-82. To

I determinecarbon carryover,since several of the coals seemed to have carbon

in the ash, loss on ignition (ASTM Method D3174-82)was performedon several

I fly ash samples.

I Sulfur retentionon the fly ash was determinedusing a Leco SC132 IR
sulfur analyzer. Using this data along with the S03 injectionrates and other

process parameters,the relativeeffectivenessof the S03 transferto the fly

I ash surfacewas determined.

I To determinethe particle-sizedistributionof the pulverizedcoal, as

well as to maintain quality controlof the pulverizingsystem,a standardASTM

I sieve for each coal. Sieve sizes used for the test
analyseswas completed

were 100 mesh, 140 mesh, 170 mesh, 200 mesh, 270 mesh, and 325 mesh.

I
Surfacearea of the fly ash was measured using a BET surfacearea

I analyzer for several of the Hunter Valley tests. This was to help quantifythe nonsphericalcharacteristicsof the Hunter Valley fly ash. As a

comparison,the surfacearea of one of the Big Brown fly ash samples (highly

I spherical)was also measured. Helium-air pycnometrywas used to determine the

density of the fly ash from each of the coals.

!
I
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5.0 RESULTSANDDISCUSSION 1

1
Coal and ash analyses are given in Tables A-I and A-2 in the Appendix. 1

A summaryof all of the primary resultsfrom each test is given in Tables A-3

and A-4 in the Appendix. Run numbers are sequentialnumbers assignedto the 1
1

PTC for each day of operation. Test numbersare sequentialnumbers_,ssigned

to individualtests within each day or run. Most runs includedfour tests 1
1

with different test parameters. Resultsare identifiedby both run number and

test number throughout the text and in the Appendix. The Appendixalso 1
1contains a total of 177 figures,which includeresultsfrom all of the tests.

5.1 Big Brown: S03 and Dual Conditioning(Runs 344-348) 1

1

Results for Big Brown tests with S03 and dual conditioningare given in 1
1

summarytables in the Appendix and in FiguresA-I.1 throughA-I.46. Note that

for these first runs, initialoperatingvoltagewas usuallyset at 54 kV, but 1
1

severaltests were run at 60 kV. For each run, respirablemass emissionsare

plotted as a functionof time with and without the rappingpuff, as a function 1
1of voltage, and as a function of currentdensity. Respirablemass

measurementsas a function of voltage and current densitywere taken prior to m

rappingat the end of each test after two hours of dust accumulationon the 1

plate.

I
Runs 344, 345, and 346 were with SO3 conditioningalone at respertiveESP

temperaturesof 3250, 400°, and 250°F. Five tests were conductedduring Run 1
1

344 each for 1.5 hours. However, for subsequentruns, the number of tests was

reducedto four and the test time increasedto two hours. The primary 1
1indicatorsof the effect of conditioningare emissionsas a functionof time,

emissions as a function of voltage,emissionsas a functionof current l

density, resistivityas a functionof S03 injectionrate, and sulfur retention 1

of the ESP hopper ash as a functionof S03 injectionrate. For Run 344 at

325°F, FiguresA-I.1 through A-I.4 show that emissionsdrop with increasing 1

1

S03,except there is little differencebetween15 and 25 ppm of S03.

Resistivity(FigureA-1.32) and sulfur retention(FigureA-I.34)results, 1
1

however, indicatethat somewhatmore S03was transferredto the fly ash at

25 ppm. For Run 345 at 400°F, respirablemass as a functionof time for the II
1three tests with S03was fairly constant,but lookingat emissionsas a

20 1



!
function of voltage or current density indicates emissions decreased with

increasing SO3 (Figures A-I.5 through A-I.9). Again, the resistivity andsulfur retention graphs suggest S03 transfer increases as a function of the

SO3injection rate. However, submicron mass increased significantly at 15 and

25 ppm, indicating substantial SO3slip at this temperature. For Run 346 at

250°F, emissions as a function of time did not appear to depend highly on the

amount of SO3; however, the baseline and 5 tests conducted at 60ppm were kV,

compared to 54 kV for the other tests. Looking at emissions as a function of

voltage clearly shows decreasing emissions with increasing SO_(Figures A-I.IO
through A-I.15). Resistivity and sulfur retention graphs also confirm this

result. Comparing sulfur retention for the three temperatures suggests thatSO3transfer at 250°F is better than transfer at 325°F, which, in turn, is

better than transfer at 400°F. Submicron emissions indicate substantial SO3

slip at 400°F and very little slip at 250°F. Only one data point was

available at 325°F, which indicates little SO3slip at 15 ppm, compared to

400oF,

Comparing the respirable mass emissions and the EPAMethod 5 results for
Runs 344-346 (see summary tables) raises a question of the consistency of the

data. For example, the collection efficiencies for Tests 3 and 4 of Run 346at 250°F are much lower than for the other tests. The suspected reason is

that the resistivity device was rapped during these dust loadings, causing

l some dust to be dislodged and increasing the dust loading. For later tests,

rapping the resistivity device was avoided during outlet dust loading

measurements, and this problem was apparently corrected. Another possible
cause of inconsistent dust-loading measurements was that the ESPwas not hand-

l cleaned for these early tests. If the ESP rapping did not sufficiently remove
dust deposits, the buildup on the plate may have been greater at the end of

Test 4 compared to the end of Test I. This is the apparent reason why theminimum respirable mass was lower for Run 344 at 3250F compared to Run 346 at

250°F. The minimum respirable mass readings were taken at 70 kV for Run 344compared to 54 kV for Run 346 because of sparking limitations. This raises

the question, "Why was there sparking at a lower voltage at 250°F, when the

resistivity was also lower at 250° than at 325°F?'' An explanation is that
there was greater dust accumulation at 250°F. In both cases, dust was removed

from the plates only by normal rapping, but the tensile strength curves
(Figures A-I.37 through A-I.46) show that, at 250°F, tensile strength was much
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greater. Therefore,very likely,less dust was removedat 250°F by rapping, ii

which explainswhy the sparkingvoltagewas also lower than for the 325°F lm

test. A more valid comparison is the respirablemass at a constantvoltage E

(FiguresA-I.3 and A-I.13)of 50 kV, which shows that emissionsare lower at

: 250°F, as would be expected. I

' A question also exists as to the basis for lower emissionswith lm
ii

increasingSOswhen the voltage-currentcurves for Runs 344-346 (FiguresA-

1.27 throughA-I.31) show higher current at a given voltage for the baseline ii

tests than tests with SOs. This impliesthat the added SOs produceda space- |
charge effect to suppresscorona current. For example, the graphs of mm

respirablemass as a functionof voltage clearlyshow lower emissionswith

increasingSOs. This occurredeven though the currentdensitywas highest

without any SO3. These resultswould appear to be inconsistent. However, I

Jm

II

lookingat respirablemass as a function of currentdensity (FiguresA-I.4, A-

I.9, and A-1.15) clearly shows that, at constantcurrentdensity, emissions m
lira

are lower when SOs is used. If the particle-sizedistributionand cohesive

propertiesremain constantand there is no back corona,emissionsshould be il
ldetermined primarilyby currentdensity and should be constant at constant

currentdensity. Lower emissionsat constant currentdensitywhen S03 is used m

imply that either there was a shift in particle-sizedistributionor in I

cohesiveproperties. The tensile strengthgraphs (FiguresA-I.37 throughA-

1.39) show that there is a shift in the tensilestrengthwith increasingS03 J
lm

for all three temperatures. The greatest shift occurs at 2SO°F,which is

consistentwith the sulfur retentiondata. Therefore,an explanationfor I
II

lowest emissionsat constantcurrentdensity is that the ash was more cohesivei

at higher SO_ concentrationsand less subjectto reentrainment. Small shifts J
lin the particle-sizedistribution,due to agglomerationin the duct between

the injectionlocationand the ESP, may also explainwhy emissionswere lower m

at higher S03. However, in situ particle-sizedistributiondata are not m
available.

!
Resultswith both ammonia and SOs injectionfrom Runs 347 and 348 show

that emissionswere significantlylower with dual conditioningcomparedto SOs m

alone. Lower emissionswith dual conditioningare evidentfrom the graphs of
lm

respirablemass vs. time, voltage,and currentdensity, as well as from the mk

EPA Method S measurements(FigureA-1.16 throughA-1.25). In addition,the |
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m rappingpuffs are significantlylower with dual conditioning(FigureA-I.26).

Again, the reduction in e_issionswhen ammonia is added appearsto be the

m result of a significantshift in the tensilestrengthwhich may be an

indicatorof reduced reentrainment. Resistivityresults indicatethat dual

I conditioning reducingresistivity S03 at 325°
is more effective at than alone

and at 400°F. At both temperatures,resistivitywas almost one order of

magnitude lower with dual conditioningcompared to 15 ppm of S03 alone (Figure
A-I.33). Looking at sulfur retentionas a function of ammonia injectionrate

at a constant 15 ppm SO_ (FigureA-1.35)shows that ammoniaenhances S03transfer to the fly ash. Concerningthe amount of required ammonia,at 325°F

there was little difference betweenammoniaconcentrationsof 30 ppm and 15

ppm, both at 15 ppm S03. However, the data at 400°F indicatethat lower

emissionscan be achieved at 30 ppm of ammonia, compared to 15 ppm or 7.5 ppm

of ammonia. For all tests with dual conditioning,emissionswere
substantiallyreduced compared to SO_ alone.

!
Some explanation is necessaryto understandthe operatingcurrent and

l sparkingvoltagedata for Runs 347 and 348. For Run 347 at 325°F,the highestoperatingcurrentwas with S03 alone,which is confirmed by the voltage-

current curve in Figure A-I.30. However, for Run 348 at 400°F,operating

m currentwas lowest with _0_ alone. Lowestcurrent at constant voltageshould

occur when corona current suppressionis greatest,which is expectedto occur

m when the largest numbers of submicronparticlesare present. The DMPS number
concentrationdata confirm that the greatest submicronparticleconcentration

m occurred with S03 alone at 400°F and with dual conditioningat 325°F. A
possible explanationis that, at 400°F,much of the injectedS03 remains in

m the flue gas as fine particles, providinggreater current suppression.
However, at 325°F, the greater corona current suppressionapparentlyoccurs

m with dual conditioning. These data providestrong evidence that reducedemissionswith dual conditioningare the result of changed cohesive

properties,because,whether currentdensitywas highestwith SO, alone (Run

m 347) or lowest with SO_ alone (Run348), particulateemissionswere much lower
with dual conditioning.

!
The sparkingvoltage data in Runs 347 and 348 are inconsistentwith the

m resistivitydata. Resistivitydata (FigureA-I.33) show that the addition of
ammoniato 15 ppm of S03 lowered resistivityby almost an order of magnitude,
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but sparking voltagewas higher at the higher resistivities. The explanation

is that the SO3 alone tests were the first tests each day. Dust accumulation mm

for these tests was only from the first test. Even though the plate was I

rapped between tests, some dust remained and contributedto the total dust

layer for subsequenttests. Poor cleaning by rappingwas especiallyevident I
when dual conditioningwas employed,which is consistentwith the increased

tensile strength. Therefore,even though resistivitymay have been less with
BB

dual conditioning,becauseof increaseddust accumulation,sparkingoccurred

at a lower voltage. The same explanationappliesto Run 346 at 250°F. Lower m
msparking voltage likely occurredwhen resistivitywas lowest becauseof

increaseddust accumulationin later tests.

I
In summary, dual conditioningwith Big Brown ash results in much lower

particulateemissionsthan S03 injectionalone. The reduced emissionsare the I

result of severaleffects. At constant voltageor current density,emissions

are likely reducedbecauseof a shift in the tensilestrength curve which
W

leads to reduced continuousreentrainment. The significantreductionin

rapping reentrainmentgives dual conditioningan even greater advantage. B
mFurthermore,lower resistivitywith dual conditioningshould allow operation

at higher voltages leadingto even lower particulateemissions.

!
S03 injectionalone is somewhateffectivein controllingresistivityfor

all three temperatures,since resistivitydecreasedwith increasingS03 I
injectionrate for all three cases. Resistivityand sulfur retentiondata

show that S03 alone is most effective at 250°F,which would be expected. I

Cohetester resultsprovidea quantitativedeterminationof the effects mm
mof conditioningon the cohesivepropertiesof fly ash. Tests show that S03

alone increasestensilestrengthat constantporosity. Therefore,we can mm

conclude that S03 reducesemissionsby reducingreentrainmentin addition to

lowering resistivity. Dual conditioningresults in a greater increasein

tensile strength than S03 alone,which likely leads to still lower emissions I
because of reducedreentrainment.

!
I
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I 5.2 Hunter Valley: SO3and Dual Conditioning (Runs 349-354, 364, 365)

In contrast to the Big Brown tests, difficultieswere encounteredwith

the Hunter Valley coal. These difficultiesresulted in deviation from the

I original test plan. For example, no tests were conductedat a temperatureof
400°F, because, even at lower temperatures,resistivitycould not be

I effectivelycontrolled. After consultationwith Wahlco, a decisionwas made
to perform additionaltests at the lower temperatures,rather than the

I original planned400°F tests. Includingthe additionaltests, a total of
eight runs were completedwith Hunter Valley coal investigatingSOs and dual

i conditioningat 250°F and 325°F.

A somewhatsurprisingresult was high loss on ignition (LOI) of the ESP

m ash, indicatinghigh carbon in the ash. Past experiencewith combustionof
numerous coals with this combustorhas not indicatedpoor carbon burnout. The

m high LOl of the ash apparentlydid not significantlyaffect precipitator
performance,but it did make resistivitymeasurementdifficult. InitialLOI

m of the EsP hopper ash was approximately10%, but LOI of the resistivity
cyclone catch was in the range of 18% to 29%. Under these high LOI

i conditions,the resistivitycurrent readingswere typicallyabout I mA, whichcorrespondsto a resistivitybetween 107and 108ohm-cm,even though sparking

and back corona were occurring. The low resistivityreadingswere attributed

I to the high carbon contentof the ash collected in the resistivitycyclone. A

cyclone such as the resistivitycyclone is a size-fractionatingdevice which

m will collect primarilyparticleslarger than 5 Since the unburned carbon
pm.

is mainly presentas larger particles,the higher LOI of the resistivity

I cyclone ash is not surprising. For Run 365, an adjustableswirl burner was
installedon the combustor,which resulted in an LOI of only 3.45%. When

i particulateemission resultswere comparedto previousresults with the sametest parameters,little differencewas noted. Therefore,the initialESP

tests with high LOI ash appear to be valid.

!
Another unexpectedresult was the physical consistencyof the Hunter

m ash. The ash and and did not exhibit
Valley fly was light fluffy typical

sphericalash morphology. A comparisonof SEM micrographsbetween the Big

I Brown ash and the Hunter Valley ash at three differentmagnificationsis shown
in Figures 7-9. The Big Brown particlesare primarilysphericalover a wide
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particle-sizerange, indicatingthe particleswere in a liquid state at some

time during combustion. In contrast,the SEM micrographsshow that some of mm

the Hunter Valley particles are spherical,but many are irregularin shape, i

This indicatesthat part of the ash did not reach a liquid state during

combustionand particle formation. Ash fusion measurementswere not completed n

on these samples,but ash fusion temperaturesfor this coal ash apparentlycan

be as high as 2800°F (based on discussionswith Wahlco personnel). Ash i
l

morphologysuch as this has never occurredwith this combustorwith previously

tested coals. One short test was conductedat the end of Run 353 to see if n
Ithe combustorcould be operatedhot enough to change the morphologyof the fly

ash. The coal feed rate and air flow were increasedso that the furnace exit
n

temperaturereached 2000°F,comparedto a typical exit temperatureof 1700°F U

with the large combustorbottom. Nevertheless,the LOI increasedat the

higher exit temperature(possiblydue to lower residencetime), and there was n
no change in the ash morphology. For the test with the adjustableswirl

burner, a smallerbottom was used, and the furnace exit temperaturewas about n
u

1850OF. With the swirl burner, a very hot, intense flame could be seen

throughthe furnace sight ports, indicatinggood combustion,and the LOI was n
Uonly 3.45%. However,there was still no change in ash morphology. There were

no other obviouschanges in the combustorthat could have been implementedto n

increasethe temperatureof the ash. Whether the somewhatabnormalash I

morphologyaffected ESP performanceis not known.

!
Another result of the fluffy ash was extensivedepositionand buildup on

the piping walls between the furnaceand the ESP. This made controlof n
H

temperatureat the inlet of the ESP difficult. For Run 365, an extra piping

loop was installedon the PTC to help controlthe ESP inlet temperatureat
l250°F. The resultwas a very steady ESP temperature. Comparingresults of

Run 365 with previoustests with the same parameters,however,showed only n

minor differences,implyingthat the earlierresults are valid despite some n

temperaturevariations.

I
Five runs were completedat an ESP temperatureof 325°F (Runs349-352 and

364). The three primary indicatorsof the effective_essof conditioningfor i

these initialHunter Valley tests were particulateemissions,whether back
u

corona could be avoided, and whetherconstant voltage could be maintained, n

Initialstartingvoltage for the first baseline test in Run 349 was 50 kV, n
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Figure 7. Comparison of fly ash morphology between Big Brown fly ash from

I Run 344 (top) and Hunter Valley fly ash from Run 349 (bottom) at500x magnification.
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1
Figure 8. Comparison of fly ash morphology between Big Brown fly ash from

Run 344 (top) and Hunter Valley fly ash from Run 349 (bottom) at 1
2510x magnification. 1
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Figure 9. Comparison of fly ash morphology between Big Brown fly ash from

I Run 344 (top) and Hunter Valley fly ash from Run 349 at(bottom)
lO,O00x magnification.
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but within five minutes the ESPwent into back corona, and the voltage had to 1
be reduced. The ESPwas considered to be in back corona if the current

exceeded the clean-plate current at the same temperature and voltage. Figure 1

1

A-2.1 shows that, for the baseline test, particulate emissions were very high.

Voltage was dropped down to 20 kV, but, even at this voltage, back corona was 1
1

still present. When conditioning was started, 5 ppm of SO3had no noticeable

effect on emissions, so the S03 was increased to 25 ppm. At 25 ppm of SO3, 1
1there was a slight reduction in emissions, but back corona was still present

all the way down to 15 kV. The fourth test in Run 349 was with dual 1

conditioning (25 ppm of both ammonia and SO3). The result was a clear 1

improvement in ESP performance. Particulate emissions were reduced, and the
1

plate current was also reduced. Current readings indicated some back corona, 1
1

but not nearly to the extent with 25 ppm of SO3alone. For the final test in

Run 349, the ammonia and SO3were each set at I0 ppm, with the result that 11
particulate emissions and current increased, indicating more severe back

corona. 1

The data from the first run (Run 349) with Hunter Valley coal indicated 1

that, at 325°F, SO3alone was ineffective in controlling resistivity, and that 1

dual conditioning at the higher concentrations was at least somewhat

effective. However, because of the extremely high resistivity of the ash, 1

l

there was concern that the baseline test may have biased the results if there

was a thin layer of ash next to the plate. Therefore, an extended test was 1u
conducted for the next run (Run 350) with 25 ppm each of ammonia and SO3

injected for the entire run (see Figures A-2.1 and A-2.2). Initial voltage 1
1was 50 kV, but sparking occurred within 10 minutes, so voltage was reduced to

40 kV. Current readings indicated that, initially at 40 kV, back corona was 1

avoided, but, by two hours into the test, back corona was present, and 1

sparking was beginning, so the voltage was further reduced to 35 kV. Back
1

corona was still present at 35 kV even after rapping the ESP. After 300 11
minutes, the ESPwas bypassed and cleaned off-line. After cleaning, current

was somewhat reduced, but again quickly climbed well into the back corona 11
region, and, by the end of the test, sparking was occurring at 35 kV.

1

Results from Run 350 indicated that dual conditioning with 25 ppm of 1

ammonia and S03was somewhateffectivein reducingparticulateemissions,but 1

1back corona could not be avoided, and sparkingoccurred at a fairlylow
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m voltage. Therefore,the decision was made to increaseconcentrationsto 45

I ppm of ammonia and S03 for Run 351. Starting voltage was set at 40 kV and wasmaintained for nearly 5 hours before it had to be reduced to 35 kV because of

sparking. However, particulate emissions were substantially reduced (Figures

I A-2.1 and A-2.2), and current readings indicatedthat the ESP was not in back

corona. Part of the reason why the conditioningstartedto lose effectiveness

I may have been that the average ESP temperatureincreasedto 370°F after 6
hours. For the first 4 hours of the test, the ESP temperaturewas close to

m 325OF. Nevertheless, results showed that 45 ppm of ammonia and SOswereeffective in reducing particulate emissions and keeping the ESP out of back

i corona. Resistivity,however,was still apparentlyhigh enough to requireasetback in voltage to avoid sparking. For Test 2 in Run 351, the conditioning

was shut off which resulted in an immediate,drastic increase in particulate

I emissions (FigureA-2.2) and an increase in current, indicatingback corona.

The great differencebetweenno conditioningand dual conditioningwith 45 ppm

I of ammoniaand SOs demonstratesthat dual conditioningis, at least, somewhat
effective. Results from Run 364, which was conductedat a later time, also

m show the ineffectivenessof SOs alone. Run 364 was conductedprimarilyto seeif the LOI could be reduced with burner modifications. The first two tests of

m Run 364 were with no conditioning. LOI for Test 2 was reduced to 5.6%. Test3 was conductedat 45 ppm of SOs alone to see if the ineffectivenessof SOs in

previous tests may have been caused by the high LOI of the fly ash. However,

I even at the lower LOI, 45 ppm of S03 was ineffective,as indicatedby high

emissions and back corona. A comparisonof particulateemissionsfrom Run 364

m with results from earliertests with the conditions
same is shown in Figure A-

2.3. Since particulateemissionsare about the same with either high or low

m Ol fly ash, the ineffectivenessof SOs cannot be attributedto the high LOIin the earlier tests.

m For Run 352, starting concentrationswere 45 ppm of SOs and 90 ppm of

ammonia, for comparisonwith results at 45 ppm of both ammoniaand SOs.

m Starting voltagewas again 40 kV, but this had to be reduced to 35 kV after

only one hour, compared to 5 hours for Run 351. This weuld indicatethat a

m sos a 2.1 ratio. For Test 2, the ratio
1"I ratio of ammonia to is better than

was cut back to 1:1. Resultswere not substantiallydifferent,except Figure

m A-2.4 indicatesthat emissionsdo not increaseas fast as at a 2"I ratio and
that starting emissionswere lower for Test i at a 2"I ratio. The lower



l
emissions at the start of Test i, however, may be a result of starting Test i 1

with a clean plate, while Test 2 was started with some residual ash on the 1

plate. Another indication that a I'I ratio is better than a 2"i ratio is the 1
lower DMPSsubmicron mass emissions at a I:I ratio. Both were measured at an

ESP voltage of 35 kV, so the comparison should be valid. For Test 3, the 1

ammonia was shut off to see if a concentration as high as 45 ppm of SOs would
1

be effective. Results showed that particulate emissions greatly increased and 1
the ESPwent into back corona, indicating that SO3alone is ineffective in 1

controlling resistivity for this ash and temperature. Ali test results at 1

325°F with Hunter Valley coal indicate that controlling resistivity at this 1

temperature is difficult. While SOsalone in concentrations up to 45 ppm was mm

not effective in preventing back corona, it did provide some improvement 1

compared to no conditioning. Dual conditioning with 25 ppm each of ammonia

and SO3showed a significant improvement over 45 ppm of SOs, but back corona I

could not be avoided. Concentrations of 45 ppm each of ammonia and SO3
1

resulted in the best ESP performance in terms of low particulate emissions and 1

avoiding back corona at a reasonable operating voltage. 1

Hunter Valley tests with SOsand dual conditioning at 250°F included Runs 1

353, 354, and 365. For the baseline test during Run 353, the ESP quickly went 1

into
back corona, and particulate emissions were very high, as shown in Figure 1

A-2.5. Test 2 results at 25 ppm of SOs alone indicated that the SOswas

ineffective at controlling resistivity, but emissions were substantially 1

reduced from the baseline test. With dual conditioning at 25 ppm of ammonia
1

and SOs, emissions were further reduced, but back corona could not be avoided. 1

Possibly, the residual high-resistivity dust left on the plate from Tests I
1

and 2 contributed to the poor performance with dual conditioning. To avoid 1

influence from previous tests, Run 354 was started at concentrations of 45 ppm 1
each of ammonia and SO3. At these concentrations, emissions were low, and 1

back corona was avoided (Figure A-2.6). Voltage did not have to be reduced 1

from the starting voltage of 40 kV. At the end of the 2-hour test, sparking

voltage was 46 kV, indicating that the entire test could have been conducted 1

at 45 kV. These results show that dual conditioning at concentrations of 45
1

ppm each of ammonia and SO3 is reasonably effective, even though a higher 1

sparking voltage is desirable. Test 2 at 45 ppm of SOsalone indicated that
1

back corona could not be avoided, but part of the reason may have been high 1

temperature. By the end of Test 2, the inlet ESP temperature was 320°F. High 1
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I temperature was also a problem for Test 3 and may have affected the results.

I Particulate emissions with 22 ppm of ammonia and 45 ppm of SO3were lower thanwith SO3alone, but back corona was still a problem.

I repeat run (Run 365) was conducted at 250°F, after the adjustable swirl
A

burner to reduce LOI and an extra piping loop to help control temperature were

I installed. Particulate emissions from Run 365 are shown in A-2.7.Figure

Another procedural change that was implemented between Run 354 and Run 365 was

I better cleaning of the ESP plate between tests. Following each test in Run
365, the ESP plate was thoroughly cleaned to prevent bias on successive tests

i from residual dust on the plate. Therefore, results from Run 365 should beconsidered the most valid for those runs at 250°F. The baseline test in Run

365 with no conditioning resulted in very high emissions and back corona,

I A...similar to the previous tests. For Test 2 at 25 ppm of SO3alone, particulate

emissions were significantly reduced, but back corona could not be avoided.

I At 45 ppm of SO3alone, particulate emissions were further reduced, and back
corona was avoided. This is the only test conducted with Hunter Valley in

I which back corona was avoided with S03 alone. However, for Run 365, the
submicron mass emissions were highest with 45 ppm of SO3, indicating

i substantial SO3slip. Respirable mass particulate emissions were much lowerin Test 4 with 45 ppm of both ammonia and S03, and submicron mass emissions

were significantly reduced compared to 45 ppm of SO3alone. Back corona was

I also avoided with dual conditioning. Results clearly show that superior

performance can be achieved with dual conditioning compared to SOs alone. A

I comparison of results from Run 365 with earlier
tests in which the LOI was

higher is shown in Figure A-2.8. In both cases, the lowest emissions are with

I dual conditioning. The difference at 45 ppm of SOsalone may be the result of
higher ESP temperature with the conventional burner. The difference between

I the two baseline tests is not clear, but, in both cases, emissions were veryhigh, and the ESPwas well into back corona. Results of the tests at 250°F

indicate that ESP performance can be somewhat improved by injecting high

I concentrations of SOs alone. However, particulate emissions were much lower

with dual conditioning. In addition, rapping puffs, shown in Figure A-2.9,

I indicating superior performance with dual
are much lower, further

conditioning.

!
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Current density as a function of voltage for some of the tests is shown 1

in Figures A-2.10 through A-2.13. Conditions where the ESP was operating in l

back corona are clear by comparing with the clean-plate curves. In cases 1
where back corona was avoided, the significant reduction in current from the

clean-plate curve demonstrates that the ash is high resistivity and difficult 1
1

to collect.
1

Valid in situ resistivity measurements were not available because of the 1

high LOI of the resistivity samples for Runs 349-354. However, laboratory 1
1resistivity measurements were conducted with an ASTMresistivity cell on

several ESP hopper ash samples. These measurements indicated that, for Run 1

351, the resistivity was above 1012 ohm-cm, even with dual conditioning 1
concentrations of 45 ppm each of ammonia and SO3. For Runs 364 and 365, some

in situ resistivity measurements were completed with the resistivity cyclone. 1
These measurements indicated that baseline resistivities were in the range of

1013to 1014 ohm-cm; however, current readings were not steady. For the base- 1
Qline Test 2 in Run 364, the resistivity cup with ash sample retained was taken

into a laboratory for resistivity measurement with a more sensitive electro- 1
1meter. The sample may have cooled somewhat, but the measurement was taken

when the outside of the teflon cup was still hot. This measurement indicated 1

that the resistivity was 2 x I0 Is ohm-cm. The in situ resistivity measure- 1
ments indicated a reduction in resistivity when S03was added; however, no

reduction in resistivity was indicated at 45 ppm of both S03 and ammonia in 1
1

Run 365. Higher porosity ash is expected with dual conditioning which may

have affected resistivity measurement, but inspection of the resistivity cup 1
lrevealed that ash was present in the space between the electrodes, indicating

that the resistivity measurement should be valid. Therefore, the explanation 1
1for a high resistivity measurement with dual conditioning is not obvious.

Sulfur retention data for Runs 364 and 365 are shown in Figure A-2.14. 1

Because of lower LOI in the fly ash compared to earlier tests, these data

should be more valid. As expected, greater SO3retention at 45 ppm of SO3 I
l

alone is indicated at 250°F compared to 3250F. However, an unexpected result

is that SO3retention was somewhat less (or about the same) when dual 1
1

conditioning was used. This might indicate that the same amount of SO3was

transferred to the fly ash with SO3alone and with dual conditioning, but the 1
1submicron mass emissions data were higher with SO3alone, indicating less SO3

1
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l transfer. An explanationfor this apparent inconsistencyin the data is not

obvious.

!
Part of the reason for significantlyreduced emissionswith dual

I conditioningis a change in cohesiveproperties of the fly ash. Tensile
strength tests were conductedon the samples from Runs 364 and 365 (FiguresA-

l 2.15 and A-2-16). For both runs, the results show that S03 alone producesa
shift in the tensile strengthcurve. The greatest tensile strength,however,

is with dual conditioning,indicatingthat one of the mechanismsofparticulateemissionsreductionis reduced continuousreentrainment.

I 5.3 Hudson Bituminous: SO3 and Dual Conditioning(Runs 355-360)

l For Hudson bituminouscoal, 6 includingone run
runs were completed,

each with SOs alone and dual conditioningat each of the three temperatures.

l In general, these runs were completedwithout major difficulties,and
extensivedata are availableto evaluate the effectsof conditioningon ESP

performance. One proceduralchange that was implementedfor these runs washand-cleaningof the ESP betweenall tests. The purposewas to minimize any

bias that could be caused by a small amount of high-resistivityresidual ash

l left on the plate from previoustests. Some problemswere encounteredwith

the resistivitymeasurements,similar in nature to the Hunter Valley tests,

readingswere obtained;however, enough were
where low current measurements

completed to obtain valid resistivitymeasurementsfor most of the tests.

I
Starting voltagewas 50 kV for all tests, but, in cases of sparking,the

operatingvoltagewas reduced in multiples of 5 kV to avoid sparkingconditions. Therefore,listed operating voltages in the summarytables for

Runs 355-360 are either 50, 45, or 40 kV. In cases where sparkingvoltage

l exceeded 50 kV, additionalcurrent and respirablemass data are availableat

higher voltages. These data were taken at the end of each 2-hour test where

l current and respirablemass were measured as a functionof voltage.
Respirablemass emissionsmeasuredwith the APS as a functionof time,

I voltage, and current are shown in Figures A-3.1 throughA-3.22 for Runs 355-
360. Current density as a functionof voltage is shown in FiguresA-3.23

through A-3.28.
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Results from Run 355, with SO_ alone at 325°F, showedthat 5 ppm of S03 mm

had little effect, but 15 ppm and 25 ppm were effectivein that operating am

voltagedid not have to be reducedfrom the startingvoltageof 50 kV. With I
25 ppm of SO_, sparkingvoltagewas at least 70 kV, indicatingthat better

performancecould be achieved comparedto 15 ppm. FigureA-3.1 shows that I
mw

respirablemass emissionswere about the same for the 15 ppm and 25 ppm tests,

but, at the end of the test, emissionswere slightlyhigher at 25 ppm. Graphs IN
Bof respirablemass as a functionof voltage or curren_tdensity (FiguresA-3.2

and A-3.3) also indicatethat lower emissionswere achievedat 15 ppm. The i

DMPS submicronmass data is much higher at 25 ppm than 15 ppm, likely caused m

by higher S03 slip at 25 ppm. However, submicronmass emissionsdata also

indicatesome S03 slip at 15 ppm. I

Results from Run 356 with dual conditioningshow that emissionsare much I
l

lower when ammonia is added. FiguresA-3.4 and A-3.5 (which is the same data

with expanded scale) show that emissionswere only 4 mg/m3 with 15 ppm or 30 n

ppm of ammoniaand were somewhathigher (7 mg/m3) at 8 ppm of ammonia. S03 0

injectionwas held constant at 15 ppm for all tests in Run 356. Tests I and 2 II
were identicalexcept for that, in Test 2, the ammoniawas injecteddownstream m

from the S03 injectionlocation,insteadof the normal upstreamammonia imm

injectionlocation. From the respirablemass data, it might appear that there m
was no difference betweenupstreamand downstreamammoniainjection. The

submicronemissionson both a mass basis and number basis, however,are m
ml

somewhathigher with downstreamammonia injection. Currentdensitywas

somewhatlower (see FigureA-3.24), indicatinggreatercorona suppression m
lm

which is consistentwith a greater number of submicronparticles. These data

_ indicatethat somewhatbetter transferof conditioningagents to the fly ash i
is achievedwith upstreamammonia injection. The respirablemass data give m

stro,;gevidencethat dual conditioningresults in the best ESP performance.

Rapping puffs were also much lower with ammonia injection,showing a further I

advantageof dual conditioningover S03 alone at this temperature.

I
Runs 357 and 358 were conductedwith S03 alone and dual conditioningat

400°F. With S03 alone, emissionswere higher than at 325°F,and voltagecould m
ml

i_ not be maintainedat 50 kV, even at the highest injectionrate of 25 ppm of

r S03. The submicronmass data indictedS03 slip at concentrationsof 15 ppm m

i and 25 ppm. Therefore,S03 conditioningalone for this ash at 400°F appears

pllr I_1 ,, r,
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l to be inadequatein controllingresistivitywithout excessiveSO3 remainingin

the flue gas downstreamof the precipitator. With dual conditioningat

l concentrationsof 15 ppm each of ammoniaand S03, the voltage had to be

reduced to 45 kV after 25 minutes into the test (FiguresA-3.12 and A-3.13).

l Emissionswere much lower than with S03 alone, but, becausethe voltagehad to
be reduced, concentrationswere increasedto 25 ppm each of ammoniaand S03

l for Test 2. At the higher concentrations,50 kV could be maintainedfor the
entire 2-hour test, and emissionswere much lower. Test 3 was conductedwith

l ammonia injecteddownstreamof the S03 for comparisonwith upstreaminjectionin Test 2. Respirablemass emissionswere not significantlydifferentbetween

upstream and downstreamammonia injection,but submicronemissionson both a

l mass and number basis were higher with downstreaminjection. Currentdensity

as a function of voltagewas also lower with downstreaminjection(FigureA-

m 3.24) which is consistentwith a higher concentrationof submicron
particles.

These results are in agreementwith the resultsat 325°F, indicatingthat

m upstream ammonia injectiongives better transferof conditioningagents to the
fly ash particles. Comparingrapping emissionsbetweenS03 alone and dual

m conditioningshows that dual conditioningresults in substantiallyloweremissions at 4000F, similarto results at 3250F.

m Runs 359 and 360 were conductedwith S03 alone and dual conditioningat a

2500F ESP temperature. SO3 alone at 2500F was more effectivethan at 325°F or

I 400°F, which At 5 of benefit noted A-
was expected. ppm SO3, some was (Figure

3.16), but operatingvoltage had to be reducedto 45 kV by 90 minutes into the

l test. Higher concentrationsof 15 ppm and 25 ppm of SOswere more effective
at controllingresistivity,but an increase in submicronemissionswas again

m noted, indicatingSOs slip. Resultswith dual conditioning(FiguresA-3.19and A-3.20) show that respirablemass emissions,at concentrationsof 8 ppm

each of ammonia and SOs,were about the same as respirablemass emissionsat

m concentrationsof 15 ppm and 25 ppm of SOs alone. However,submicron

emissionswere lower with dual conditioningindicatingthat dual conditioning,

I at 8 ppm each of ammonia and S03 is superiorto higher concentrationsof SOs
alone. Lower particulateemissionswere achievedby increasingthe ammonia

l and SOs concentrationeach to 15 ppm or 25 ppm; however,submicronemissions
increasedat concentrationsof 25 ppm, indicatingthat, at 2500F, these

l concentrationsare higher than is necessary. Rappingpuffs were again much
lower with dual conditioningcompared to SOs alone.

| 37



I
I

Each of the dual conditioningruns includedone test at a 2"i ratio of

ammonia to S03 for comparisonwith a 1:1 ratio. For all three temperatures,

there was a slight reductionin respirablemass at the 2-I ratio. However, I

submicronmass emissionswere higher at the 2:1 ratio for the 325°F and 400°F

tests, and they were unchangedfrom the 1-I ratio for the 250°F test. E
g

Therefore, there appearsto be no strong advantage in using a 2"I ratio for

Hudson bituminous coal. In some cases, respirablemass emissionsmay be
|lower, but at the expenseof higher submicronemissions. With no obvious

benefit in ESP performance,the cost of the extra ammonia at a 2"1 ratio

compared to a 1"I ratio would appear unjustified.

m
The respirablemass data as a functionof time from all of the runs

provide very strong evidencethat dual conditioningsignificantlyreduces

continuous reentrainmentresultingin reducedparticulateemissions. Looking I
mm

at the difference betweenrapping puffs with SO3alone and dual conditioning

(FigureA-3.2g) furthershows the superiorityof dual conditioning. Most of
gthe rapping puffs with dual conditioningwith Hudson bituminouscoal were no

greater than respirableemissionsjust before the rap. This indicatesthat m

the ash was removedin larger agglomeratesand was not reentrainedas separate

particles.

!
Submicronemissionswere also substantiallyreducedwith dual

conditioning,comparedto S03 alone (FigureA-3.30). This means that, in E
u

cases where resistivitycannot be adequatelycontrolledwith S03 becauseof

high S03 slip, dual conditioningcan be implementedas a means to control
Bsubmicronemissions. Since submicronemissionscan be a major contributorto

high opacity, it is imperativethat they not be allowedto increaseas a l
result of conditioning.

mm

The sulfur retentiondata (FiguresA-3.31 throughA-3.34) agree
reasonablywell with the submicronemissionsdata. With S03 alone, the best

sulfur retentionwas at 250°F, as indicatedby the greater slope of the ash I
mB

sulfur concentrationas a functionof S03. FiguresA-3.32 and A-3.33 show

that sulfur retentionis increasedwith dual conditioning,and FigureA-3.30
Bshows that this correlateswith lower submicronemissions,as would be

expected. At 250°F (FigureA-3.34), the data indicatebetter sulfurretention i
|at 25 ppm each of ammoniaand SO3, but at 15 ppm each of ammoniaand S03 and
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l at 30 ppm ammonia and 15 ppm of S03,the sulfur retentionwas the same as at

i 15 ppm of SOs alone. An explanationis that the sulfur retentionmeasurementat 15 ppm of SOs alone may be slightlyhigh, based on the shape of the curves

in Figure A-3.31.

!
Resistivityresults for Runs 355-360 are shown in FiguresA-3.35 and A-

l 3.36. Using SOs alone, at 325°F and 400°F, some reductionin measured
resistivitywas noted, but not enough to adequately improveESP performance.

l At 250°F,the resistivitydata indicatethat S03 is effective,achievinga
2 order of magnitude reductionin resistivity. However, excessiveSOs slip at

I the higher SOs injectionrates may limit ESP performance. Figure A-3.36 showsthe effect of dual conditioningon resistivity. At 325°F and 400°F,most of

the resistivitymeasurementswere lower with dual conditioningthan the

I correspondingtests with SOs alone. At both temperatures,however,the tests

at a 2:1 ratio of ammonia to SOs resulted in the highestresistivity

I measurements. Possible explanationsare that, at a 2"I ratio, the ash is
more

porous and does not pack into the resistivitycup as weil, resultingin higher

I measurementsor that the actual resistivityis somewhathigher at a 2"I ratio.
Inspectionof the Big Brown and PleasantPrairie resistivitydata also reveals

i slightly higher resistivityat a 2"I ratio of ammoniato SOs,compared to a1"I ratio. Again, the cause could be more porous ash, but there does appear

to be a real difference. At 250°F,the data do not indicatethat ammonia

l significantlyaffects resistivity,but resistivitieswere already in the 109-

to 101°-ohm-cmrange with SOs alone.

I
Tensile strengthmeasurementsfor Runs 355-360 are shown in FiguresA-

m 3.37 throughA-3.39. The data are similar to the Big Brown data, showingthat
SOs alone produces a small shift in the curve, but dual conditioningresults

m in a much greater shift. The highesttensile strengthsat all threetemperaturesare at a 2"I ratio of ammonia to SOs. This may explainwhy

lowest respirablemass emissionswere seen at the 2:1 ratio. Since lowest

m continuousemissionsand lowest rappingemissionswere seen with dual

conditioning,and the tensile strengthcurves are significantlyshiftedwith

m conditioningcompared to S03 alone, the logicalconclusioni_ that the
dual

lower emissionsare a direct resultof the change in cohesiveproperties.

!
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In summary, a large amount of data shows that dual conditioningis far 1

superior to S03 alone with Hudson bituminouscoal. Data also indicatethat

ammoniaconditioningis preferredto injectingthe ammoniadownstream I

I

upstream
1

of the S03. Data further indicatethat a 1:1 ratio of ammoniato S03 is

preferredover a 2"I ratio. The optimumconcentrationsof conditioningagents I
I

can be based on the lowest combinationof respirablemass and submicron

emissions. Conditioningwith S03 alone does not appear to work well with this I
mcoal. Excessivesubmicronemissionswere noted with S03 concentrationsof 15

ppm or greater, indicatingthat S03 alone will not satisfactorilycontrol mm

resistivitywithout substantialS03 slip. The one exceptionis at 250°F, II

where 5 ppm of S03may provide reasonableESP performanceimprovementwithout

the stack. At an ESP temperatureof 325°F,dual 1

I

excess SO_ going up

conditioningagent concentrationsof 15 ppm each of ammoniaand S03 provided
1

excellentESP performance. Very likely,these concentrationscould be reduced II
1

down to 10 ppm each while maintainingadequate ESP performance. At an ESP

temperatureof 400°F, data indicatethat higher concentrationsof ammonia and I

S03 _re necessaryto maintain good ESP performance. At concentrationsof 1

15 _pm each of ammoniaand S03,good performancewas noted, but much better i

ESP performancewas achieved at concentrationsof 25 ppm each. Therefore, 1

optimum concentrationsat 400°F would appear to be between15 ppm and 25 ppm

each of ammonia and S03. At _n ESP temperatureof 250°F,concentrationsof 8 I

I

II

ppm each of ammoniaand S03 providedgood ESP performance. Emissionswere

somewhat lower at concentrationsof 15 ppm each of ammoniaand SOs,but I
I

increasingthe concentrationsto 25 ppm resulted in increasedsubmicron

emissions. Therefore,data indicateoptimumconcentrationsat 250°F are about II
m8 ppm each of ammonia and S03.

5.4 PleasantPrairie: SOs and Dual Conditioning(Runs 361-363) 1
ml

Three runs were completedwith PleasantPrairiecoal, one run each with 1
m

SOs alone and dual conditioningat 325°F, and one run with S03 alone at 400°F.

Only three runs were completedwith PleasantPrairiecoal becauseresultsfrom 1
1

the first three runs indicatedthat this coal is fairly easy to conditionand

more informationwas needed with Hunter Valley coal. After consultationwith I
BWahlco personnel,the decisionwas made to perfor,nmore Hunter Valley runs

rather than completeall six originallyplanned tests with PleasantPrairie

coal. 1
i
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Respirablemass emissionsas a function of time, voltage, and current

density from Runs 361-363 are shown in Figures A-4.1 throughA-4.14. Currentdensity as a functionof voltageis given in FiguresA-4.15 throughA-4.17.

Emissionsas a functionof time at 325°F were not significantlyaffectedby

l S03 injectionas shown in FigureA-4.1. Operatingcurrentwas somewhat

reduced at 15 ppm of S03, likelybecause of some corona current suppression.

I Submicronmass emissionswere also somewhat increasedat 15 of S03. For
ppm

all tests at 325°F, the sparkingvoltagewas at least 70 kV, indicatingthat

l ESP performancewas not limitedby resistivity. Evidently,2 hours of dust
accumulationon the plate was not enough time to see a deteriorationin

performancebecauseof dust resistivity. The respirablemass data indicatethat no conditioningis necessaryat 325°F, but longer-termtests may have

given different results. The resistivitydata (FigureA-4.18) show almost an

l order of magnitudedecrease in resistivitywith S03 injection,but this was

not evident from the ESP performancedata. With dual conditioningin Run 362,

particulateemissionswere lower than with SO3 alone. Since ESP performance
was not limited by resistivity,this impliesthat the reductionin emissions

was caused by other factors,such as a change in tensile strengthof the ash.
Resistivityresultswith dual conditioningindicatethat, at a 1"I ratio of

ammonia to SO3, resistivityis somewhatlower than S03 alone. However,at a2"I ratio of ammonia to S03,there was no change in resistivitycomparedto

S03 alone. Higher resistivityat a 2:1 ratio of ammonia to S03comparedto a

1"I ratio, is consistentwith results from the Big Brown and Hudson bituminous

coals. Optimal concentrationsof conditioningagents would appear to be 5 ppm

each of ammonia and based submicron and
SO3 on respirablemass, mass,

resistivity measurements. The data indicate that emissions can be reduced by

using dual conditioningcomparedto S03 alone, but the differenceis not as
dramatic as with the other coals. The difference in rapping puffs with dual

conditioning(FigureA-4.19) was also not as significantas with the other

coals.

l Results for the S03 conditioningtest at 400°F (Run 363) indicatelittle

effect of the S03on particulateemissions. The best performancein terms of

respirablemass, mass, resistivityappearsto be with 5 ppm of
submicron and

S03. At higher concentrationsof 15 ppm and 25 ppm, there is no improvement

in respirablemass, but submicronmass increases,indicatingS03 slip. Graphs
of submicron emissionsand sulfur retentionare shown in FiguresA-4.20 and A-
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4.21. Sulfur retentionwas better at 325°F than 400°F with S03 alone, as

indicatedfrom the slope of the lines in FigureA-4.21. Addition of ammonia

did not improvesulfur retention,which does not appear to be consistentwith I

the lower resistivity. However,the PleasantPrairie ash has very high
ml

alkalinitywhich could neutralizesome of the S03,making it ineffectivein

loweringresistivity. When ammonia is present first (upstreaminjection),the
g

S03 may react with the ammonia on the surfaceof the ash, with a net reduction

in resistivity,compared to S03 alone. Tensile strengthmeasurementsfor the |

tests at 325°F are shown in FigureA-4.22. Results show that S03 causes a mm

shift in the tensile strengthcurve compared to no conditioning,and,with I

dual conditioning,the shift is somewhatgreater. Again, the difference

betweendual conditioningand S03 alone is not as great as with the other I
coals.

I
Resultsdo indicatesome benefit in using dual conditioningcomparedto

S03 alone with Pleasant Prairiecoal, but this ash can likely be effectively l

conditionedwith S03 alone. The primarybenefitsof using dual conditioning |

would appear to be a shift in tensilestrength,resultingin some reductionin mm

reentrainmentand lower resistivitythan S03 alone. I

I
5.5 Enhanced Flue Gas Conditioningwith Big Brown Coal (Runs 368-370,

377) 1
The enhanced flue gas conditioningtests includedan enhancedmethod of I

using S03 conditioning. The exact details of the method are a proprietary m

developmentof Wahlco and are not disclosed in this report. However,results mm

from all of the enhanced flue gas conditioning(EFGC) tests are presentedin

the summarytables and graphs in the Appendix. EFGC tests were conducted
under conditions in which

conditioningwith S03 alone would not be expectedto I

work well to see if performanceimprovementscould be achieved. In general,

tests were conductedwith and without EFGC at constant S03 concentrations I

during the same run so that a valid evaluationcould be made of the effect of
mB

EFGC on ESP performancecompared to S03 alone. The test of the effectiveness

of EFGC is determinedprimarilyby its effect on particulateemissions,ash
|

resistivity,sulfur retention,and submicronmass emissions. I
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Four runs were completedtesting EFGC with Big Brown coal, all at an ESP

temperatureof 400°F (Runs 368-370, 377). Initialtests in Runs 368 and 369

included tests with and without EFGC at S03 concentrationsof O, 7, 15, and 25

ppm. From these first two runs, the best resultswith EFGC were obtainedat

25 ppm of S03. For the third run (Run 370), severaldifferentconfigurations
of EFGC were tested, all at 25 ppm of S03. However,no significant

l differenceswere noted among the differentconfigurations,so the original
configurationwas used for subsequenttests. After EFGC tests with Hudson

l bituminous and Hunter Valley coals, a repeat run (Run 377) was conductedwith
Big Brown to see if earlier resultswith 25 ppm of S03 and EFGC could be

l repeated.

Respirablemass emissionsas a functionof time, voltage,and current

density are given for the Big Brown EFGC tests in FiguresA-5.1 throughA-

5.21. Respirablemass as a functionof time was not affectedby EFGC at S03

concentrationsof O, 7, and 15 ppm; however, at 25 ppm, emissionswere reduced
by EFGC (FigureA-5.4). When results at 25 ppm from Runs 369 and 370 were

combined (FigureA-5.5), a clear reduction in emissionswith the EFGC appears.
The repeat tests in Run 377 (FiguresA-5.6 and A-5.7) also show some reduction

in emissionswith EFGC, but not as much as in Runs 369 and 370. Inspectionofthe graphs of respirablemass versus voltageor currentdensity (FiguresA-

5.14 throughA-5.21) also indicatethat, at 25 ppm of S03,EFGC resultsin

l lower emissions. If the reductionin emissionsis the resultof EFGC, other

data should verify the results. Current density as a functionof voltage

I graphs are given in FiguresA-5.22 throughA-5.26. From these data, EFGC has
no apparent effect on currentdensity. Resistivityresults (FigureA-5.27)

indicate a slight reductionin resistivityfor Runs 368-370. For Run 377, the
measured resistivitieswere somewhathigher, but resistivityresultsfrom only

Run 377 also indicatea slight reductionin resistivitywith EFGC. Thesubmicronmass emissionsdata are inconclusivebecauseresultsfrom Run 368

indicate lower emissionswith EFGC and results from Run 377 show higher

I submicron emissionscomparingTests I and 2, and lower submicronemissions

comparingTests 3 and 4. The sulfur retentiondata, shown in FigureA-5.28,

also inconclusivebecauseof the data scatterwhen all data included.
are are

In summary, some of the data indicatethat EFGC producesa benefit in
lower emissions, but the effect appearsto be marginal. If EFGC does
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significantly enhance transfer of the SO3to the fly ash, then resistivity I

should be reduced, submicron mass emissions should be reduced, and sulfur

retention should be greater. The reduction in resistivity appears to be I
small, and the effects on submicron emissions and sulfur retention are not

clear because of data scatter. The possibility exists that the reduction in mmm
respirable mass emissions is the result of additional deposition in the flue

gas pipes between the injection location and the ESP. Longer-term tests would I
be needed to verify this possibility. Results indicate the potential of EFGC

1

to provide some benefit over SO3 conditioning alone, but much more development mm

work is apparently needed to optimize this method. Dual conditioning, on the m
other hand, produced a significant benefit over S03 alone that could be I

explained by a large amount of supporting data. From this initial evaluation I
with Big Brown coal, EFGCdoes not appear to provide the improved ESP

performance that can be achieved with dual conditioning. I

5.6 EnhancedFlue Gas Conditioningwith Hudson BituminousCoal (Runs 1
371-374, 378) I

A total of five runs were completed testing EFGCwith Hudson bituminous I

coal. Results are shown in Figures A-6.1 through A-6.13. The first two runs i

were conductedat an ESP temperatureof 400°F testingEFGC at SO3 I

concentrationsof O, 7, 15, and 25 ppm. Resultsfrom Runs 371 and 372 at

400°F, however,did not show any improvementin particulateemissionswith I

EFGC comparedto S03 alone (FiguresA-6.1 throughA-6.3). At the highestS03
mm

concentrationof 25 ppm, voltage had to be reducedto avoid sparkingwith both I
S03 alone and EFGC. In addition,submicronmass emissions indicatedexcessive

1

SO3 slip with both SO3 alone and EFGC, implyingthat neitherwas effectiveat I
controllingresistivityunder these conditions. After consultationwith |
Wahlco personnel,a decision was made to reduce the ESP temperatureto 325°F mm

for subsequentEFGC tests with Hudson bituminouscoal. Runs 373, 374, and 378 I

were conductedat the lower temperature,to investigatethe effect of EFGC at

SO3 concentrationsof 7 and 15 ppm of SO3. Run 378 was a repeat test with a m

modificationto the EFGC in an effort to obtain better results. Since Runs
l

373, 374, and 378 all included tests at 15 ppm of SO3 with and withoutEFGC, I

these resultsare combined in FiguresA-6.4, A-6.9, A-6.10, and A-6.12. These
li

data show that respirablemass emissionsas a functionof time are lower with II

EFGC. In addition,respirablemass as a functionof voltage is lower with |
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l EFGC, indicatingthat somewhathigher currentswere obtainedwith EFGC.

Respirablemass as a functionof current density is the same with SO3 alone or

EFGC, which would be expected if the mechanismof EFGC is to enhancetransfer

of S03to the fly ash. Currentdensity as a functionof voltage is slightly

higher EFGC, indicating is an increasein
with further that the effect of EFGC

currentat constant voltage. Run 378 providesencouragingresults in that

better performancewas obtainedwith EFGC at both 7 and 15 ppm of S03.
Resultsfrom Run 378 should be consideredthe most valid, because improvements

were made to the EFGC for this run. Respirablemass and submicronmass werelower with EFGC at both S03 concentrations. Measured resistivitywas also

lower for both EFGC tests, but caution must be exercisedinterpretingthe

resistivitymeasurementsbecauseof data scatter. Sparkingvoltagewas higher

for the EFGC tests,which is anotherindicationthat resistivitywas reduced

with EFGC. Sulfur retentiondata are too scatteredto form any conclusion
concerningthe effect of EFGC. Therefore, all of the data from Run 378, with

the exceptionof sulfur retention,indicatethat EFGC improvedprecipitator
performance. Becauseof the nature of the short-termtests, these results

should be interpretedwith caution,but they do indicatethe potentialof EFGCto improveESP performancewith Hudson bituminouscoal at an ESP temperature

of 325°F. Therefore,furtherdevelopmenteffortsto optimize the improvements

of EFGC over S03 alone would appearwarranted. While the EFGC resultsdid not

demonstratethe level of improvementover S03conditioningalone, as was

observedwith dual conditioning,they, nevertheless,imply that EFGC does
produce some benefits.

I
5.7 Enhanced Flue Gas Conditioningwith Hunter Valley Coal (Runs 375,

376, 396-398)

Initially,two EFGC runs were completedwith Hunter Valley coal at anESP temperatureof 275°F, becausethis is the temperatureat which S03 alone

begins to lose effectiveness. This temperaturewas thoughtto providethe

best evaluationof the effectivenessof EFGC compared to S03 alone. The first

run (Run 375) was completedwith and without EFGC at S03 concentrationsof 0

and 25 Resultsfrom Run 375 at 25 of S03 appearedpromisingbecause
ppm. ppm

both respirablemass and submicronparticulateemissionswere reducedwith

EFGC, resistivitywas lower with EFGC, sparkingvoltagewas somewhatlower
with EFGC, and sulfur retentionwas better with EFGC. Run 376 was an attempt
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to repeat these results, but results could not be verified (Figures A-7.1 1

through A-7.5). One difference between the two runs was the order of tests.

In Run 375 the EFGCtest was the first test of the day, while, in Run 376, the 1

SO3test was the first test of the day. Because of the excessive ash buildup

on the pipes with Hunter Valley coal, the possibility existed that the order 1
of the tests could have influenced the results. Particulate emissions in

Test 2 of Run 376 with EFGCwere much higher than in Test I with SO3alone. 1
No logical reason other than a significant change in dust loading could

explain this result. The actual dust loading for Test 2 was much higher, 1likely because of variation in the coal. Therefore, Test 2 was terminated,

and Tests 3 and 4 were again repeat tests without and with EFGCat 25 ppm of

S03. For Tests 3 and 4, the inlet dust loadings were about the same, so 1

differences in particulate emissions would have to be attributed to other

effects. However, comparingTests 3 and 4, particulateemissionswere again 1
higher with EFGC. An explanationother than system variabilityis not clear.

Because of the possible influence of test order, a comparison was made between 1
Test I of Run 375 with EFGCand Test I of Run 376 without EFGC. This

comparison should remove bias because of test order. Results of this 1comparison (Figure A-7.2) show that particulate emissions are slightly higher

with EFGC, which is opposite of the results observed when considering the data

from Run 375. Therefore, from these first two runs, we do not have 1

corroborating evidence that EFGCis effective with Hunter Valley coal. Sulfur

retentiondata from these two runs, shown in FigureA-7.5, are also within the 1
limits of data variabilityand do not indicatean advantagewith EFGC.

l
Because of the variabletest resultsfrom the first two runs, three

additionalruns (Runs 396-398)were completedwith longer test times and with 1a modified EFGC approach. Resultsfrom these three additionalruns are shown

in FiguresA-7.6 throughA-7.13. The ESP temperaturewas again set at 275oF

for Runs 396 and 397, but was increased to 350OFfor Run 398. In addition to 1

EFGCtests, each of these last three runs included a test with ammonia alone

without S03 or EFGC. Ali previous tests with ammonia were conducted with dual 1

conditioning where both ammonia and SO3were injected simultaneously.

l
Run 396 was intended to include only two test conditions: a baseline

condition with 25 ppm SO3and a test with 45 ppm of ammonia alone. The first 1test was the baseline condition, which was scheduled to run at least 4 hours.
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m However, shortly after startingthe test at an ESP voltageof 50 kV, back

corona was indicatedby increasedcorona current. Voltagewas reducedto

m 40 kV, and then to 30 kV, but back corona was still present. Finally,after

one hour of testing, the appliedvoltagewas reduced to 25 kV to eliminatethe

m back corona. Particulateemissionswere high, and there was concern that
25 kV was too low a voltageto comparethe baseline and EFGC tests. Because

m of how rapidlythe ESP went into back corona, there was concernthat the plate
may not have been adequatelycleanedprior to the start of the test.

m Therefore, the first test (Test IA) was terminated after two hours ofoperation,and the ESP was thoroughlycleaned before the next test, including
t

m water washing of the plate (ESP walls). The second test (Test IB) was arepeat of the baseline test. Test IB was again startedwith an applied

voltage of 50 kV, but, after 40 minutes, back corona was observed,so the

m voltagewas reducedto 40 kV. After 70 minutes into the test, back corona was
again noticed, so the ESP was rapped. However, rappingdid not eliminatethe

m back corona, so the voltagewas set back to 30 kV at 80 minutes into the test.
At 30 kV, the currentclimbed somewhatwith increaseddust buildup,but was

m controlled by rapping. Therefore,the voltagewas held at 30 kV for theremaininghour of the 3-hour test. A comparisonof the respirablemass

particulateemissions for Tests IA and IB from Run 396 is shown in Figure A-

m 7.6.

I Test 2 in Run 396 was with 45 ppm of ammoniawithout any S03. After 25
minutes, the voltagewas reducedfrom the startingvalue of 50 kV to 40 kV,

m not becauseof back corona, but becauseof sparking. At 60 minutes into the
test, the voltagewas increasedto 45 kV because back coronawas clearly not

m occurring. For the next 45 minutesof the test, ESP performancewas steady
with no sign of back corona. At this point (I hour and 45 minutes into the

m test), the ammonia was shut off to see if the ESP performancewoulddeteriorateimmediately. Particulateemissionsstartedto increaseslowly and

the ESP startedsparking after 5 minutes, so the voltagewas reducedto 40 kV.

I After an additional5 minutes (at 2 hours into the test), the ESP was rapped.

The rapping momentarilystoppedthe current climb that had startedwhen the

m ammoniawas shut off, but ESP performance For the
was clearlydeteriorating.

last 5 minutes of the test, the ammoniawas again turned on, which resulted in

m reduced emissionsand current. These observationsindicatedthat 45 ppm of
ammonia alone resulted in much better ESP performancethan 25 ppm of S03
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!
alone. However,since this was the first test with ammonia alone, it was

thoughtthat a test with ammonia should be repeatedduring the next run for
|verificationof the results.

Run 397 includedtwo tests" Test i was an EFGC test with 25 ppm of S03 I

for comparisonwith the baseline tests of Run 396, and Test 2 was a repeat

test with 45 ppm of ammonia alone. For the EFGC test, a 50-kV voltagewas l
maintained for 80 minutes compared to only 40 minutesfor the Run 396-IB

baselinetest. The voltagewas initiallyset back to 45 kV, but back corona I
ml

was still present,so the voltagewas reducedto 33 kV to avert back corona

conditions. By 2 hours and 20 minutes into the test, voltagewas reducedto
|30 kV, where it remained for the durationof the 5-hour test. At 30 kV, back

corona was completelyavoidedbased on the corona current readings. Since a mm

50-kV voltagewas maintained for twice as long and since back corona was

completelyavoidedat 30 kV, it appearedthat EFGC resulted in better ESP

performancethan S03 alone. Particulateemissionsdata also indicatedthat I
better ESP performancewas achievedwith EFGC.

i

The secondtest in Run 397 was a repeat test with 45 ppm of ammonia

alone. Initialstarting voltagewas again 50 kV, but it had to be reducedto
I45 kV after 10 minutes. However, a 45-kV electrodepotentialwas maintained

for the remainderof the 3-hour test without any indicationof back corona. mm

Becauseof the higher voltagemaintainedwith ammoniainjection,particulate

emissionswere significantlylower than with 25 ppm of S03 and EFGC. This

test confirmedthe results with ammoniainjectionfrom the previous run, l
leadingto the conclusionthat, for Hunter Valley coal and a 275°F ESP

temperature,injectionof 45 ppm of ammoniaresults in superior ESP I
g

performancecomparedto either 25 ppm of SO3 alone or 25 ppm of S03 with EFGC.

Respirablemass emissions,shown in FigureA-7.7, for the two ammoniatests
i

were similarduring the time period from 70 minutes to 100 minuteswhen the

voltage for both tests was set at 45 kV, indicatingthat this resultwas
|repeatable.

A comparisonof respirablemass emissionsfor the baseline,EFGC, and I

ammoniatests is shown in Figure A-7.8, which includesthe baselineTest IB

from Run 396, the EFGC test from Run 397, and the ammoniatest from Run 397. I

The relativereductionsin particulateemissionswith EFGC and ammoniaare
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I clear from the graph. The respirablemass data are in good agreementwith the

EPA Method 5 dust-loadingdata which show the highestemissionsfor the

I baselinetest, somewhat lower emissions for the EFGC test, and significantly

lower emissions for the ammoniatest.

!
Since there was only a small improvementin ESP performancewith EFGC, a

I further analysis of all of the data will help to verify the results. Four
types of particulateemissionsdata (given in Table A-3) are available,the

I APS, the CNC, EPA Method 5, and the DMPS. APS resultswere alreadymentionedto indicate better ESP performancewith EFGC. The CNC data reported are

averagevalues taken from the last half of each test when the voltagewas held

I constant. The CNC data are in agreementwith the APS data showinglower

emissionswith EFGC. The EPA Method 5 data also confirmth, lower emissions

I with EFGC; however, the inlet dust loading was somewhathigher for the
baselinetest. To normalizethis difference,a comparisonshould be made of

I the ESP collection efficienciesbased on the inlet dust loadingsduring the
individualtest periods. Table A-3 shows that ESP collectionefficiencywas

I 77.35% for the baseline test compared to 86.52% for the EFGC test, which showsthat better ESP performancewas achievedwith EFGC. The DMPS mass data shown

i in Table A-3 indicatelower submicronmass for the baselinetest, but thisdiscrepancycan be explained. The DMPS data shown in Table A-3 for the

baseline test were from early during the test before the voltagewas reduced

I to 30 kV. A second DMPS measurementduring the baselinetest at 30 kV was
invalid because of a samplingproblem. For the EFGC test, two DMPS

I measurementswere taken (the average value is reported in Table A-3), both at
a voltage of 30 kV. Therefore,a direct comparisonof the DMPS data between

I the baseline and EFGC tests is not valid, but all of the other particulate
measurementsindicatebetter ESP performancewith EFGC.

I Comparing the ESP electricalconditions betweenthe baselineand EFGC

tests also indicatesbetter performancewith EFGC. At an appliedvoltageof

I 30 kV, the ESP was well into back corona for the baselinetest, but operated

without back corona with EFGC, as shown in FigureA-7.10. Sparking voltage

I was the same for the baselineand EFGC tests at 44 but this not be
kV, may a

significantindicatorof ESP performancebecausethe ESP was well into back

I corona at 44 kV for both cases. Valid resistivityreadingswere not available
because of the fairly high carbon content of the fly ash. The LOI of the ESP

| 49



I
hopper ash was 11.g% for the baselinetest and 8.5 % for the EFGC test. From I

previous tests (for example, see Figure A-2.8),this difference in LOI did not

likely have a significanteffect on the results. While the LOI of the I

resistivitycyclone ash was not measured, from previousdata, it would be

expected to be higher than the LOI of the hopper ash. From past tests, we I
know that high carbon contentof ash collected in the resistivitycyclonecan

result in high resistivitycurrentsand invalidresistivitymeasurements, i
One additional importantresult is the effect of EFGC on sulfur

retention. Sulfur analysiswas completedon the ESP hopper ash for each of i
the tests, and two sulfur analyseswere completedon separateash samplesfrom

the EFGC test. For the Test IA and IB baselinetests in Run 396, the I

respectivesulfur contents were 0.66% and 0.56% for an average of 0.61%. For

the EFGC test in Run 397, the two sulfur analyseswere 0.75% and 0.64% for an I
averageof 0.70%. The respectivesulfur analyses for the ammoniatests in

Runs 396 and 397 were 0.40% and 0.36%. At first glance, it might appear that I
the sulfur retentiondata are too variable to form a conclusionconcerningthe

effect of EFGC on SO3 transfer. However,the data must be normalized,to iaccountfor differencesin dust loadingsamong the differenttests. The

amount of sulfur in the ash for the case when no S03 was added should also be

subtractedto consider only the amount of injectedS0:Ithat was transferredto i
the fly ash. Therefore, to compareS03 transferfor the baselineand EFGC

conditions,the first step is to subtractthe 0.40% sulfurvalue with no SOs i
injectionfrom the Tests IA and IB baseline sulfur values with 25 ppm of SOs

injection. This leaves 0.26% sulfur for Test IA and 0.16% sulfur for Test IB. I
Next these values need to be normalizedto account for the differencesin dust

loadings. Inlet dust loadingswere calculatedbased on the actual amount of I
ash collectedin the ESP hopper for each test added to the outlet dust loading

from each test. For Tests IA and IB, the respectivedust loadingswere 1.88

and 3.20 grains/scf. If these dust loadingsare multipliedby the respective i
sulfur concentrationsof 0.26% and 0.16%, we obtain values of 0.0049

grains/scf and 0.0051 grains/scfof sulfur transfer. Completingthe same i
analysisfor the EFGC test produces sulfur transfervalues of 0.0087 and

0.0064 grains/scf. If the averageof the two baselinevalues (0.0050 I
grains/scf)is compared with the averageof the two EFGC values (0.0076%

grains/scf),there is a 50% improvementin sulfurtransferwith EFGC. _uIfur Iretentiondata, therefore, indicatethat better resultsare achievedwith EFGC
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I over SO3 injectionalone. The difference in sulfur retentionvalues for the

two EFGC samples can also be explained. During the time the first sample was

I collected, the starting ESP voltagewas 50 kV, but was 30 kV by the end of

this period. During the entire time the second sample was collected,the

I voltage was Therefore, average voltage the first
constant at 30 kV. the while

sample was collectedwas higher than the averagevoltage for the second

I sample. At a higher ESP voltage, a larger fraction of any S03mist would be
expected to reach the plate, and, subsequently,the ESP hopper ash would be

I higher in sulfur retention.

One further source of availabledata to assess the effect of EFGC is the

I tensile strengthmeasurements. A comparisonof tensile strengthsfor the

baseline and EFGC samples from Runs 396 and 397 is shown in FigureA-7.12.

I show that the tensile strengthsfor the two baseline samplesare
Results

similar, but that the tensile strength is increasedwith EFGC. Interestingly,

I the highest tensile strengthwas observed for the first EFGC sample with the
highest sulfur retention. From previoustensile strengthdata with S03

I injectionalone, tensile strengthwas found to increasewith increasedsulfur
retention (for example,see FigureA-2.16). The tensilestrengthdata not

i only indicate increasedsulfur retentionwith EFGC, but also indicatehighersulfur retentionfor the first EFGC sample than the secondEFGC sample. The

tensile strengthdata are in complete agreementwith the measuredsulfur

I retention data, both indicatingbetter SOs transfer with EFGC. Therefore,the
particulateemissions'data, the ESP electricaldata, the sulfur retention

I data, and the tensile strengthdata, all consideredtogether,provide strong
evidence that, with Hunter Valley coal and a 2750F ESP temperature,improved

I ESP performancecan be achievedwith EFGC compared to SOs injectionalone.

i The promisingresults at 275°F lead to the question of whether thebenefit of EFGC can be retainedwhen the ESP is operatedat a higher

temperature. Run 398 was conductedto addressthis questionand included two

I 4-hour tests" Test I was an EFGC experimentwith 25 ppm of SOs at an ESP

temperatureof 350°F, and Test 2 was an experimentwith 45 ppm of ammonia

I alone at the same ESP temperature. Respirablemass emissionsfor the two
tests, shown in FigureA-7.9, indicatethat particulateemissionswere higher

I with EFGC at 350°F than for the EFGC test at 275°F. The EPA Method 5 dust
loadings, the CNC data, and the DMPS data all confirm that particulate
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emissionswere higher at 350°F. During the last half of both EFGC tests, the i

ESP voltage was held at 30 kV. At 275°F with EFGC, back corona was avoided, mm

but, at 350°F with EFGC, the ESP was well into back corona. Both the I

particulateemissionsdata and the ESP electricaldata reflecta deterioration

in ESP performanceat the higher temperature. Since no baseline test was I

conductedwith 25 ppm of S03 at 350°F,we cannot conclude that EFGC had no

benefit at 350°F. The fact that ESP performancefor the EFGC test at 350°F
i

was not as good as performancefor the EFGC test at 275°F simply indicates

that the benefit of EFGC was not adequateto overcome the increased i
|resistivityproblem at the higher temperature.

Comparingthe EFGC results at 350°F with the resultswith 45 ppm of I

ammonia alone (see FigureA-7.g) indicatesmuch better ESP performancewith

ammonia injection. Currentdensity as a function of voltage,given in I

Figure A-7.11, shows that back corona was avoidedwith ammonia injection,

which also indicatesbetter ESP performancewith ammoniaalone. Therefore,we m

have two ammonia injectiontests at an ESP temperatureof 275°F and one

ammonia injectiontest at an ESP temperatureof 350°F that all resulted in m
mbetter ESP performancethan either SO_ injectionalone or SO3 injectionwith

EFGC. I

There are two generalmechanisms by which ammoniaconditioningis known

to improve ESP performance. One mechanismis a change in the cohesive m

propertiesof the ash which results in significantlyreducedreentrainment. A

second generalmechanism is a change in the electricalconditionswithin the I
g

ESP which may includea reductionin ash resistivityas well as space-charge

effects. Tensile strengthmeasurements,shown in FigureA-7.13, show higher
|tensile strengthfor the EFGC tests with 25 ppm of S03, indicatingthat a

change in cohesivepropertieswas not the mechanismof improvement. This is mm

in contrast to the previouslymentionedtensilestrengthdata which showed

dual conditioningwith both ammonia and S03 resulted in increasedtensile

strength comparedto S03 alone. In the case of ammonia injectionalone with I

the Hunter Valley coal, there was apparentlynot enough naturalS03 present

for the ammonia injectionto produce an increasedtensilestrength. The I

sulfur analysisdata also indicatethat there was much less sulfur retained in

the fly ash for the ammonia injectiontests compared to the S03 injection
Btests. This impliesthat the improvementmust be the result of changed
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m electrical conditions. Since valid resistivity measurements are not

available, a direct comparison of resistivity with ammonia injection and S03

m injection is not possible. However, since the sulfur retention was much less

with ammonia injection, the ash resistivity with ammonia would be expected to

m be higher than the resistivity with injection. Lowered ashSO3 resistivity

with ammonia in the absence of S03 would not occur unless there was a more

m conductive path through the deposited ash layer. This would appear to have to
be the result of either ammonia ion adsorption on the fly ash or a high enough

m ammonia concentration in the interstitial spaces in the deposited ash layer.lt should be recognized that the void space or percent porosity of the

deposited ash layer with Hunter Valley ash is expected to be in the range of

I about 70% to 75%, based on the tensile strength vs. porosity measurements.

Whether sufficient ammonia adsorption on the fly ash or high enough ammonia

m in spaces alter the effective resistivity of the
concentration the void could

ash layer is not known. What does appear to have occurred is that the ammonia

suppressedthe formationof back corona such that the ESP could be operatedat
higher voltageswithout back corona,with a net result of higher particulate

m collection efficiency.

6.0 CONCLUSIONSANDRECOMMENDATIONS

m strongestconclusionthat can be drawn from this study is that, with
The

the four test coals, dual conditioningwith ammoniaand S03 is superior to S03

m conditioningalone in improvingESP performance. The better performancewith
dual conditioningis attributedto several effects. One effect is better

transfer of the SO3 to the fly ash which results in lower resistivityand lessS03 in the flue gas downstream of the ESP. In cases where resistivitycannot

m be adequatelycontrolledwith S03 alone, a reductionin resistivitywith dualconditioningshould directly result in lower particulateemissionsbecauseof

a higher allowableelectric field strength. Another primarymechanism of

reduced particulateemissionswith dual conditioningis the effect on the
cohesive propertiesof the ash. Quantitativemeasurementsshow that dual

I conditioningresults in a greater ash tensile strengththan SO3 alone. The
increasedtensile strengthof the ash with dual conditioningresults in

m reduced continuousreentrainmentand lower rappingpuffs. The net result is
significantlylower particulateemissionswith dual conditioning. A third
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mechanism of superiorperformancewith dual conditioningmay occur in cases m

where the S03 reacts with and is partiallyneutralizedby the fly ash. In i

such cases, injectionof ammonia upstreamof the S03 may allow the S03 to i

react with the ammoniarather than the fly ash and have a greatereffect on

ash resistivitythan the same concentrationof SOj alone. I

Limiteddata indicatethat upstream injectionof ammoniais preferredto i
J

injectionof the ammoniadownstreamof the S03. Lower submicronemissions and

slightly lower resistivityindicatethat somewhatbetter transferof i
Iconditioningagents to the fly ash was achievedwith upstreamammonia

injection.

I
Data indicateno clear advantageto using a 2:1 molar ratio of ammonia

to S03, comparedto a 1"I ratio. While some tests indicateda slight I

reduction in respirablemass emissionsat the 2:1 ratio, submicronmass

emissions for some tests were higher at the 2"1 ratio. Resistivity
g

measurementsindicatedthat resistivitywas somewhathigher at a 2"I ratio

compared to a 1"I ratio. Severaltests also were conductedat a ratio of I
l0.5"1 of ammonia to S03,but ESP performancewas not as good as with a 1"1

ratio. Therefore,the preferredratio appearsto be a 1:1 ratio of ammonia to

m
The EFGC results indicatedsome improvementin ESP performanceover S03 I

alone for all three coals tested_but much less improvementthan was seen with

dual conditioning. Therefore,the effectivenessof EFGC remainssomewhat in I
i

question. Nevertheless,furtherdevelopmentof the EFGC conceptwould appear

warranted, becausetests indicatedimprovedESP performance,and changes can I

be made to the EFGC system that would likely further improveresultswith |

EFGC. I
One somewhat surprisingresult was the improved ESP performanceachieved

with Hunter Valley coal with ammonia injectionalone. Since ammonia injection I

alone was not tested with the other coals, no general conclusioncan be drawn

as to the effectivenessof ammoniaalone compared to the other methods.

However, from the Hunter Valley results, it appearsthat the most effective
i

conditioningmethod is dual conditioningfollowed by ammoniaalone, EFGC, and I
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I SO3 alone. Furtherwork is needed to explainthe mechanisms of improvement

with ammonia alone to predictwhen ammoniaconditioningis applicable.

I
A question that was not addressedin the study is the effect of dual

I conditioningon rappingefficiency. Since dual conditioningincreasesthe
tensile strength of the ash, it is possiblethat the plates will not clean

I weil, and excessiveash buildupmay occur. Therefore, a further
recommendationis to evaluate the effect of dual conditioningon rapping

i efficiency in longer-termtests.

I

I

I
I

I

I
I

I

I

I

I

I
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I TABLE A-1
COAL ANALYSES FOR DOE/WAHLCO TESTS

I Hunter Pleasant
Big Brown Valley Hudson . Prairie

I Collection Pt. Run Run Storage StorageComposite Composite Bunker Bunker

I PROXIMATE (%moisture free)Ash 12.86 16.99 5.28 6.34
Volatile Matter 47.81 31.74 23.47 44.71

i Fixed Carbon 39.33 51.27 71.25 48.95Coal Moisture 21.00 2.60 0.90 29.50
(as received)

I ULTIMATE(%moisture
free)

Carbon 61.71 69.29 86.56 70.59
Hydrogen 4.80 4.47 3.35 5.20

I Nitrogen 1.15 1.60 1.73 1.09Sulfur 0.98 0.51 0.85 0.46

Oxygen (diff) 18.48 7.12 2.21 16.30

I Ash 12.86 16.99 5.28 6.34
HEATING VALUE (moisture free)
Btu/lb 10686 12089 14120 12823

I XRF COALASH ANALYSES (%conc. as oxides)
SiO2 35.5 84.5 52.0 27.0

l A1203 15.8 12.3 30.8 16.9Fe203 5.5 0.9 6.7 5.0
TiO2 1.4 0.6 2.1 1.9

I P205 0.7 0.0 0.5 1.3CaO 19.6 0.3 2.9 27.2
MgO 4.1 0.6 1.8 5.5

i Na20 0.8 0.0 0.6 1.4K20 0.2 0.2 1.1 0.1
SO3 16.4 0.6 1.5 13.7

I SIEVETEST (%retained)100 mesh 7.00 4.85 5.32 6.35
140 mesh 13.59 9.79 8.89 12.67

I 170 mesh 5.46 4.12 6.49 4.47200 mesh 10.94 9.67 9.58 11.51
270 mesh 21.39 13.34 15.13 13.63

i 325 mesh 4.95 6.30 22.36 6.37Pan 36.57 51.93 33.41 45.00

% < 200 mesh 62.91 71.57 70.90 65.00
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Figure A-I.I. Respirablemass emissionsas a functionof time for Big Brown

I coal for Run 344.
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FigureA-I.2. Respirablemassemissionsas a functionof time,including

rappingpuff for Big Browncoal for Run 344. 1
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400 -

! \
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r_ A 25 ppm SO s

,- 200

! °
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I
Figure A-I.3. Respirablemass emissionsas a functionof voltagefor Big

I Brown coal for Run 344.
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Current Density (nA/cm 2)
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Figure A-I.4. Respirablemass emissionsas a functionof currentdensity for

Big Brown coal for Run 344. n
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FigureA-1.5. Respirablemass emissionsas a functionof time for Big Brown

coal for Run 345.
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Figure A-I.6. Respirablemass emissionsas a functionof time, including

for Big Brown coal for Run 345.rapping puff
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i Figure A-I.7. Respirablemass emissionsas a function of voltage for BigBrown coal for Run 345.
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Figure A-I.8. Respirablemass emissionsas a functionof voltage (expanded

scale) for Big Brown coal for Run 345. i
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i Figure A-I.9. Respirablemass emissionsas a function of currentdensity forBig Brown coal for Run 345.
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Figure A-I.IO. Respirable mass emissions as a function of time for Big Brown im

coal for Run 346.
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i Figure A-I.II. Respirable massemissions as a function of time, includingrapping puff for Big Brown coal for Run 346.
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Figure A-I.12. Respirablemass emissionsas a functionof time for Big Brown

coal for Runs 344, 345, and 346. II
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Figure A-I.13. Respirable mass emissions as a function of voltage for BigBrown coal for Run 346,,
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Figure A-1.14. Respirablemass emissions as a functionof voltage (expanded

scale) for Big Brown coal for Run 346. D

!

!

A-30 D

|



I
I
I
I
I

300

I 1 Big Brown Texas Lignite
ESP Temp. 250°F

I _ 25o

! °E_ 200 00ppmSO a
• 5 ppm SO3

I r_ I"I 15 ppm SO3_ 25 ppm SO3
150

! °
100

| ""

i _ 50

! o
0 35 50 75 100 125 150 ..

I Current Density (nA/cm2)

I Figure A-I.15. Respirablemass emissionsas a functionof currentdensity forBig Brown coal for Run 346.
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FigureA-I.16. Respirablemassemissionsas a functionof time for Big Brown

coalfor Run 347. I
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i Figure A-I.17. Respirable mass emissions as a function of time, including

rapping puff for Big Brown coal for Run 347.
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Figure A-l.18. Respirable mass emissions as a function of voltage for Big IBrown coal for Run 347.
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Figure A-I.19. Respirablemass emissionsas a functionof voltage (expandedscale) for Big Brown coal for Run 347.
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Figure A-I.20. Respirablemass emissionsas a function of currentdensity for m
IBig Brown coal for Run 347.
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I FigureA-I.21. Respirablemass emissionsas a functionof time for Big Browncoal for Run 348.
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Figure A-1.22. Respirablemass emissionsas a function of time, including Irapping puff for Big Brown coal for Run 348.
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i FigureA-1.23. Respirablemass emissionsas a functionof voltagefor BigBrowncoal for Run 348.
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Figure A-1.24. Respirable mass emissions as a function of voltage (expanded

scale) for Big Brown coal for Run 347. I
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i Figure A-1.25. Respirablemass emissions as a functionof currentdensity forBig Brown coal for Run 348.
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Figure A-1.26. Rappingpuff emissionsas a functionof ammoniaconcentrations 1

for Big Brown coal for Runs 347 and 348. 1
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Figure A-1.27. Current-voltagecurves for Big Brown coal for Run 344.
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Figure A-1.28. Current-voltagecurves for Big Brown coal for Run 345.
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Figure A-1.29. Current-voltagecurves for Big Brown coal for Run 346.
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Figure A-I.30. Current-voltagecurves for Big Brown coal for Run 347.
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Figure A-I.31. Current-voltagecurves for Big Brown coal for Run 348.
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Figure A-1.32. Resistivityas a functionof SOs concentrationfor Big Brown Icoal for Runs 344, 345, and 346.
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I Figure A-1.33. Resistivityas a functionof S03 and ammoniaconcentrationforBig Brown coal for Runs 344-348.
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Figure A-1.34. Sulfur retention as a functionof S03 concentrationfor Big

Brown coal for Runs 344, 345, and 346.
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I Figure A-1.35. Sulfur retentionas a function of ammoniainjectionat aconstant 15 ppm SO_ for Big Brown coal for Runs 347 and 348.
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Figure A-1.36. Submicron mass emissions as a function of SO3 concentration

for Big Brown coal for Runs 344-348. I
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I Figure A-1.37. Fly ash tensile strengthas a function of ash porositywithS03 alone for Big Brown coal for Run 344.
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Figure A-1.38. Fly ash tensile strength as a function of ash porosity with i

S03 alone for Big Brown coal for Run 345.
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i FigureA-1.39. Fly ash tensilestrengthas a functionof ash porositywithSO_alonefor Big Browncoalfor Run346.
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Figure A-1.40. Fly ash tensile strength as a function of ash porositywith mm

dual conditioningfor Big Brown coal for Run 347.
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m FigureA-I.41. Fly ash tensilestrengthas a functionof ash porositywithdualconditioningfor Big Browncoal for Run 348.
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Figure A-1.42. Fly ash tensile strength as a function of ash porosity with mm

S03 alone and with dual conditioning at 325°F for Big Brown

coal for Runs 344 and 347.
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m Figure A-1.43. Fly ash tensile strength as a function of ash porosity withS03 alone and with dual conditioning at 400°F for Big Brown

m coal for Runs 345 and 348.
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Figure A-1.44. Fly ash tensilestrengthas a function of ash porositywith I

baseline tests for Big Brown coal for Runs 344, 345, and 346. I
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i Figure A-1.45. Fly ash tensile strengthas;a functionof ash porositywith 15ppm of SO3 for Big Brown coal for Runs 344-348.
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Figure A-1.46. Fly ash tensile strength as a functionof ash porositywith 25 II

Ippm of S03 for Big Brown coal for Runs 344, 345, and 346.
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I FigureA-2.1. Respirablemass emissionsas a functionof timefor Hunter
Valleycoalfor Runs349-351.
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Figure A-2.2. Respirablemass emissionsas a functionof time for Hunter mm

Valley coal for Runs 350 and 351.
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Figure A-2.4. Respirable mass emissions as a function of time for Hunter

Valley coal for Run 352. I
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I Figure A-2.5. Respirable mass emissions as a function of time for Hunter
Valley coal for Run 353.
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Figure A-2.6. Respirable massemissions as a function of time for Hunter

Valley coal for Run 354. I
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I Figure A-2.7. Respirablemass emissionsas a functionof time with swirlburner for Hunter Valley coal for Run 365.
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I Figure A-2.g. Rapping puff emissionsas a function of ammonia concentrationsfor Hunter Valley coal for Runs 350-354 and 365.

!
I
I A-71

I



I
I
I
I
|

250 W

t Hunter Valley Coal |
ESP Temp. 325°F

;" _
200° !

° !150

,F-W

° !
100

M

= 50 _ 5 ppm S03 Ir_) 0 25 ppm SO3

Clean Plate

o !
10 20 30 40 50 60 70 80

Voltage (KV) I

!
FigureA-2.10. Current-voltagecurvesfor HunterValleycoalfor Run 349.
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FigureA-2.11. Current-voltagecurvesfor HunterValleycoal for Run 352.I
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FigureA-2.12. Current-voltagecurvesfor HunterValleycoalfor Run354.
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m FigureA-2.13. Current-voltagecurvesfor HunterValleycoal for Run 365.
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Figure A-2.14. Sulfur retentionas a functionof SOs concentratiopfor Hunter

Valley coal for Runs 364 and 365. i
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i FigureA-2.15. Fly ash tensilestrengthas a functionof ashporosityforHunterValleycoalfor Run 364.
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FigureA-2.16. Fly ash tensilestrengthas a functionof ash porosityfor ii
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I FigureA-3.1. Respirablemass emissionsas a functionof time forHudsonbituminouscoalfor Run 355.
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I Figure A-3.3. Respirablemass emissionsas a functionof currentdensity forHudson bituminouscoal for Run 355.
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i Figure A-3.5. Respirablemass emissionsas a functionof time (expandedscale) for Hudson bituminouscoal for Run 356.
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Figure A-3.6. Respirablemass emissionsas a functionof voltagefor Hudson
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Figure A-3.12. Respirablemass emissions as a functionof time for Hudson l

bituminouscoal for Run 358. I
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Figure A-3.13, Respirablemass emissionsas a functionof time (expanded

I scale) for Hudson bituminouscoal for Run 358.
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FigureA-3.14. Respirablemassemissionsas a functionof voltagefor Hudson

bituminouscoal for Run 358. I
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Figure A-3.15. Respirablemass emissionsas a function of currentdensity for

I Hudson bituminouscoal for Run 358.
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FigureA-3.16. Respirablemassemissionsas a functionof time forHudson

bituminous coal for Run 359.
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Figure A-3.17. Respirablemass emissionsas a function of voltagefor Hudson

I bituminous coal for Run 359.
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FigureA-3.18. Respirablemass emissionsas a function of currentdensity for mm

Hudson bituminouscoal for Run 359. I
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Figure A-3.19. Respirable mass emissions as a function of time for Hudson

I bituminous coal for Run 360.

!
!
I A-97

!



I

I
I

is I
Hudson Bituminous Coal

ESP Temp. 250°F I
t'3

- o 15 ppm S03 + 15 ppm NH3 I
• 25 ppm S03 + 25 ppm NH3c_10-

[::::: a 8 ppm SO_ + 8 ppm NH_ Iz_ 15 ppm S03 + 30 pprn NH3d

0

-Q 5

|/

01 , , , , , , , , , , , , , "-
0 20 4-0 60 80 100 120 140 m

Time (min)

!

Figure A-3.20. Respirablemass emissionsas a functionof time (expanded I

scale) for Hudson bituminouscoal for Run 360. I
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FigureA-3.21. Respirablemass emissionsas a functionof voltagefor Hudson

I bituminouscoal for Run 360.
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Figure A-3.22. Respirablemass emissions as a functionof currentdensity for

Hudson bituminouscoal for Run 360. I
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Figure A-3.24. Current-voltagecurves for Hudson bituminouscoal for Run 356.
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Figure A-3.25. Current-voltagecurves for Hudson bituminouscoal for Run 357.
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FigureA-3.26. Current-voltagecurvesfor Hudsonbituminouscoalfor Run 358.
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FigureA-3.27. Current-voltagecurvesfor Hudsonbituminouscoalfor Run 359.
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FigureA-3.28. Current-voltagecurvesforHudsonbituminouscoalfor Run360.
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Figure A-3.29. Rappingpuff emissions as a functionof ammoniaconcentrations

I for Hudson bituminouscoal for Runs 355-360.
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FigureA-3.30. Submicronmass emissionsas a functionof SO3concentration

with andwithoutammoniafor Hudsonbituminouscoal for Runs I
mw355-360.
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Figure A-3.31. Sulfur retention as a functionof SO_ concentrationfor Hudson

I bituminouscoal for Runs 355, 357, and 359.
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Figure A-3.32. Sulfur retentionas a functionof S03 concentrationand dual

conditioningat 325°F for Hudson bituminouscoal for Runs 355 I
i

and 356.
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Figure A-3.33. Sulfur retention as a function of SO_ concentration and dual

I conditioningat 400°F for Hudson bituminouscoal for Runs 357
and 358.
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FigureA-3.34. Sulfurr_tentionas a functionof SO3concentrationand dual

conditioningat 250°FforHudsonbituminouscoal forRuns 359 m
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Figure A-3.35. Resistivityas a functionof S03 concentrationfor Hudson

I bituminouscoal for Runs 355, 357, and 359.

I A-113

I



I

I

I
Hudson Bituminous I

0 Run 355 325°F SO 3 only

Run 357 400°F SO 3 only I[] Run 359 250°F SOa only

• Run 356 325°F SO a and NHa

v Run 358 400°F SO3 and NH 3 I
I Run 360 250°F SOa and NHa14.

10 i i i I

"E ,2 Iu 10 _._
I • _ " _-_._:7

v_ • .

O • •

"--"1011

2> "

_- " I
t_J

109 I

|
8

I0 z _ _ _ a I
0 5 10 15 20 25 ZO I

S05 (ppm) I

I
Figure A-3.36. Resistivityas a functionof S03 and ammoniaconcentrationfor

Hudson bituminouscoal for Runs 355-360. I

|

A-114 I

I



I

I

I
I

HUDSON BITUMIr, IOUS 525°F
| 14

C_4

_2_ __I _ t•'t Baseline
_1 0 (,a'b 5 ppm SOs \ \(o) 15 ppm SO_ \\/

I ° _'/__om_o' ..x\Z • 15 ppm S03, 15 ppm
Ld (,,,]) 15 ppm SOb 15 ppm NH3\ \
rY 8 (_) 15 ppm SO3, 7.5 ppm NHj\ \

I (.:, 15 ppm SO, 30 ppm NHj __t.J

_6
Z • '_
I,!
t---

U3
I,I

I _-2©

,, __ --

i 0 u I I I ! I n J n I _ J I u u I I I "_ I I u _ I J I J I I I n I _ u 'u I I 'l'l60 65 70 75 80
PERCENT POROSITY

!
FigureA-3.37. Fly ash tensilestrengthas a functionof ashporositywith

I SO_aloneandwith dualconditioningat 325°FforHudson
bituminouscoalfor Runs355 and 356.

!
I
i A-115

I



I

I

I

HUDSON BITUMINOUS 400°F I
8

_-_ Baseline I5 ppm SOs
15 ppm SOs

7 25 ppm SO3
- 15 ppm SO3, 15 ppm NH3 li
_ 25 ppm SOs, 25 ppm NH3 I_J - 25 ppm SO3, 25 ppm NH3

6- 25 ppm SO3, 50 ppm NH3
-T"

z 5ka.J

f--
or)

4-
_ -

z3
b_l

,,, !
_>2
U')

,,, !-r"
01
C_

0 !
60 65 70 75 80 85

PERCENT POROSITY I
I

Figure A-3.38. Fly ash tensile strengthas a functionof ash porositywith I

SOs alone and with dual conditioningat 400°F for Hudson I

bituminouscoal for Runs 357 and 358.
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Figure A-3.39. Fly ash tensile strengthas a functionof ash porositywith

I S03 alone and with dual conditioningat 250°F for Hudson

bituminouscoal for Runs 359 and 360.
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Figure A-4.1. Respirablemass emissions as a functionof time for Pleasant mm
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i Figure A-4.2. Respirablemass emissionsas a functionof time (expandedscale) for PleasantPrairiecoal for Run 361.
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Figure A-4.3. Respirablemass emissionsas a functionof voltagefor ==

PleasantPrairie coal for Run 361. I
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FigureA-4.4. Respirablemass emissionsas a functionof currentdensityfor

I PleasantPrairiecoalfor Run 361.
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Figure A-4.5. Respirablemass emissionsas a functionof time for Pleasant

Prairie coal for Run 362.

!
!

A-122 I

!



I
I
!
I

25

I Pleasant PrairieSubbituminous Coal

ESP Temp. 325°F
I _ 20

_ t5 ppm SO 3 + t5 ppm NH 3

_ 5 ppm SO 3 + 5 ppm NH 3

I [] 25 ppm SO a + Z5 ppm NH:I
15 ppm S03 + 30 ppm NH o

i 0 , , , , i ,0 20 40 60 80 100 120 140

I Tim e (min) -

I
i Figure A-4.6. Respirable mass emissions as a function of time (expandedscale) for Pleasant Prairie coal for Run 362.
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Figure A-4.7. Respirablemass emissionsas a functionof voltagefor

PleasantPrairie coal for Run 362. I
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Figure A-4.8. Respirablemass emissionsas a functionof current densityfor

I Pleasant Prairiecoal for Run 362.
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Figure A-4.9. Respirable mass emissions as a function of current density

(expandedscale) for Pleasant Prairiecoal for Run 362. I
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l Figure A-4.10. Respirablemass emissionsas a function of time for PleasantPrairiecoal for Run 363.
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Figure A-4.11. Respirablemass emissionsas a function of time (expanded 1scale) for PleasantPrairie coal for Run 363.
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I Figure A-4.12. Respirablemass emissionsas a functionof voltageforPleasant Prairiecoal for Run 363.
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FigureA-4.13. Respirablemass emissionsas a functionof currentdensity for m
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I Figure A-4.14. Respirablemass emissionsas a function of currentdensity

(expandedscale) for PleasantPrairie coal for Run 363.
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FigureA-4.15. Current-voltagecurvesforPleasantPrairiecoalfor Run 361.
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Figure A-4.18. Resistivityas a function of SOs and ammoniaconcentrationfor

I PleasantPrairiecoal for Runs 361-363.
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Figure A-4.19. Rapping puff emissionsas a functionof ammoniaconcentrations mm

for PleasantPrairiecoal for Runs 361-363. I
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I FigureA-4.20. Submicronmass emissionsas a functionof SO3 concentrationwithand withoutammoniafor PleasantPrairiecoal forRuns
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Figure A-4.21. Sulfur retentionas a functionof S03 concentrationand dual

conditioningfor Pleasant Prairiecoal for Runs 361-363. I
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i Figure A-4.22. Fly ash tensile strength as a functionof ash porositywithSO_alone and with dual conditioningfor PleasantPrairiecoal

for Runs 361-363.
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FigureA-5.1. Respirablemassemissionsas a functionof time for 15 ppm S03 mm

with and withoutEFGCfor Big Browncoal for Run368.
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I Figure A-5.2. Respirablemass emissionsas a functionof time for 0 ppm S03with and without EFGC for Big Brown coal for Run 368.
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FigureA-5.3. Respirablemassemissionsas a functionof timefor 7 ppm SOs
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Figure A-5.4. Respirable mass emissions as a function of time for Z5 ppm S03

i with and without EFGC for Big Brown coal for Run 369.
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FigureA-5.5. Respirablemassemissionsas a functionof time for 25 ppm SO3 m

with andwithoutEFGC for Big Browncoalfor Runs369 and 370. m
Error bars are plus and minus one standard deviation of EFGC

data. m
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I Figure A-5.6. Respirablemass emissionsas a functionof time for 25 ppm SOswith and without EFGC for Big Brown coal for Run 377 comparing

i Tests 1 and 2.

!

I A-145

!



,LILi

I

I

I

I
50

Big Brown Texas Lignite I
ESP Temp. 400"F

40 ESP Voltage 50KV I
E

_o PTC-377-2 I25 ppm SO 3

_-- 30 Z_ w/o EEFC-C

oq [ A with EEFGC

..'0:" 20 I
°m4

° !
!

0 1 " I i I I I' " ii

0 20 40 60 80 100 120 140 !

Time (min)

!
I

FigureA-5.7. Respirablemassemissionsas a functionof timefor25ppmS03

withandwithoutEFGCforBigBrowncoalforRun377comparing I
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Tests3 and4.
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i FigureA-5.8. Respirablemass as a functionof voltageat 15 ppm SOswithandwithoutEFGCfor Big Browncoal for Run368.
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FigureA-5.g. Respirablemassas a functionof currentdensityat 15 ppm SOs

withandwithoutEFGCfor Big Browncoal forRun 368.
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I FigureA-5.10. Respirablemass as a functionof voltageat 0 ppm S03with andwithoutEFGCfor Big Browncoal for Run 368.
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Figure A-5.11. Respirablemass as a functionof currentdensityat 0 ppm S03

with and without EFGC for Big Brown coal for Run 368. 1
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i FigureA-5.12. Respirablemass as a functionof voltageat 7 ppm SO3with andwithoutEFGCfor BigBrowncoalfor Run 369.
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Figure A-5.13. Respirablemass as a functionof currentdensityat 7 ppm SOs

with and without EFGC for Big Brown coal for Run 369.
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i Figure A-5.14. Respirablemass as a function of voltage at 25 ppm S03 withand without EFGC for Big Brown coal for Run 369.

!
!
I A-153

!



I
I

I

I

I
600

Big Brown Texas Lignite ISP Temp. 400'F
500

I
400 l

300 _ 25 ppm SO 3 w/o EEFGC 1
A 25 ppm S03 with EEFOC 1

'_ 2oo-

1oo I

I
0

0 20 40 60 80 100 120 140 160 180 200 I
I

Current Density (nA/cm 2)

I
FigureA-5.15. Respirablemass as a functionof currentdensityat 25 ppmS03 1

with and withoutEFGCfor Big Browncoalfor Run 369. 1
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i FigureA-5.16. Respirablemass as a functionof voltageat 25 ppm S03withandwithoutEFGCfor Big Browncoalfor Runs369 and 370.

i Errorbars are plusandminusone standarddeviation.
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FigureA-5.17. Respirablemass as a functionof currentdensityat 25 ppm S03

withand withoutEFGC forBig Browncoalfor Runs369 and 370. I
Errorbars are plusand minusone standarddeviation.
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i FigureA-5.i8. Respirablemass as a functionof voltageat 25 ppm S03withandwithoutEFGC for Big Browncoalfor Run 377 comparing

J Tests 1 and 2.
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Figure A-5.19. Respirablemass as a functionof currentdensityat 25 ppm SO3

with and without EFGC for Big Brown coal for Run 377 comparing m
Tests 1 and 2.
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i Figure A-5.20. Respirablemass as a functionof voltageat 25 ppm SO_ withand without EFGC for Big Brown coal for Run 377 comparing

m Tests 3 and 4.
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Figure A-5.21. Respirablemass as a functionof currentdensity at 25 ppm SO,

with and without EFGC for Big Brown coal for Run 377 comparing I
Tests 3 and 4.
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i Figure A-5.22. Current-voltage curves for 15 ppmSOswith and without EFGCfor Big Brown coal for Run 368.
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FigureA-5.23. Current-voltagecurvesfor0 ppmS03with and withoutEFGCfor mm

Big Browncoal for Run 368. I
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i FigureA-5.24. Current-voltagecurvesfor 7 ppm SOswith and withoutEFGCforBig Browncoal for Run 369.
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FigureA-5.25. Current-voltagecurvesfor 25 ppm S03withandwithoutEFGC

for Big Browncoal for Run 369.
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i Figure A-5.26. Current-voltagecurves for 25 ppm S03with and without EFGCfor Big Brown coal for Runs 369, 370, and 377. Error bars are

I plus and minus one standarddeviation.

!

I A-165

!



I

I
I

Big Br'own EFGC Tests |
O Runs 368 and 369 EFGC OFF

I• Runs 368 and 369 EFGC ON
II Run 370 EFGC ON

A Run 377 EFGC OFF
A Run 377 EFGC ON

12
10 r l , 1

|

I
.-. _ |11

1

c-
©

_>
F_

bo 10

"' Ic-r-

ra

I
i0 '_ t J. 1 I0 5 10 15 20 25 30

S05 (ppm) t

I
Figure A-5.27. Resistivityas a functionof S03 concentrationwith and

withoutEFGC for Big Brown coal for Runs 368-370and 377.
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Figure A-5.28. Sulfur retention as a function of SO, concentration with and

I without EFGC for Big Brown coal for Runs 368-370 and 377.
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FigureA-6.1. Respirablemass emissionsas a functionof time with and

without EFGC at 400°F for Hudson bituminouscoal for Run 371.
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i Figure A-6.2. Respirable mass emissions as a function of time at 25 ppm SO3with and without EFGC at 400°F for Hudson bituminous coal for

I Run 372.
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FigureA-6.3. Respirablemass emissionsas a functionof timeat 7 ppm SO_

with and withoutEFGCat 400°Ffor Hudsonbituminouscoal for I
Run 372.
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I ¢'igureA-6.4. Respirablemass emissionsas a functionof time at 15 ppm SO_with and without EFGC at 325°F for Hudson bituminous coal for

Runs 373, 374, and 378. Error bars are plus and minus one

I standard deviation.
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FigureA-6.5. Respirablemassemissionsas a functionof time at 7 ppm SO,

with andwithoutEFGCat 325°F forHudsonbituminouscoal for I
Run 374.
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I FigureA-6.6. Respirablemassemissionsas a functionoftimeat 7 ppmSOswithandwithoutEFGCat 325°FforHudsonbituminouscoalfor

I Run 378.
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FigureA-6.7. Respirablemass emissionsas a functionof voltagewith and mm
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I Figure A-6.8. Respirable mass emissions as a function of current densitywith and without EFGC at 400°F for Hudson bituminous coal for

i Runs 371 and 372.
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Figure A-6.9. Respirable massemissions as a function of voltage with and mm

without EFGCat 325°F for Hudsonbituminous coal for Runs 373, i
374, and 378. Baseline is from Run 355. Error bars are plus
and minus one standard deviation.
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I Figure A-6.10. Respirablemass emissionsas a functionof current densitywith and without EFGC at 325°F for Hudson bituminouscoal for

Runs 373, 374, and 378. Baselineis from Run 355. Error bars

I are plus and minus one standarddeviation.
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Figure A-6.11. Current-voltage curves with and without EFGC at 400°F for g

Hudson bituminous coal for Runs 371 and 372.
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FigureA-6.12. Current-voltagecurveswith andwithoutEFGCat 325°FforHudsonbituminouscoalfor Runs373, 374,and 378. Errorbars

are plus and minusone standarddeviation.
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Figure A-6.13. Sulfur retention as a function of S03 concentration with and m

without EFGC for Hudson bituminouscoal for Runs 371-374 and
378.
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i Figure A-7.1. Respirable mass emissions as a function of time with andwithout EFGCat 275°F for Hunter Valley coal for Runs 375 and

I 376.
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Figure A-7.2. Respirablemass emissionsas a functionof time at 25 ppm SOs II

Iwith and without EFGC at 275°F for HunterValley coal for Runs

375 and 376 comparingTest I each day. I
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i FigureA-7.3. Respirablemassemissionsas a functionof timeat 25 ppm S03with EFGCat 275°FforHunterValleycoalfor Runs375 and

i 376. Data showsignificantvariability.
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Figure A-7.4. Respirablemass emissionsas a function of time at 25 ppm SO3

without EFGC at 275°F for Hunter Valley coal for Runs 375 and 1

376. Data show significantvariability. 1

I
A-184 1

I



I

I

I

I

I.I []

_ I 00

0.9 []

0.8-

•_ 07

i I _= 0.6
i_ _

m 0.4- o Hunter Valley EEFGC

' I 0.3 C] HV-375 & 376 275°F EEFGCoff
I HV-375 & 376 275°F EEFGC on

u._: i i a , _ , i

L I 0 5 10 15 20 25 30 35

i S0a Injected (ppm)
! _

i FigureA-7.S. Sulfurretentionas a functionof S03concentrationwith andwithout EFGC for Hunter Valley coal for Runs 375 and 376.
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FigureA-7.6. Respirablemass emissionsas a functionof timeat 25 ppm SO3 i
withoutEFGCat 275°FforHunterValleycoalforRun 396. |

!
I

A-186 i

!



I

I

I

I
I

] HunterValleyCoal104

_ 103 .................................................................................................................................................

10_ l_p

_ 101
_ -

i • 45 ppm w/o EEFGC 397I0 ° " _ ' ', ' , ' I ' 'i " I ' i '

I 0 25 50 75 100 125 150 175 200
Time (min)

I
I

Figure A-7.7 Respirablemass emissionsas a function of time with 45 ppm of

I ammoniaalone at 275°F for Hunter Valley
coal for Runs 396 and

397.
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Figure A-7.8. Respirable mass emissions as a function of time for 25 ppm SO3 mm

without EFGC, for 25 ppm of SO3with EFGC, and for 45 ppm of

ammonia alone all at an ESPtemperature of 275°F with Hunter

for Runs 396 and 397. m
i
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Figure A-7.9. Respirable mass emissions as a function of time for 25 ppm of

I SO_with EFGCand for 45 ppm of ammonia alone at an ESP

temperature of 350°F with Hunter Valley coal for Run 398.
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Figure A-7.10. Current-voltagecurves with and without EFGC and with ammonia

alone at 275°F for Hunter Valley coal for Runs 396 and 397. i
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l Figure A-7.11. Current-voltage curves with EFGCand with ammonia alone at350°F for Hunter Valley coal for Run 398.
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Figure A-7.12. Fly ash tensile strength as a function of ash porosity with i

and without EFGCfor Hunter Valley coal for Runs 396 and 397. i
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Figure A-7.13. Fly ash tensile strength as a function of ash porosity with

I EFGCand ammonia alone for Hunter Valley coal for Runs 397 and
398.
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