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ABSTRACT

The U. S. Departmentof Energy,Officeof IndustrialTechnologysponsors

work in the area of measuringand mitigatingfoulingin heat exchangers. Tt,is

report describesthe design and fabricationof a gas-sidefoulingmeBsuring

device,and its testingin an industrialenvironment. The reportgives

detailsof the probe fabrication,materialused, controllers,other

instrumentationrequiredfor variousmeasurements,and computersystem needed

for recordingthe data. The calibrationconstantsfor measuringthe heat flux

with the heat fluxmeterwere determined. The report also describesthe field

test location,the tests performed,the data collected,and the data analysis.

The conclusionsof the tests performedwere summarized. Although fouling

depositson the probe were minimal,the tests proved that the probe is capable

of measuringfoulingin a harsh industrialenvironment.
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EXECUTIVE SUMMARY

The U.S. Departmentof Energy (DOE),Officeof IndustrialTechnologies

has been fundingthe developmentof a gas-sidefoulingmeasuringdevice t(i_

assist in efficientdesigningof heat exchangers. The foulantsare deposited

on the heat transfer surfacesof heat exchangersused to recoverenergy from

hot flue gases in industrialfurnaces. The foulingdata taken by the probe

from a flue gas streamcan be useful in accuratelydesigninga heat exchanger

for use in the same or a similarflue gas stream. Accuratefoulingfactor

informationcan avoid the need for overdesigning(providingmore than required

heat transfersurfacearea) a heat exchanger. The foulingprobe can also be

used to assess the effectof changingthe type of fuel on the fouling

deposition. Initially,under DOE's sponsorship,Jet PropulsionLaboratory

(JPL),Pasadena,Californiadesigned,constructed,and tested in a laboratory

settinga foulantmeasuringdevice. Subsequently,the Idaho National

EngineeringLaboratory(INEL)made some improvementsto the design of the

foulingprobe and tested it in an industrialtest site to prove its

applicabilityin harsh industrialenvironment. The foulingprobe development

is nearingits goal of a techT_ologyuseful for the industrialapplication.

The foulingprob=,works on the principlethat foulingdepositon a heat

transfersurfaceprovidesadditionalthermalresistance,which decreasesthe

rate of heat transferthroughthe heat transfersurface. The foulingprobe

systemconsists of three components. The first componentis the probe,which

is designed to measure the decrease in heat flux and calculatesthe fouling

factor. The second componentis the controlsystemto control temperatures

and coolingair flow rates. The third componentis the data acquisition

system. The probe consistsof a 1.0 in. outsidediameter (OD) stainlesssteel

tube with a heat fluxmeterreplacinga part of the tube wall to measure the

localwall heat flux. Coolingair is suppliedto the probe throughan inner

concentrictube and flows out of the probe throughthe annulargap betweenthe

two tubes. A thermocoupleis attachedto the insidewall of the outer tube to

monitor tube wall temperature. This temperatureis maintained at a

predeterminedfixed value by controllingthe coolingair flow rate by a

temperaturecontrolsystem. The averageheat flux is determinedby using the

device as a calorimeter,that is, by measuringthe inlet and outlet air'



temperaturesand air mass flow rate, and calculatingthe heat gained by the

flowingair.

The length of the probe dependson the depth to which it needs to be

inserted(up to the centerof a duct) in a flue stream. Typically,the length

could be -4 to 8 ft. The JPL carriedout laboratorytests using naturalgas

combustionproductsdoped with slakedlime to serve as the foulant. Local and

averagefoulingfactorswere obtainedover a range of parametersincluding:

insidewall temperature,270 to 1500°F,gas temperature,745 to 2214°F,heat

flux, 3440 to 40800 Btu/h.ft2, and gas velocity,9.91 to 27.7 ft/s. The

resultsobtainedconfirmthat the probe is capableof measuringlocal and

averagegas-side foulingfactorsunder laboratoryconditions. Subsequently,

the INEL fabricatedtwo probes for testingin the flue streamof an industrial

site. Energy and EnvironmentalResearchCorporation(EER)was subcontracted

by the INELto test the probe in an industrialenvironmentto determine

reliabilityand operabilityof the probe.The field test site was Whitewater

Valley Stationof RichmondPower and Light Companyat Richmond,Indiana. The

furnaceis a coal burningfacility. The probe was tested in the convection

pass of the furnacecontainingthe economizerand superheatersover a broad

range of parameters:probewall temperature,600 to 1300"F,gas temperature,

820 to 1840"F,heat flux, -2800 to 8000 Btu/h.ft2, and gas velocity,10 to

20 ft/s. The probe provedto be rugged enough to be capableof withstanding

the industrialenvironment. Followingthese tests, it is recommendedthat

provisionshould be made to increasethe coolingair flow rate throughthe

probe to a high enough range so that tests could be conductedin the _egion

where flue gas temperatureis higherthan 1840°F.
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FIELD TESTINGOF A PROBETO MEASUREFOULING
IN AN INDUSTRIALFLUEGASSTREAM

1. INTRODUCTION

Many industrialsystems (forexample,boilersand furnaces)utilizesome

form of heat transferequipmentto transferheat from the high temperature

flue gases to anotherfluid. Tiieeffectivenessof the heat transferequipment

can be reducedbecauseof the foulantdepositionon the outsideof the heat

transfersurfaces. This process';_known as gas-side foulingand is generally

defined as an undesirableinsulatinglayerdepositedon a heat transfer

surface. To improvethe heat exchangerperformance,knowledgeof the flue gas

foulingpotentialand foulantsmitigationis needed. Accurate foulingfactor

informationcan avoid the need for overdesigning(providingmore than required

heat transfersurfacearea) a heat exchanger. The foulingprobe can also be

useful in measuringthe (fouling)impactof changingthe type of fuel in the

plant.

The U.S. Departmentof Energy (DOE),Office of IndustrialTechnologies

sponsorsresearchand developmentin the area of advancedheat exchangers.

The U.S. DOE has sponsoredseveralworkshopsto assess the effectsof fouling

and define the researchneeded to mitigatefouling.I-4 To measurethe fouling

characteristicsof a specificflue gas stream for the purposeof designinga

heat recoveryequipment,the DOE sponsoredthe developmentof a device capable

of measuringgas-side fouling. Marner and MacDavidof the Jet Propulsion

Laboratory(JPL)designed,fabricatedand laboratorytested a fouling

probe,s'B Subsequently,the IdahoNationalEngineeringLaboratory(INEL)made

some improvementsirlthe JPL design,and fabricatedand calibratedthe probe.

Under a subcontract,Energyand EnvironmentalResearchCorporation(EER) field

tested the probe. The EER report7 gives the work performedby INEL and the

field tests performedby EER. The materialrelatedto field test site, and

field test data in Chapters4 through6 of this reportwas taken from the EER

report.7 _ ,,

I,
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Rebelloet al.,Bhave given the cost of heat exchangerfoulingin U.S.

industries. The total foulingcost consistsof the energynot transferredas

a resultof insulatingfoulinglayer,the increasedcapitalcost in oversizing

a heat exchanger,and the maintenancecost of foulantremovalequipment. The

total estimatedenergy lost in 1982was -2.9 x IOB Btu/y costing-$9 billion.

Marner and SuitorI estimatedthatthe annualcost of gas-sidefoulingin the

U.S. industriesis -$3.6 billion. In a PacificNorthwestLaboratoriesstudy,2

the same annual foulingcost in the U.S. w::sestimatedto be in the order of

$3.9 billionto $7 billion. The cost figureestimatedby various

investigatorsmay not be exact,but these figuresclearlyindicatethat it is

desireableto understandand mitigatethe foulingbuildupon the heat exchange

equipment.

Few other such probes have also been developed. At the National

EngineeringLaboratory,East Kilbride,Scotland,a foulingprobe of a simpler

design9'I°than that of the JPL probe was developed. Unlike the JPL probe,

this probe does not have a heat fluxmeter. The foulantsamplesare collected

on a cylindricalshellmade up of two similarsemi-cylindricalshellsmounted

over the probe. Other probes for measuringfouling in a liquid stream have

also been developedand tested.11 These probes are" the Heat Transfer

Research,Inc. PortableFoulingResearchUnit probe and a hot wire probe based

on the design of the UniversalOil ProductsMonirex instrument.

Somerscales12reviewedthe foulingof heat transfersurfacesfrom an

historicalperspective. He paid particularattentionto the foulingof steam

boilersand steam condensers. He also discussedthe developmentof scientific

methodsto study foulingand calculatingfoulingfactors. Watkinsonperformed

a criticalreview13of foulingcaused by organicfluids. This referencealso

containsreferencesto severalother relatedand useful topics. Epstein(14-16)

has given detailed informationahout the physicalmechanismsbehindgas-side

foulingon a heat transfersurfaceand classifiedthem as follows"

I. Precipitationfouling- the precipitationor condensationof

dissolvedsubstancesonto the heat transfersurface. Dependingon

the chemicalcompositionof the fuel and the industrialprocess

2



involved,,_hecombustionproductswill containa varietyof solid

particulates,condensables,and noncond_sable gaseousspecies.

As these gases are cooled by heat recoveryequipment,the

condensablesand other solid particlesare depositedonto the heat

transfersurface. Sometimesthe dissolvedsubstanceshave inverse

solubilityversus temperature(lowersolubilitywith higher

temperature)cl,aracteristics,then the precipitationoccurs on

superheatedratherthan subcooledsurfacesand this mechanismis

called scaling.
!

2. Particulatefouling - the depositionof fine particulates

suspendedin the flue gas streamonto the heat transfer surface.

3. Chemicalreactionfouling-deposits formed at the heat transfer

surfaceresultingfrom the chemicalreactionbetweenthe flue gas

or other constituents.

4. Corrosionfouling- the solid heat transfersurfacereactswith

the flue gases to producecorrosionproductson the surface.

5. Biologicalfouling- the attachmentof macro- or micro-organisms

to a heat transfersurface,resultinginto an adherentslimy

layer.

The foulingdepositsincreasethermalresistanceof the heat recovery

equipntentresultingin reducedheat transferand can also increaseblockage in

the gas flow path, which results in increasedpre;'suredrop and fan power. To

remove foulingdepositrequiredadditionalmaintenance. All of these effects

contributeto the reducedplant efficiency.

As a result of the successfuloperationof the pr,_bein industrial

environment,the INEL loaned one probe 'toEER to supplementthe tests

conductedfor ElectricalPower ResearchInstitute(EPRI)at severalcoal fired



plants in Massachusetts, Mississippi, Alabama, and Pennsylvania. Another

industrial company has also requested the use of the probe for u,. _ in their

plant. These tests will meet the objective of transferring the fouling probe

technology to industry for commercialization.



2o FABRICATION, INSTRUMENTATION AND CALIBRATION
OF THE PROBE

The objectiveof a heat exchangerdesigner is to use the fouling

measuringdevice (to be called foulingprobe) to calculatethe additional

resistance,Rf,caused by the foulantdepositionon the heat transfersurface.

The principleof the foulingprobe is to measurethe reductionin heat

transferas a result of foulingdeposition,which can be relatedto the

foulingresistance. A schematicdrawingof the foulingprobe is shown in

Figure 2-I. Coolingair enters the inner tube, reversesits directionat the

end of the inner tube and flows out throughthe outer tube. The insidetube
i

su_'Facetemperature,Twi,is maintainedat a preset value by adjustingthe air

mass flow rate. The averageheat flux is determinedby using the probe as a

calorimeter,that is by measuringthe coolingair mass flow rate and rise in

its temperatureas it cools the probe surface. The probe systemconsists of

three components(see Figure 2-2)" the p be for insertioninto the flue gas

stream,the controlsystem to controltemperaturesand coolingair flow rates,

and the data acquisitionsystem. Basic designof the probe is the same as

that of the JPL probe and shown in Figure2-3°

2.1 FABRICATION OF THE PROBE

Marner and MacDavids'6gave a detaileddescriptionof the probe

fabrication. Figure 2-4 shows the engineeringdrawing For the fabricationof

the probe. The main body of the probe consistsof a 1.0 in. OD 304 stainless

steel tube with a wall thicknessof 0.083 in. A ._.-3/8in. long

semi-cylindricalsectionof the probe was removedfrom the tube. lt was

replacedby a nearly identicalsectionmachined to fit (see Figure 2-5). This

replacementsectionwas instrumentedwith a heat fluxmeterfitted into a

window cut in the replacementsection,along with its lead wires, and a

thermocoupleto measure the insidesurfacetemperatureof the heat fluxmeter.

The heat fluxmeter(modelHT-50)was custommade by InternationalThermal

InstrumentCompany,Del Mar, California. lt is a 5/8 x 5/8 in. "curved
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sandwich"with 0.010- and O.040-in.thick Chromel layerson each side of a

O.031-in.thick alloy of a proprietarycomposition. For the present

application,the manufactvrermatchedthe curvatureof the heat fluxmeterwith

that of a l-in. OD tube. The heat fluxmeteris a high temperaturethermopile

that generatesa direct currentsignal from the temperaturedifferenceacross

the heat fluxmeter. Thus, the voltageoutput is proportionalto the heat flux

throughthe meter. The meter was laser-weldedinto the window machined in the

semi-cylindricalrepiacementsectionthat was an integralpart of the

tubewal I.

A 3/8-in. wide axial groove was machined on the inside surface of the

semi- cylindrical section to accommodate the thermocouple and heat fluxmeter

lead wires. Bare Chromel-Alumel (Type K) thermocouple wires of O.020-in.

thickness were insulated with single-bore alumina tubes and taken to a

location near the end of the instrumented semi-cylinder, where alumina tubes

were replaced with Nextel 312 woven ceramic fiber sleeves. Both alumina and

Nextel 312 can be safely used above 1800°F. Similarly, O.020-in. diameter

Chromel wires used as heat fluxmeter leads were insulated in the same manner

as the thermocouple lead wires. The thermocouple junctions and the Chromel

lead wires were attached to the heat fluxmeter by laser-welding. The

transition region between alumina and Nextel insulation was firmly held

against the tube surface by a strip of stainless steel shim stock laid across

the leads and spot-welded in place at both ends. An extra (backup) pair of

heat fluxmeter leads and an extra thermocouple to measure the heat fluxmeter

inside temperature were also added. The alumina insulated sections were then

covered with Caulkrete 100 castable refractory cement, as was the insulation

transition and all the void area around the inner layer of the heat fluxmeter.

The inside area of the semi-cylindrical section was made as smooth as possible

using the refractory cement. Refractory cement was also used to increase the

stiffness and durability of the frayed ends of the Nextel sleeving by curing

it overnight.

The Chromel lead-wires for the heat fluxmeter were spliced to the

Chromel wire of two seperate Type K extension cables, and the Alumel wires of

the extension cables were left unattached; only the Chromel wires from the

11
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Chromel-Alumel cables were used. The Alumel weirs were not used to avoid the

possibility of introducing extraneous thermo-electric signals at the splices

to dissimilar materials. The heat flux_.eter and the thermocouple lead-wires

were uniquely marked for identification. The probe was 8-ft in length. The

working section of the probe was the final 2 ft. To reduce the cooling air

flow needed to maintain the probe surface temperature at a desired value, the

first 6-ft length was encased in a 3 in. ODKaowool HS 45 board refractory

(19% alumina and 80% silica) sleeve made by Thermal Ceramics (formerly Babcock

& Wilcox). The thermal conductivity values of the Kaowool refractory at 800

and 1400°F are 0.06 and 0.07 Btu/(h.ft2.°F), respectively. A ½-in. OD

stainless steel tube, open at both ends, _as inserted concentrically through

the length of the l-in. ODtube, which comprises the probe main body, for the

flow of air to cool the probe surface. Standoffs (three at 120 degree

intervals) were welded around the inner tube circumference near the closed end

of the outer tube to ensure centering of the inner tube. The lead-wires

(insulated by Nextel sleeving)from the heat fluxmeter were routed through the

annulus between the two concentric tubes, and exited from an open arm of the

Swagelok union cross at the cooler end of the probe that remains out of the

flue gas stream. The thermocouples for measuring air inlet and outlet

temperatures were located at the beginning of the 2-ft working section just

past the end of the refractory sleeve. These lead-wires were spliced to a

fiberglass insulated thermocouple extension cable. The wires were twisted,

silver-soldered and the piecescovered with shrink tubing to avoid short

circuiting.

The instrumentedsemi-cylindricalsectionwas then snappedinto place in

the cutout in the l-in. OD tube, and laser welded around its periphery. In

places where the fit of the machinedparts was not perfect, it was necessary

to add 308 stainlesssteel fillerwire to completethe welded joint. The

slack in the lead-wireswas taken at the Swagelokunion cross, where these

leads exit the probe. The lead-wireswere securedin a Conax connector,which

was welded to the probe extension. All the lead-wiresfor thermocouplesto

12



measuretemperatureof air-inlet,air-outlet,insidesurfaceof the heat

fluxmeter,the heat fluxmeter,the air flowmeter,and its pressure transducer

were all connectedto the data acquisitionsystem (DAS)to recordon-line

data.

2.2 INSTRUMENTATION FOR THE PROBE

Besidesthe thermocouplesana the heat fluxmeter,severalother

instrumentsare used for the foulingprobe system.These are describedbelow.

The coolingair first flowsthrough a filter (Balstonmodel A912-DX),

then througha valve (a BadgerResearchmodel 807 SS), and finallythrougha

flowmeter(TeledyneHastings-Raydistmodel ST/LS-2D)with a range of 0 to

750 std L/min with a Hastingsreadoutmodel PR-4A)from which the flow rate

signalgoes to the DAS. The flowmeteris calibratedat the factoryto convert

the measuredair flow rate to the mass flow rate at the standardconditionsof

O°C and 760 mmHg. A pressuretransducer(CECmodel 4-350-0001)with a range

of 0 to 1000 psi and a Type K thermocouplewere installedat the outlet of the

flowmeter. The pressuretransducerand the thermocoupleare actually

redundantand measurethe neededthermodynamicpropertiesof the coolingair
if need arises.

Figure 2-6 shows the controlsystemschematicfor the foulingprobe.

The thermocoupleattachedto the inside surfaceof the heat fluxmeter,in

additionto being connectedto the DAS, was also connectedin parallelto a

Proportional-Derivative-lntegral(PID) instrumentmicroprocessorcontroller

(Eurothermmodel 820). The microprocessorhas an output in the range of 4 to

20 mA and was connectedto an electropneumatictransducer(FisherControls

Model 546-44)that providesa 3 to 15psig signalto the flow valve. This

providesa feedbackloop that can adjustthe air flow rate to controlthe

temperatureof the heat fluxmeterinsidesurface. The microprocessor

co,_trollerwas set to a temperaturevalue at which the probe surfacewas to be

maintained.
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The feedbackcontrolloop only operatescorrectlyif the microprocessor

controlleris properlytuned. First,the "proportionalband parameter"was

variedby eitherdoublingor halvingits value dependingupon whether tpe

controlsystemovershootsor undershootsthe set valueof the temperature.

This was continueduntil the systemwas oscillatingvery close to the set
,l

value. Then, the "oscillation(cycle)time, To, (in min) of this state was

determined. The "integraltimei'parameter(alsocalled "reset"in some

controllers)equal to 1.6/To was determined. The "derivativetime" (also

called "rate"in some systems)equal to To/t0was determined. Enteringthese

values intothe microprocessorin "commissioningmode" causedthe systemto

settledown to the the set value of the temperaturewithin-10 s, once the

thermocouplereadingwas withinthe "cutbackhigh" and "cutbacklow" settings.

The PID settingvalues for probe temperatu;'esof 300 to 600°F are as follows.

For higherprobe temperatures,differentsets of PID valueswill be needed.

Integraltime • 5.0 s Cutbackhigh • IO°F

Derivativetime • 0.3 s Cutbacklow • IO°F

Proportionalband • 6.5%

2.3 CALIBRATION OF THE PROBE

Calibrationof the probeswas performedin a horizontal3-ft long

cylindricalfurnacewith three heatingzones. The 2-ft workingsectionat the

end of the probe was centered insidethe furnace. The furnacewas insulated

with firebricksand fiberglass. Calibrationwas performedas a functionof

the insidewall temperatureof the probe. Heat flux calculatedfrom the

cooling air mass flow rate and the temperatureincreaseof the coolingair was

equatedto that calculatedfrom the heat fluxmetervoltageoutput. A least

squarefit of the data resultedin the linearcoefficientsrepresentingthe

relationshipbetweenthe heat flux rate and the voltageoutputof the meters.

Figure2-7 shows the calibrationof the probe in a furnace. The heat flux

calibrationconstantsare given in Table 2-I.
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Figure 2-6. Fouling Probe Control Schematic.
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Figure 2-7o Calibration of Probe.
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Table 2-I. Heat flux calibrationresults

(qhfm)"(Btu/ft2"min): Ci Ehfm(_V)+ C2

Probe I

Twi CI C2
-- ,,,

300 I.99 175

600 2.03 600

800 2.79 956

950 2.30 1357

1100 2.89 1630

1200 3.49 1854

1300 5.32 1918

1400 6.64 2005
....

Probe 2
.....

T_ CI C2
,

300 2.62 144

600 2.65 303

800 2.68 567

950 2.75 812

1100 2.82 1597

1200 2.45 1952

1300 3.88 1400

i400 4.84 1198

1450 5.72 1183
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The heat fluxmeterin both the primaryand backupprobes failed because

of delaminationduring the calibrationprocess. This failurebecame apparent

when the polarityof the heat fluxmeteroutput changed. The electric

resistanceof the heat fluxmeter,measuredbetweenthe Chromel-Chromelleads,

increasedto severalk_ at elevatedtemperature,which increasedto M_ at room

temperature. Therefore,the heat fluxmeterswere replaced,but were subjected

to the followingproceduresand tests.

To avoid delamination of the new heat fluxmeters, a narrow seam was made

by a pulsed laser along the edges of the heat fluxmeter layers, between outer

Chromel and middle alloy layers, and between middle alloy and inner Chromel

layers. Care was taken to avoid a short circuit between all three layers. The

heat fluxmeters were then thermally cycled between room temperature and

IO00°F, and thermally shocked between room temperature and 1500°F. These

procedures ensured survivability of the meters during calibration and rigorous

field testing.
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3. DATA ACOUISITIONAND ANALYSIS

3.1 DATA ACQUISITION SYSTEM

Data from the probe is collectedby a computerbased DAS. The DAS is

composedof a HP3852Adata acquisitionand controlunit, and a computerusing

ASYST 2.0 software. The HP3852Agets input from the followinginstruments:

I. Three type-K thermocouples

a. Coolingair temperatureat the probe inlet (Tal)

b° Coolingair temperatureat the probe outlet (Ta2)

c. Probe wall temperature(Twi)

2. Output voltagefrom the heat fluxmeter(Ehfm)

3. Voltage (Ea) correspondingto the coolingair mass flow rate (ma).

The ASYST softwarecollects,temporarilystores operatingdata of the

probe on a hard disk, and then on a floppy disk. After the next acquisition

sequenceis started,the previousdata set can be retrievedfrom the floppy

disk for hard copy output and data analysis.

The maximumnumber of readingsthat can be storedper data file is 120.

The time periodfor data readingscan be ,setto any of 5 values: 5 s, 0.5, I,

2, ant 5 min. Therefore,the duration of a data file can be anywherefrom

10 rainto 10 h. Longertest periodswould result in multiple data files. The

total length and numberof files are determinedby the data readinginterval.

3.2 FOULING FACTOR ANALYSIS

The foulingfactorscorrespondingto each data set are calculated. Two

valuesof foulingfactorsare calculated:one value (local)is based on the

heat transferdeterminedby the heat fluxmeter,and the other value (average)

is based on the heat transfercalculatedfrom the temperaturedifferenceof
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the coolingair flowingthroughthe probe. The foulingfactor (Ry)is defined

by

Rf: (I/Uo)f - (I/Uo)c (3-I)

where

U° : overall heat transfer coefficient

subscripts f, c : "fouled" and "clean" probe conditions,

respectively.

Two methodsof determiningheat flux, q, are

averageheat transferbased on the temperatureincreaseof the coolingair

qave : m a Cpa (Ta2- Tal) (3-2)

where

Cpa : averagespecificheat of coolingair

Tal, Ta2 = cooling air temperature at the probe inlet and outlet,
respectively,

and local heat transferas calculatedfrom the heat fluxmeterreading

qlocal : Ao (Ci Ehfm+ C2) (3-3)

where

Ao = effective outside surface area of the probe

CI, C_ = constant determined by meter calibration.
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The heat transfer to the probe can also be determined in terms of the

difference between the gas and the inside wall temperatures and is

q : Ao Uo (Tg - Tw+) (3-4)

where

Tg = temperature of combustion gases

T i = temperature of the probe inside wall.

Equation (3-4) results in

I/Uo = AO (Tg - Tw_)/q . (3-5)

Substituting two expressions for q from Equations (3-2) and (3-3) into

Equation (3-5) and then, resulting expressions for I/U ° into Equation (3-I),

two equations for the fouling factor, Rf, become

[ Ao(Tg- Twi) ] - Ao(Tg - Twi) ](Rf) ave = ma_a-(_"a-2 - Tal) f ma_ai-Ta-2 _- _'_ii) c (3-6)

] _ <Tg-

In order to calculate expressions for the fouling factors, values of

some parameters have to be provided. One is the temperature of flue gas (Tg)
surrounding the fouling probe. The other two inputs are the heat fluxmeter

calibration constants, CI and C2, at the probe wall temperature, Two.
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4. TEST SITE DESCRIPTION

The host site selectedfor the field test of the foulingprobe was

Richmond Power and Light (RPL)WhitewaterValley Stationat Richmond,Indiana.

The selectedUnit 2 was a demonstrationsite for a joint Environmental

ProtectionAgency and the EPRI programon sorbentinjectionfor sulfurdioxide

emissioncontrol. At the time of selectionof the fouling probe host site,

RPL's Unit 2 was scheduledto operatewith differentcalcium-basedsorbents.

This schedulewould have produceda wide varietyof potentialfouling

characteristics. Becauseof unavoidable :hedulechangesof both the

programs,no foulingprobe tests could be run with sorbent injection. All of

the foulingprobe tests were performedwhile the unit was operatingin a

normalprocedureand burningmedium,sulfurmidwesterncoal.

4.1 BOILER DESCRIPTION

I RPL's WhitewaterValley Unit 2 is
(Figure4-1) a tangentially-fired

steam generatorburningmidwesternbituminouscoal. lt has a nominal

electricalcapacityratingof 61MWe. The superheateroutlet conditionat

full load resultsin a steam flow of 540,000Ib/h at 955°F and 1320 psig.

Total heat input into the furnace at full load capacity is 651 x 106Btu/h.

The furnaceis equippedwith primaryand secondarysuperheaters,

economizer,and regenerativeair preheater. The primarysuperheater,the

secondarysuperheater,and the boiler,all having vertical tubes,are arranged

in the flow path of the hot flue gases flowinghorizontallythroughthe

convectionpass. The economizeris locatedin the downwardflow of the flue

gases.

The foulingdepositsat this unit are typicalfor this particularboiler

design. The furnacewalls tend to accumulatea layer of slag. Generally,the

ash coatingdepos'L_don the tubes in the convectionpass is of a dusty

nature. The dusty aepositcontributesto a loss of heat transferand an
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increase in flue gas temperatures. Long retractable sootblowers located

strategically throughout the convection pass are effective in removing these

deposits and reestablishing boiler operating parameters

4.2 TEST PORTS LOCATIONS

Unit 2 has numerous wall penetrations installed to obtain information

regarding the sorbent injection program. A schematic of the openings is shown

in Figure 4_.2. Ali ports have a minimum opening of 3-_ in. and are located in

areas critical to monitoring deposit conditions relative to each tube bank.

All ports were accessible to the fouling probe testing.

The ports selected for fouling probe testing are highlighted in

Figure 4-3. All tests were performed by inserting the probe from the left

sidewall into the furnace. This arrangement was necessitated because of the

lack of observation doors and minimum working surface area available on the

right sidewall. The port location characteristics are:

Port DI: Located in the upper furnace above the combustion zone.

Flue gas flow direction is typically vertical; however,

strong horizontal components may be present because of the

tangential nature of the flame front. Temperatures are

-1800 to 1850°F. Heat transfer from the gases is dominated

by radiation heat transfer. Foulant deposition on the probe

in this area is indicative of deposition on the primary

superheater leading edge tubes and the upper furnace wall.

Port E2: Located in the upper furnace convection pass. Flue gas flow

is generally horizontal. Gas temperatures are .-1450"F.

Radiation heat transfer from the flue gases is reduced.

Foulant deposition on the probe in this area is indicative

of fouling on the secondary superheater tube bank.
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Figure4-2. Boiler penetrations.
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Port F2" Locatedin the middle of the convectionpass. Flue gas flow

is horizontal. Gas temperaturesare -1100°F. Radiation

heat transferfrom the flue gases is minimum. Foulant

depositionon the probe in this area is indicativeof

foulingon the steam generatortube bank.

Port GI: lt is locatedin the rear portionof the r-onvectionpass.

Flue gas flow is generallyhorizontalwith some downflow

componentspresent. Gas temperaturesa_'e-800°F. Foulant

depositionon the probe in this area is indicativeof the

foulingon the economizersurface.
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5. PROBE OPERATING CHARACTERISTICS

Before performingthe foulingprobe tests, the probe was insertedinto

the furnaceto determinethe optimumoperatingparametersand probe

configurationfor data collection. In addition,data were collectedto define

the operatingrange of the probe. The parametersevaluatedinclude:

I. Optimumdata collectiontime intervalto reduce the data scatter

(noise).

2. Minimumachievableprobe wall temperatureas a flJnctionof the

flue gas temperature.

3. The heat fluxmeterorientationrelativeto the flue gas flow.

5.1 DATA COLLECTION TIME INTERVAL

The DAS requiredthe time intervalbetweentwo sets of data as an input.
i

The optionsavailablefor time intervalwere 5 s, 0.5, I, 2, and 5 min. A

seriesof preliminaryruns were made to evaluatethe effect of data collection

time intervalon data scatter (noise). Time intervalsof I, 2, and 5 min were

selected. The probe was insertedthroughtest port E2. The flue gas

temperaturerangedfrom 1430 to 1490°F. The probe temperaturewas set and

controlledat 1100°F.

The data were recordedfor air flow rate and heat flux (usingthe meter)

over a 2 h period. Completetest data are given in AppendixA and are shown

in Figures5-I and 5-2. A statisticalanalysisof the data is presentedin

Table 5-I. As seen from Table 5-I, the data for I min time intervalcase

comparesatisfactorilywith the correspondingdata for the 2 min time interval

case, for both the air flow and the meter heat flux measurements. For the

5 min time intervalcase, there is good agreementbetweenthe I, 2, and 5 min

air flow data, but the standarddeviationfor the heat fluxmeterdata is

significantlylower than those for the I and 2 min cases.
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The main cause of the data scatter(noise)is the fluctuationsin heat

transferfrom the flue gases to the probe and responseof the probe cooling

air flow rate to keep the probe at its presettemperature. By recordingthe

data at a high frequency,these fluctuationsbecome very noticeable,and

result in a significantdata noise, as evidencedby Runs i and 2. Increasing

tiletime intervalto 5 min (Run3), reducedthis noise without statistically

changingthe averagevalue of the data collected.

Anotheradvantageof the longer time intervalbetweentwo data sets is a

decreasein the total numberof data sets collectedin a given period of time.

This significantlyreducesthe computerdisk space neededto store the data

and allows bettermanagementof the data files.

5.2 MINIMUM PROBE OPERATING TEMPERATURE

For the foulingprobe to effectivelysimulatea heat exchangertube for

the purposeof foulantdepositionsite, it shouldoperateat a temperature

close to that of the tube metal surface. In case of a t_picalboiler,the

lowest and the highesttube temperaturesmay be those of the economizer

(-400°F)and the secondarysuperheater(-1100°F),respectively.

Initialtests indicatedthat if the flue gas temperaturewas <1100°F,

the probe surfacetemperaturecould be maintainedat any value in the range of

600 to IO00°F. Wheneverthe flue gas temperaturewas >1100°F, it was

difficultto maintainthe probe surfacetemperatureat a low value. If the

flue gas temperaturewas greaterthan 1800"F,it was necessaryto insert only

the first 2-ft lengthof the probe into the furnacein order to obtain a

reasonableprobe surfacetemperature. The limitingfactor in this case was

the coolingair mass flow rate and abilityto accuratelymeasurethe flow

rate.
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Figure 5-I. Probe air flow as a function of data collection times.
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Table 5-I. Statisticalanalysisof data collectiontime interval

I. Air mass flow rate, ma (Ib/h),data summary

Run 1 Run 2 Run 3

Time Interval(min) I 2 5

Average 98 113 92

Minimum 72 88 65

Maximum 116 133 112

StandardDeviation 8 10 11

2. Meter heat flux, q" (Btu/ft2.h),data summary

Run i Run 2 Run 3
, ,

Time Interval (min) I 2 5

Average 4985 5578 4937

Minimum 4199 4685 4381

Maximum 5828 6402 5277

Star_dard Deviation 351- 361 215
, ,,

In order to reasonablycontrolthe air mass flow rate, it was desirable

to allow the air flow control valve to operatebetween50 and 60% open. At

highe controlvalve openings,the systemproducedair flow oscillations.

These oscillationsresultedfrom rapidlycooling and heatingof the probe

surface(hencethe sensingthermocouple),which causedthe flow controlvalve

to rapidlyclose and open in responseto the probe surfacetemperature. With

these wide range of oscillations,the controlsystemwas not capableof

controllingthe probe surfacetemperatureeffectively.
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A second requirementwas to accuratelymeasurethe air mass flow rate.

The probe systemutilizedan air mass flowmeterwith a range of 0 to

750 std L/min. Settingthe probe surfacetemperaturecontrollerat a low

temperaturevalue would allow the air flow controlvalve to remain fully open,

allowingmaximumair flow throughthe probe. But, under these conditions,the

air mass flow rate becomesso high that it exceedsthe upper limit of the air

mass flowmeterand cannot be measured.

Becauseof these two system operatingconstraints,the minimumprobe

operatingtemperatures,as a functionof flue gas temperatureare:

Flue Gas Temperature(°F) MinimumProbe Temperature(°F).

1900 1300

1400 1000

1200 8O0

For flue gas temperaturesbelow 1400°F,there is no difficultyin

maintainingthe operatingtube metal temperatures. However,at flue gas

temperatures>1400°F,the current probe configurationis severelylimitedin

coolingthe probe surfacetoa desiredlow temperature.

5.3 HEAT FLUXMETER ORIENTATION

The calculationof heat transferto the coolingair throughthe probe

makes it possibleto use the probe as a calorimeter. The heat fluxmeter

mountedon the probe surfacemeasures the local heat transferto the cooling

air. Becausethe heat fluxmeteroccupiesa particularperipheralpositionon

the probe surface,its readingsmay dependon the directionthe heat fluxmeter

is facing. The readingswill be influencedby the radiationheat transfer

from the flue gases to the heat fluxmeter. Tests were performedto determine

the effect of probe orientationon the heat flux values determinedby both the

heat fluxmeterand the temperaturerise of coolingair.
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The probe was insertedin each test port (DI, E2, F2, and GI) and

rotatedclockwise. To define the probe'srotation,assume it was inserted

into the Port DI. The startingpoint (0 degree)was taken when the heat

fluxmeterwas facing the roof of the furnace. In a 90 degree positionthe

meter was facing the front wall, while in the 270 degree positionthe meter

was facingthe superheaters.

The results of this test series are given in Table 5-2 and selected data

for air mass flow rate, meter local heat flux, and cooling air average heat

flux are given in Figures 5-3, 5-4, and 5-5, respectively. Complete test data

are given in Appendix B.

These tests indicatedthat the heat fluxdeterminationby the heat

fluxmeteris sensitiveto probe orientation. In Figure5-3, except for the

data correspondingto Port F2, the heat flux increasedsuccessivelyas the

probe was rotated from a positionof 90 to 180 degree,and finally to

270 degree. Higher heat flux indicateshigherheat transferfrom the flue

gases and the furnacewalls. At Port F2, which is locateddeep in the

convectionpass, the meter at positionsof 180 and 270 degree was shielded

from the incominghot flue gases. This resultedin a decrease in heat flux at

these positions.
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Table 5-2. Summaryof probe orientationeffects

Test Number: 11A Flue Gas Temperature" 1840°F
Test Port • DI Probe Temperature • 1300°F

,,

Probe Meter Heat Flux Air Flow Rate Air Heat Flux
Direction (Btu/ft2.h) (lb/h) (Btu/ft2.h)

, ,_

0° 12,800 195
90° 10,744 215 42,556
180° 15,384 285 58,108
270° 20,584 211 49,233

.......

Test Number" tOA Flue Gas Temperature' 1439°F
Test Port : E2 Probe Temperature • 1100°F

.... • ii l, .......

Probe Meter Heat Flux Air Flow Rate Air Heat Flux
Direction (Btu/ft2.h) (Ib/h) (Btu/ft2.h)

0° 1523 33 4841
90° 2853 62 7816
180° 4617 71 8225
270° 4877 34 4142

Test Number" 12AI FlueGas Temperature" 1125°F
Test Port • F2 Probel'emperature • 800°F

Probe Meter Heat Flux Air Flow Rate Air Heat Flux
Direction (Btu/ft2.h) (lb/h) (Btu/ft2.h)

0° 3721 49 4107
90° 3731 84 5289
180° 2117 95 5668
"270° 1809 86 5450

.....

Test Number: 11C Flue Gas Temperature: 823°F
Test Port : GI ProbeTemperature : 600°F

Probe Meter Heat Flux Air Flow Rate Air Heat Flux
Direction (Btu/ft2.h) (Ib/h) (Btu/ft2.h)

0° 2690 131 5949
90° 1048 124 5997
180° 2003 103 5096
270° 3065 111 5293
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Figure 5-3. Heter heat flux trends as a function of" probe orientation.
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Figure 5-4. Air flow trends as a function of probe orientation.
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F'igure 5-5. Probe average heat f]ux as a function of probe orientation.
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Fartherback in the convectionpass at Port GI, gas tempp_atureis quite

low (B23°F).Therefore, the radiationheat transferfrom th_ _ases and the

furnacewalls to the probe is likelyto be a minimum. The probe rotation

produceda significantvariationin heat flux. This may be caused by the t'lue

duct and, hence,the flue gases making a 90 degreeturn at this locationand

the heat fluxmetermay be facinga zone of stagnantpocket of flue gases at 90

and 180 degree positions.

The air mass flow rates and meter averageheat flux show some variations

as the probe is rotated. However,becausethe probe is of cylindricalshape,

heat transferto the coolingair shouldbe independentof probe orientation.

The variationsnoted in the averageheat flux may bethe resultof the

placementof the air inlet and outletthermocouplesin the probe, The

thermocouplesare locatedat the end of the two foot workingsectionof the

probe that is exposedto the furnaceenvironment. Therefore,it is possible

that the thermocouplemonitoringthe air outlet temperatureis readinga local

value of the temperatureas the probe is rotated. In a similarmanner,the

variationin coolingair mass flow rate can be attributedto the placementof

the thermocouplemonitoringthe probe wall temperature. This thermocouplewas

placedon the insidesurfaceof the heat fluxmeter. As the heat fluxmeterwas

rotated,it would be exposed to varyingtemperatures. The probe wall

thermocouplewould read these varyingtemperaturesand adjustaccordinglythe

coolingair mass flow rate.
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6. FOULING PROBE TEST RESULTS AND DISCUSSION

The probe was testedwhile the boilerwas operatingunder full load

conditionsfor 2 workingdays, each being an 8 h test. The first long term

test (Test 13) was performedwith the probe insertedinto Port E2 and the

probe wall temperaturemaintair.edat 950°F. The second test (Test 15) was

performedat Port F2 and the probe wall temperatureat 800:F. The original

plan for foulingprobe testingwas to performtests with the probe in the flue

streamsresultingfrom the combustionof the normal coal and a high sulfur

coal. These tests were to be performedboth with and without sorbent

injection. Becauseof unforeseencomplicationsdevelopingin schedulingboth

the sorbent injectionand foulingprobe programs,the originaltest plan had

to be abandoned. The followingsectionsdescribethe test proceduresand the

results.

6.1 TEST PORT CHARACTERIZATION

Beforetestingthe foulingprobe, the followingflue gas characteristics

at the horizontalplane of the port were determined: flue gas temperat:Ire,

gas velocity,and gas composition. The flue gas temperatureswere also

measured after the test to assessany possibledeteriorationin furnace

performancecaused by the foulantdeposition. These characterizing

measurementswere made with a water-cooledprobe,configuredto operateas a

suctionpyrometer,with an insertionlengthof 10 ft. A side-streamof flue

gas (whichwas aspiratedduring the suctionpyrometermeasurements)was

diverted for gas compositionanalysis. A Teledyneportablegas analyzerwas

used to determinethe percentagesof excessoxygen and carbonmonoxidepresent

at the test port. These measurementsare presentedin Tables 6-I and 6-2.

Table 6-I shows measuredvalues at four locationsat distancesof 2, 4, 6, and

8 ft from the furnacewall. These data defineflue gas conditionsat a

locationwhere the probewas placed for testing. The flue gas directionis

with referenceto the left side view of the furnaceas shown in Figure 4-2.
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Table 6-I. Test Port Characterization

Probe InsertionDepth 2 4 6 8
(ft)

Test 13, Port E2

Pretest
Gas temperature(°F) 1681 1516 1426 1398
Gas velocity (ft/s) 39.00 22.60 19.12 21.41
Gas flow direction _ _ _- _-
Excess oxygen (%) 1.5 1.8 1.8 1.9
Carbonmonoxide (ppm) 95 96 109 101

Posttest
Gas temperature(°F) 1651 1523 1456 1427

.....

Test 15, Port F2

Pretest
Gas temperature(°F) 1510 1241 1172 1165
Gas velocity(ft/s) 15.95 18.16 10.27 14.49
Gas flow direction _- _- _- _-
Excessoxygen (%) 3.0 2.4 2.3 2.3
Carbon monoxide (ppm) 120 140 155 158

Posttest
Gas temperature(°F) 1585 1345 1221 1176

Table 6-2. AveragedConditionsfor the FoulingProbe

Average Values at 7 ft Test 13 Test 15
Port E2 Port F2

Pretest

Gas temperature(°F) 1412 1168
Gas velocity (ft/s) 20.51 12.38
Gas flow direction _- _-

Excess oxygen (%) 1.85 2.3
Carbonmonoxide (ppm) 105 156

Posttest
Gas temperature(°F) 1441 1198
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Averagevalues of the measurementsat the 6 and 8 ft locationswere

taken as test conditionsfor the probe. This resultedin the average values

givenin Table 6-2. The flue gas compositionwas calculatedb_sed on the

excess oxygenvalues measuredat the probe locationsand the chemicalanalysis

of the coal; and the resultsare given in Table 6-3.

Table 6-3. Weight (Volume)Percentagesof Flue Gas Composition

H20 CO2 N2 S02 02
,,, ,,,

"[est13, 5.04 22.72 69.91 0.46 1.87
Port E2 (8.33) (15.38) (74.34) (0.22) (1.74)

Test 15, 4.g3 22,24 70.06 0.45 2.32
Port F2 (8.15) (15.04) (74.44) (0.21) (2.16)

....

6.2 NONFOULING DATA

A comparisonof the heat fluxesmeasured by the probe and those

analyticallypredictedwas made to ascertainthe accuracyof the probes

measurements. The foulingfactor calculationsdependon accuratelymeasuring

the heat flux. The heat transferto the probe consistsof two components,

radiativeand convectiveheat transfer. The probe,when insertedthroughthe

ports E2 and F2, was surroundedby severaltube banks and this made a simple,

but accurateassessmentof heat transferto the probe very difficult. The

analysisperformedwas similarto that given by Marner and MacDavid

(Reference5) and the reader shouldrefer to that report for details of the

analysis. Some of the relationsand the procedureused by Marner and MacDavid

are brieflygiven here,

The molecularweight,gas constant,and specificheat of the flue gas

mixtureare determinedby the availablemethods for a gaseousmixture

describedin standardthermodynamictext books. The viscosity,/ig,and

thermalconductivity,kg, of the flue gas mixturewere determinedby using the
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relationsgiven in ChemicalEngineers'HandbookBy Perry and Chilton17and are

written

_g = (_ Vi Xi Mi_)/(_ Xi Mi_) (6-i)

= MiI/3kg (_ ki Xi Mil/3)/(_ Xi ) (6-2)

Where

Xi = mole fractionof the ith gaseouscompon_,,t

M_ - molecularweight of the ith gaseouscomponent.

The averageprobe outsidewall temperature,Two,was calculatedfrom the

measuredprobe insidewall temperatureusing Fourier'slaw for conductionheat

transferand knowingthe thermalconductivitiesof the probe wall and the

Kaowoolrefractoryinsulationon the probe. The convectiveheat transferwas

calculatedfrom the relationfor the Nusseltnumber,NUg, for the flow of
gases over a circularcylinderand is written

NUg = 0.43 + 0.48 Reg_ (6-3)

where

Reg - Reynoldsnumber based on the probe outsidediameter.

The radiativeheat transferto the probe,qr' is determinedusing the

Stefan-Boltzmannequation

qr : (wo0 AO [(Twall)4- (Two)4] (6-4)

where

Ewo = emissivityof probe outsidesurface (heatedstainlesssteel)
o = Stefan-Boltzmannconstant

Ao = probe outsidesurfacearea (uninsulated)

Twa11 = furnacewall or other surfacetemperature

Two = probe outsidewall temperature.
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The resultsof the comparisonbetweenpredictedand measured heat fluxes

are presentedin Table 6-4. For both Tests 13 and 15, the radiation

component, qr' is lower than the convectioncomponent,qc" The total heat

flux for the probe, (qr + qc)'was approximatelyof the same order of

magnitudeas the measuredheat flux.

The radiationterm was calculatedbased on the surroundingenvironment

of the probe. Becausethe probe was insertedbetweentwo heat transfertube

banks (the primarysuperheaterand the secondarysuperheater),the probe was

surroundedby a large area of tube surface,which is at a temperaturecooler

than that of the flowinggases. The steam outlettemperaturesfrom these

banks are 833 and 961°F,respectively. For this analysis,the tube surface

temperaturewas assumedto be about equal to the flue gas temperature. The

two foulingtests were performedon either the upstreamside or the downstream

side of the secondarysuperheatertube banks. Therefore,the secondary

superheatertube bank temperatureof 961°F was used as the temperature f a

surfaceradiatingte the probe. The total predictedheat transferwas in

close agreementto the measuredvalue by the probe heat transfer. Ratiosof

predictedand measuredheat transferfor Tests 13 and 15 were 0.93 and 0.83,

respectively.

6.3 FOULING DATA

A summaryof the two foulingtests (13 and 15) is graphicallypresented

in Figures6-1 and 6-2. Each figureconsistsof seven graphs. The first

three graphs representthe operatingcharacteristicsof the probes;the probe

surfacetemperature,coolingair inlet and outlettemperatures,air mass flow

rate and heat fluxmeteroutput voltage. These parametersare plotted as

functionsof the test time (timeof the day). The second set of two graphs

for each test shows two valuesof the measuredheat fluxescorrespondingto

the heat fluxmeterand the probe coolingair. The 'thirdset of two graphs

show the averageand local foulingfactorscorrespondingto the measurements

by the heat fluxmeterand the coolingair. Completetest data are given in

AppendixesC and D.
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The foulingfactorsare based on the differencebetweenthe overall heat

transfercoefficientsdeterl,lnedfor a clean probe and that for the fouled

probe. The data necessaryto determinethe clean probe operationwas

collectedduringinitial probe operationin the furnace. A data samplingtime

of 5 s was establishedand the data were collectedover a 5-rainperiod.

Immediatelyafter taking the clean probe data, foulingtest data collection

was started. Data samplingtime intervalwas changedto 5 min and the probe

was tested for the next 7 to 7½ h.
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Figure 6-1. Test ]3 results.
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Figure 6-3. Photographs of fouling deposits.
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During the courseof the foulingprobe tests,the plant operators

cleanedthe fouledboiler tubes using sootblowers. The time of operatingthe

sootblowerwas recordedalong with other pertinentdata. During the

sootbloweroperation, the probe was retractedfar enough to minimize ary

possibledamage to the refractorysleeve. Followingsootbloweroperation,the

full length of the probe was reinserted.

The heat flux measurementsand foulingfactorsduring both tests show

similartrends. From the beginningof the test until the operationof the

sootblowers,these two parametersremainedconstant. No significantdecrease

in heat flux or increasein foulingfactorswas noted. Followingthe

sootbloweroperation,therewas a decreasein measuredheat flux and an

increasein the foulingfactor. This may be becauseof the depositionof ash

particleson the foulingprobe resultingfrom the sootblowingoperation.

The depositionnoted on the probe followingeach test can be described

as a fine grained,thin layer of dust. The depositwas light colored,only a

few thousandthsof an inch in thickness,and easily removedby the touch.

Figure6-3 shows photographsof the probe test sectionfollowingeach test.

Althoughthe probe outer surfacewas completelycovered,there did not appear

to be a significantamountof ash presentto resultin a significantdecrease

in heat transfer. Total samplewas estimatedat <5 g for each test. In order

for this deposit to cause the observeddecreasein heat flux and increasein

foulingfactor,a large percentageof the ash would have had to be deposited

immediatelyfollowingsootblowing.

Changesin the boileroperatingconditionscan also affect the foulant

depositionbehaviorin the furnace. During normaloperationof a tangential

fired boiler,ash depositson the furnacewalls and tubes continually

increases. This leads to increasedinsulationon the furnacewalls and the

tubes resultingin higher flue gas temperaturesthroughoutthe unit. The

effect of this degradationin furnaceperformanceare shown in Figure6-4 in

terms of flue gas temperaturesat variousregionsin the furnace. These two

graphs show calculatedgas temperaturesfor three bGiler regionsduring the

foulingprobe test periods. The first region is the furnaceexit (FEGT),the
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second region is the exit from the primary superheater tube banks, Port E2

(PSH-OUT), and the third region is the exit from the secondary superheater

tube banks, Port F2 (SSH-OUT). These gas temperatures are based on the on-

line boiler monitoring and performance calculations from EER's Boiler

Performance Monitoring System (BPMS). Although the calculated gas

temperatures are higher than the measured values, the relative trends are

reasonably accurate.

The gas temperatures increase continually at each test port before a

major sootblowing operation. Following sootblowing, the gas temperatures

decrease significantly.

Comparing the fouling factor trends with the flue gas temperature

trends, a number of characteristics can be explained. During the first 3 h of

thetest runs, the fouling probe is coated with ash material. During the same

time period, gas temperature in the test region is steadily increasing.

Because the fouling factor remains constant over this period, the higher

temperature difference between the flue gas and the probe surface negates the

increased insulating effect of the ash deposit. This combined effect implies

as if there has not been any reduction in the heat transfer to theprobe.

Following the sootblowing operation, the ash insulation on the furnace walls

decreases. This results in higher heat transfer loss through the furnace

walls and a lower flue gas temperature. Therefore, heat flux through the

fouling probe is reduced. Because the fouling factor is based on the

reduction in heat flux, it appears as if more foulants have built up on the

probe.

The possibility of such a misleading conclusion occurring is higher when

the deposition rate in the upstream (of the test port) region is greater than

the deposition rate at the fouling probe location (test port). Although the

fouling probe is accurately measuring the heat flux from the flue gases at the

test port and the dependent fouling factor calculation, the final conclusions

can be deceptive.
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The field test data broughtforth few other observationsin

interpretationof data acquisitioninstruments. The TeledyneHastings-Raydist

air mass flowmeterinstructionmanual statesthat its calibration(for

convertingelectricalsignalsto flow rates) is referencedto standard

conditionsof O°C and 760 mmHg. This was interpretedto mean that the

instrumentmeasuresair volume flow rate at the experimentalconditionsand

uses the air density,Pair'at standardconditionsof O°C and 760 mmHg to

obtainmass flow rate at the experimentalconditionsof temperatureand

pressure,(T,p). Therefore,the measuredvalue of flow rate was multipliedby

Palr(T,p) / Pair(O°C, 760 mmHg). The foulingIJrobewas also calibratedusing

the same premisefor measuringthe coolingair mass flow rate.

During the field tests,when the averageheat flux calculatedby the

coolingair mass flow rate did not satisfactorilymatch with that measuredby

the heat fluxmeter,every possiblecause of this discrepancywas examined.

Therefore,thermocouplesmeasuringthe coolingair temperature,air mass

flowmeter,heat fluxmetercalibrationcurves,and the correspondingdata were

examined. The manufacturersof the instrumentswere also contacted. During

this investigationthe principleon which the flowmeterworkedwas reexamined.

lt was determinedthat the flowinggas is heated by a known amountof heat.

lhus, if the heat capacityof the gas is assumednearlyconstantover its

temperaturerise, the gas mass flow rate is proportionalto its temperature

rise. The instrumentmeasuresdirectlythe mass flow rate and the information

regardingthe standardconditions(O°C and 760 mmHg) is superflous.

This impliedthat the calibrationcurves for the probesand the

experimentaldata were unreliable. Therefore,the probeswere recalibrated

and the correctcalibrationcurves are given in Table 2-I. Test 15 was

conductedusing the correctcalibrationcurve. The data except those of the

Test 15, have to be used with caution. In spite of some possibleerrors in

earliertests, generalconclusionsof the field test are still valid. These

• conclusionsare given in Section7.
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7. CONCLUSIONSAND RECOMMENDATIONS

The gas-side foulingprobe was fabricatedand fieldtested in an

industrialflue gas environment. Data obtainedduring the tests characterized

the operationand currentlimitationsof the foulingprobe. _ll of the

equipmentperformedwell in the plant locationand no major problemswere

experiencedwith probu control,DAS and data analysis.

7.1 CONCLUSIONS,

The orientationof the heatfluxmeter such that it measures the highest

heat flux is necessaryto arriveat agreeableresultsbetweenthe heat

fluxmeteroutput and the total heat carriedby the coolingair. The probe is

made of 304 stainlesssteel. Therefore,the probe surfacecannot be exposed

to a highertemperatureespeciallyin the high heat flux regionsof the

boiler. Maximumcoolingair flow rate to the probe was limitedto 128 Ib/h

(1590 standardft3/h). This is adequateto cool the probe temperaturein the

flue gas temperaturesof <1400°F. At gas temperatures>1400°F,the minimum

probe temperatureto which it can be cooled is significantlylimited. This is

becauseof two mechanicalconstraipts. The first constraintis the small size

of the air flow controlvalve to adequatelycontroland permit a high air flow

rate. The secondconstraintis the measuringrange of the air flowmeter, lt

appearsthat the air flow rates in excess of the upper limit of the instrument

is requiredto allow additionalprobe cooling,especiallyin thc current

configuration.

Althoughthe boiler operatingconditionsdid not result in significantly

large foulantdeposition,foulingfactormeasurementsby both the heat

fluxmeterand coolingair heat transferappearto adequatelyrepresentthe

furnacefoulingconditions. Erroneousfoulingfactorsmay be calcul'_tedif

two valuesof flue gas temperatures,at the start and end of the foulingtest,

change significantly. The foulingfactorcalculationshould accountfor the

effect of variationin flue gas temperature.
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7.2 RECOMMENDATIONS

The suggested recommendations are intended to increase the applicability

of the fouling probe to operate in a varied environment to monitor fouling

effects.

I. Increase cooling air flow through the probe:

All restrictions in the controller for the cooling air supply that

could limit high air flow rates, should be removed. Controlling

large air flow rates using the present air flow control valve is

difficult.

2. Increase range of air flow measurement:

The current 0 to 750 std L/min air flowmeter is too limited for

the high air flow rates necessary to cool the probe in high flue

gas temperature regions. This should be increased to the next

available size, 0 to 1500 std L/min.

3. Shield probe wall thermocouple from cooling air flow:

The probe temperature control during high air flow rates appeared

to be too sensitive and prevented the control system from

establishing an effective temperature control range. By shielding

the thermocouple, its response may be slo_ed down and the contrul

system may start operating effectively.

4. Investigate alternate data acquisition and analysis hardware system

The current DAS does not allow for on-line data examination to

judge the quality of the data being collected. In addition, the

cost and size of the data acquisition hardware (computer) adds to

the overall system price and maneuverability.
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FC,LILINGPROBEFIELDTEST TE_.T04 - 1_.',A!,IUARf.a,_"9
F,ICH_ONDPOWER& LIGHT BOILERLOAD: _,a.,

WH]TEWATERVALLEYSTATION PRCBETEMP_,ATURE:21,X)F
U';IT2: F'OF;IE2 GAS;TEMF'ERATLLRE:17)0

DAIA"IME:2 _INU'FES

:E':T PRC'BEAIF:-]rVAIR-OUTAIR-FLOW,qF-METERI'£'TER-HFAVE-HF AVE-FF LOC:-FF

IME TEMP TE_F' TEM" F_A'E O;.ITPLrrCALC CALC CALC C_LC

H,R IF IF IF LB,_-,R uV BIFT2-HRB/FI2-,_R

--..._

!_:,40i('9:1.07714,,:'?944.7'?122.'P 5"3,015_.,42.6412377,31-0.0154-0.{1121

'.?,43'.097.72717,32 ?47,43 !17.'_ 579,76612T',7111'710.00-0.0!?,5-0,0167

!':,4L.,;0;'?.15_20.22 947,?3 125,,i{)549,71 5',1;15,??!2577,14-0.0161-0,0138
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rNR]CH'_ONDPOWER& L,,.,.T P"IILEF_"'r,LU_J, % _t4

. ,EhrERAL.IRE,}}(B,')F)_'_JITEk'ATERVALLEY'-,T,:4iJ'),_' F'F::BET ..,, , ,

UI41T.2tF'ORTE2 ,:,,q':,TE_;'ERATURE::700
.'(#,:ATI_',E',=,,[.""CUTE;
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APPENDIX B

PROBE ORIENTATION TEST DATA AND ANALYSIS
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FOULINGPROBEFIELDTEST TEST11A- 1 FEBRUARY1989

RICHI'_ POWER& LIGHT BOILERLOAD: 60 MW

WHITEI_TERVALLEYSTATION PROBETEMPERATURE:1300 F
UNIT2: PORTDI GAS TEIf>ERATURE:1840

DATATIl'E: 5 SECONDS

HEATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWFF-RETERMETER-HF AVE-HF AVE--FF LOC-FF .

IIRE TE_ TEMP TBP RATE DUTPUT CALC CALC CALC CALC

HR [F [F [F L.B/HR uV BIFT2..+RB/FT2--HR

10.35 1297.8 710.7 114.5 203.45 1191.99 12997.01 -53561.7
10.35 1299.5 705.3 113.3 237.38 1194.3413021.95-62047.8

10.35 1294.6 703.5 113.5 202.81 1052.8811521.06-52835.2

10.35 1295.1 718.7 113.9 134.94 1031.021128%12-36041.9

10.36 1300.7 725.5 114.3 158.01 1112.1412149.81-42648.2
10.36 1299.4 712.3 114,4 215.83 1111.2812140.68-56989.6

10.36 1296.1 712,0 113.7 172,91 1114.6912176.86-45677,3

10.36 1300.0 714.9 113,5 188.94 1169.5512758.93-50175.5

I0,36 1298,0 706.8 113,3 225.62 1199.8613080.51-59124.3

10..°,61297.0 703.6 113.8 227.88 1149.6012547.26-59358.3

10.36 1295,8 709.1 114,0 186.47 1016.03II130.08-49003.3

I0.37 1297,1 719,1 113.4 14_.01 1083.4411845.30-39053.4

10.37 1301.3 722.5 113.0 168.40 1172.6912792.24 -453"23.9
10.37 1300.4 707.4 113.2 23:8.25 1229.58 13395.84 -62523.5
10.37 1295.9 698.0 115.1 252.58 1175.70 12824.18 -65020.4
]0.37 1294.6 702.9 113.5 202.86 1220.9913304.70-52791.8

10.37 1298.2 708.1 113.2 199.52 1131.50 12355.22-52417.8
10,37 1296.0 713.5 113.7 157.65 1056.36 11557.98-41754.7
10.3:3 1300.3 720.9 113.6 158.27 1188.35 12958.39-42445.1
10.38 1301.1 708.7 1211.0 2"35._ 1311.4414264.3852244.4

10.38 1296.1 696.8 112.7 276.98 1278.5213915.10-71438.5

10.38 1295.5 699.7 112.7 243.08 1209.43 13182.05-63008.5
10.38 1298.5 705.9 112.6 230.91 1228.8013387.57-60496.3

10.38 1294.8 709.1 112.1 188.98 1111.4412142.38-49817.3

10.38 12_.9 724.6 112.0 139.84 1067.8711680.10-37826.1

10.3 1301.5 723.3 112.1 194.26 1232.30 13424.70-52431.5
10.39 1299.5 711.8 112.3 244.75 1288.87 14024.91-64797,7
10.39 1293.7 705.9 112.5 225,93 1205.78 13143.33-59198.6
10.39 1293.3 71%2 112.6 148.61 1111.7812145.99-39807.2
10.39 1294.4 733.9 112.5 102.68 1004.9211012.20-28176.2

10.39 1301.3 743.6 112.7 125.88 1129.7412336.54-35067.8

10.39 1300.4 725.0 112.5 225.43 1194.2713021.20-60972.9

I0._ 1295.2 714.2 112.3 216,69 1159.4012651.23-57596,6

10,40 1295.3 727.5 112.4 129.58 I073,._I11740.26-35196.2

10.40 1300.4 735.2 112.2 151.01 1154.3412597.55-41548.4

10.40 ]299.3 724.6 112.0 203.93 1167.0612732.51-55164.0

I0.40 1297.I 716.4 112.0 2"38.O0 1223.3213329.43-63524.6

10.40 1296.2 717.2 111.8 202.02 1104.8612072.56-54005.0

10.40 1297.5 726.1 112.2 151.05 1169.5912759.35-40945.8

10.40 1298.6 727.6 112.4 167.88 1063,2411630.98-45608.7

10.41 1296.3 729.2 112.2 142._ 1050.0511491.03-38947.0

10.41 1300.4 734.0 112.7 144.62 1042.9311415.49-39680.4

10.41 1299.1 734.4 112.6 131.63 1085.3611865.67-36142.4

10.41 1299.9 731.2 112.6 170.20 1134.52 123B7.26-46494.6
I0.41 1301.4 721.7 112.9 222.67 1251.2313625.55-59865.5

10'.41 1295,.7 706.2 113.2 260.44 ,_224.7013344.07-68192.6

10.41 1297.5 710.6 113.2 207.38,1316.8414_1.67 -54705.3



FOUI..II_PROBEFIELDTEST 1ESTIIA - 1 _ 1789
RICI.I'IONDPOWER& LIGHT BOILERLOAD' _
I_III"EI_TERVALLEYSTATION PROBE_llJRE: 1300F
UNIT2: PORTDI GASTEMPERATURE:1840

DATATIME:5 SE_

HEATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METERMETER-HF AVE-HF AVE-FF LOC--FF

TIME TEMP TEMP TF..MP RATE OUTPUT CALC CALC CALC CALC
FIR [F IF [F LB/HR uV B/FT2-HR B/FT2-HR

_.- -_,_- ,...,_¢Z1¢ -__ -;,.._.,.,__

10.42 1294.9 712.1 113,4 196.53 1179.54 12864._2-51957.7
]0,42 1299.0 718.9 113.1 191.41 II74.7813026.62-51201,7

10.42 1300.2 717.5 113.3 196.39 1193.0213007.94-52402.0

]0.42 1300.0 714.2 113.3 223.08 1282.1913954.04-59191.6

10.42 1295.7 709,3 113.2 224.63 1270.1413826.19-59135.7

10.42 1299.5 711.9 112.7 222,20 1283.0213962.84-58796.2

10.42 I-';'97.271_..0 112.5 202.42 1294.5614085.28-,53588.2

]0,43 1296.8 714.I 112.3 192.92 1296.3714104.49-51262.3

10.43 1297.1 714.9 112.3 192.64 12_.17 13720.40-51261.0

10.43 1301.5 711.2 112.3 250.64 1333.2014495,25-_287.4

10.43 1296.0 702.4 112.6 249.80 1217.08132_,22-65063.6

10.43 1298.2 710.6 112.3 195.91 1270.2113826.93-5175"/.4

10.43 1297.6 711.6 112.9 212.18 1278.6413916.37-56101,7

SUMMARYOF 0 [EGREEPROBEORIENTATION

AVERAGE I_7.84 715.65 131.23 195.86 1175.8512825.78-50086.9

MINIMUM 1293.27 696.80 111.80 102.681004.9211012.20-71438.5

MAXIMUM1301.54 743.60 1210.97 276.98 1333.20 14495,2552244,38

STDDEV 2.26 10.08 140.57 38.98 84.00 891.2116459.17

10.57 1297.6 6,54.2 1103.8 283.92 1272.74138,53.7756369.4

10.57 1295.2 655.2 1104.4 284.14 1068,9311691.3556364.2

10.57 1295.8 658,0 1109.4 193,19 1047,04I1459,0937658,1

10.57 1298.4 671.3 1111.1 219.72 1117,3712205.3042671,4

10.58 1302.2 6_.2 1113.4 296.87 1262,7813748.1059012.6

10.58 1297.6 651.1 1107.1 360.95 1103.4012057.0772683,0

10.58 1294.8 658.8 1105.0 253.17 1045.3011440.6349878.6

10.58 1297.0 $69.7 1108.4 202.48 1072,43 11728.48C_232.0

I0._ 1298.9 671.4 1109.7 218.02 997.6510935.0742203.5

10.58 1299,8 _9.4 1106.4 233.75 961.7410554.0645110.2

I0,58 1295.8 673.3 1102.4 189.41 813._ 8979.7535889.1

10.59 1296.7 683.1 1107.6 150.23 837,029230.7828150.2

10.59 1300.1 689.6 1115.1 144.36 872.30 9605.1027122.4

I0.59 12_78.5 687.3 1113.7 163.37 764,578462.09 30757,4

10.59 1295,7 6G9.4 1110.9 136.58 698.77 7763,9525419.4

10.59 1301.3 697.7 1115.8 127.21 871.76 9599.3723486.8

]0.59 1300.6 6_,9 1116.2 177.09 896.939866,43 33416.3

:C,.59 1297.0 681.3 1113.8 191.38 889.569788.23 36555.7

_v.60 1294.6 682.6 1110.7 149.55 771.928540.07 28271.8

10,60 1297,5 692.5 1112,6 120,97 690.597677.16 22439,9

10.60 1299.9 697,4 1118.3 118.35 914.4510052.3121994,2

10.60 1300.0 686.6 1120.4 180.94 945.2710379.3134662.2

10.60 1296.'? 678.7 1114.7 191.45 912.2210028.6536861.5

10.60 1298.2 677.2 1115.4 201.70 844.679311.95 39028.3

10,60 1296.5 678.1 1113,0 162.82 8?4.62 _41,o2 31270.8

B-3
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FOULINGPROBEFIELDTEST TESTIIA- I_Y 1989

RICHMONDPOWER& LI6;_F BOILERLOAD: 60 MW

WHITEWATERVALLEYSTATION PROBETEMPERATURE:1300F

UNIT2: PORTDI GAS TE]_PERAIIJRE:1840
DATATIME:5 SECONDS

HF.ATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METERMETER-HF AVE-HF AVE-FF LOC-FF

TIME TEMP TEMP TEMP RATE OLr[PUT CALC CALC CALC CALC

FR [F IF [F LB/HR uV BIFT2-HRBIFT2-HR

10.60 1296.6 677.5 1112.9 188,B0 686.33 7631.96 36303,8

10.61 1299.2 681,0 1115.7 166,29 812,25 8967.97 31915.2

I0.61 1299.8 677.0 1i16.0 2V4.19 894.02 9835.55 39591.3

10.61 1295.8 668.7 1113.7 209.06 840.03 9262.72 41083.9

10.61 1297.7 677.1 1117.0 159.25 953,4010465.5780930.4

10.61 1300.8 675.4 1120.1 211.42 972.9010672.4741519.7

10.61 1298.7 667.5 1119.2 234.27 974.3710688.0746732.3

10.61 1294.2 672.0 1112.8 161.31 900.21 9901.23 31394.6

10.62 1299.8 675.5 1120.1 201.84 943.8910359.3739627.6

10.62 1300.5 671,7 1119.9 216.66 1080.1611810.2 42876.9

10,62 1299.9 658.5 1118,9 296.31 1203,9413123.8060233.3

10.62 1298.7 649.1 II16.0 _3.90 1208.4113171.2370909.6

10.62 1294.8 649.6 1112,0 28"3.471050.6711497.6157879.8

10.62 1299.2 659.2 1114.9 251.97 1198,6013067.1550700.4

10.62 1292.2 656.7 1109.3 216.95 843.52 9299.75 43358.7

]0.63 1295.6 676.7 I115.2 134.13 823.72 9089.67 25975.I

10.63 1297.4 691.9 1117.3 94.70 632.89 7064.96 17788.9

10.63 1300,0 695.6 1123.3 136.07 794,83 8783.15 25700.0

10.63 1299,1 682,7 1122.6 193.14 854.01 9411.05 37518.7

10.63 1298.6 679.1 1122.7 178.87 954.6910479.2635039.7
10.63 1299.8 671.5 1123.7 238.66 1051.5311506.7347656.5

10.63 1297,1 657.9 1117,8 293.95 1106.0912085.6159699.1

10,64 129,4.7 661.4 1114,7 221.88 961.2110548,4444412.6

10.64 1300.2 666.8 II19.0 232.52 1174.1012807.2046426.3

10.64 1297.3 657.4 1116.3 251._ 1138.9812434.5851022.7

10.64 I;'99.2 658.7 1116.1 248.57 1185.2012924.9750210.5

10.64 1297.8 654.3 1114.0 283.41 1106.7912093.0457527.2

10.64 1298.1 654.0 1114.0 275.83 1022.7911201,8056026.3

10.64 1298.0 660.1 1115.3 240.10 1177.4912843.1748263.1

10.65 1300.0 651.9 11_6.1 317.27 1297.2914114.2565041,8

10.65 1297.3 643.8 1112.7 360.22 1209.0713178.2374586.4

10.65 1296.6 654.0 1114.2 246.60 1068.06 11_.12 50110.9
10.65 129'8.1 661.1 1115.4 225.80 1001.21 11821.64 45_,'5.9

10.65 1299.0 658.9 1114.9 264.63 1119.6412229.3853284.0

I0.65 1295.8 663.7 I113.7 202.51 890.92 9802.&6 40234.9

SUMMARYOF _ DEGREEPROBEORIENTATION

AVERA_ 1297.89 670.56 1114.27 215.63 979.6710744.,"842556.62

MINIMUM 1292.17 643.79 1102.40 94.70 632.89 7064.9617788.89

MAXIMUM 1302.22 697.71 1123.66 3w_0.951297.2914114.2574586.42

STD DE'V 2.02 13.57 4.73 60.20 158.73 1684.1312957.18

10.73 1293.6 619.6 1072.0 261.82 1410.3715314.0352296.2

10.73 12_.I 617.4 1076.9 309.77 1354,6E°14723.1562854.5

10.73 1297.9 618._ !075.0 279.97 1295.0314090.2756427.1

DOE FOULINGPROBE'TESTIIA B-4



FOULINGPROBEFIELDTEST TESTIIA- I FEBRUARY1989

RICII_ONOPOWER& LI(_'IT BOIL£RLOAD: 60 MW

WHITEWATERVALLEYSTATION PROBETEMPERATURE:1300F

UNIT2: PORTDI GAS TEMPERATURE:1840
MTA TIME:5 SECONDS

HEATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOW_-METERMETER-HF AVE-PI:AVE-FF LOC-FF

TIME EMP TEMP TE]I_ RATE OUTPUT CALC CALC CALC CALC

HR [F [F [F I.B/HR uV B/FT2-HR B/FT2-+IR

10.73 1300,7 619.8 1079,9 293,64 1554.4316842.5059_4.6

10.74 12<39.0 609,4 I072,0 C-{86.531477,2916024.057B%0,5

10.74 1293.0 613,0 1071.6 247.73 1416,9'515383.8450164.+

I0,74 1294,4 619,9 1076,4 210,47 1268,5_13809,6342428.0

10.74 1301,2 631.0 1088.3 172,30 1359.5214774.5134795.0

10.74 1296.0 622,6 1080,7 256,<)41325,19'_',410°2751980.6

10.74 1298.4 624.4 1081.3 212.96 1378.9414980.55429(,4.7

10.74 1300,5 620.4 1081,8 294,b'71398.7415190.6360029.2

10.75 1293.6 618,5 1076.8 2"_0,051326.8614427.9846553,8

10.75 1301.2 619.6 1081.9 28_,,231517,3716449.3058030,0

10.75 1299..I 611.5 1077.7 332,74 1459.0715_0.73 68495,3
10.75 1295.1 618,5 1079,3 199,96 1141,7212463.6540685.4

10.75 1.301.7 621,2 1083.0 275.95 15(_Ki,Ol16901.7156278.6

10.75 1298,3 615,7 1078.2 265,54 1397.4115176.5254242.3

10.75 1302.7 610.3 1077,3 376.27 1677.4218147.4377589,0

10.76 1301.8 595.4 I%8.9 487.73 1773.7619169.59101976.9

10.76 1295.3 588.5 1060.2 488.52 1716._ 18563.76I017_4.6
10.76 1270.3 599.6 1062.8 279.78 1275.81I?_8_..3457216.6

10.76 1295.6 613.4 1070.5 235.62 1265.7713779.8247549.9

10.76 1302,6 616.6 1076.1 274.06 I_6.00 16965.2655609.9

10.76 1300.3 604.4 1070.4 377._ 1617.7317514.1277713.9

10.76 1296.1 599.3 1063.0 385.81 1533.721715_3.2777005.9

10.76 1298.2 600.8 1062.8 356.34 1730.6018711.6772705.2
10.77 1299.5 5_.9 1061.5 42_3.671733.7818745.4188507.8

10.77 1296.1 591.4 1057.7 419.37 1564.4816949.138634_.9

10.77 1295.2 601.1 1062.4 266.90 1565.13169_.03 54362.2
10.77 1298.6 601.9 I0_5.8 358.21 1652.6517884.6273382.5

I¢ "I P
10.77 1295,3 .J9,.3 1061,6 357,87 I_1.I0 16913.2773365.0

10.77 1297.3 598.8 1061,2 373.47 I:_69.4914880.2976_4.7

10.77 1294.0 606.6 I065.1 231.53 1623._ 17580,5346,87L_.9

10.78 1303.6 604.5 I(_9.9 365.40 I_9,43 17213.8575094.2

10.78 1300,I 597.3 1063.2 3"?7,251624,8517569.6681727.3

10,78 1295.6 600.3 1061,6 322,91 1531,13165%.29 65776+0

10.78 1299.4 602.8 1065.6 329.27 1446,24I_94.61 67285.2

10.78 1291,2 604,0 1061,2 249.68.,1206,1F_13147.04_413.8
10.78 1297.7 621.4 1073.3 154,60 1234,8_13452.1830853,3

10.78 1298.1 62_.8 1077,8 148,31 I198,_ 13064.8129404.8

10,79 1303.3 622,2 1077.9 253.84 1531,2516596._ 51074,4

10.79 1294.5 _07.1 1068,2 315.78 1198,1113061,956,4299.9
10,79 12_2.2 618,3 1072.3 171.73 1144.4112492.1934428,2

10.79 1301.0 627,? 1079,4 188.53 1371,4514901._ 37588,9

10.77 1300,6 616.8 1072.7 271,18 1394,9715150.6354_1.6

10.79 1298,7 611,7 1068.3 297,19 1372,9614917,1159926,6

10.79 1298.3 612.4 1068.4 243,_ 1322,0714377.1649007,4

10.80 1296.7 613.5 1065.6 232,20 1380,3'514995.5146355,2

10.80 1300,9 611,6 106.7.5278,85 1425,3<)15473.39_141,0

10.80 1299.3 609.7 I0_,.8 261,08 136,4,2714,'1.H25.12526'71,4

_E FOUL]_ PROBE:TESTIIA ]3-5



FOULINGPROBEFIELDTEST TEST11A- I FEBRUARY1989

RIC_ I_ & LIGHT BOILERLOAD: 60 MW

WHITEWATERVALLEYSTATION PROBETEI_TURE: 1300F

UNIT2: PORTDI GASTEMPERATURE:1840

DATATIME:5 SECONDS
HEATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METERMETER-HF AVE-If AVE--FF LOC-FF

TIME TEl'lP TEMP TEMP RATE OUTPUT CALC CALC CALC CALC

FIR [F [F [F LB/I-R uV B/FT2-1-RB/FT2-HR

10.80 1293.6 607'.7 1064.5 _l.b8 I157.0912626._ 56820.3

10.80 1290.3 619.4 1069.9 152.56 995.8110915.5430345.2

10.80 1296,2 635.6 1081.0 II0.12 955.9710492.8421662.4

10.80 1302.5 638.2 1084.7 169.44 1145.6212505.0333406.4
10.81 1295.6 623.5 1077.0 208.37 1050.7911498.8841721,2

10.81 1302.5 626.6 1081.2 207._ 1459.99_5840.4941613.7

10.81 1305.3 609.7 1075.9 366.50 1598.&317308.2875453.0

10.81 12,96.5 595.2 1065.5 414._ 1493.3616194.9 86146.4

10,81 1291.3 602.0 1064.2 248.20 1391.5915114.7"/50656,4

10.81 1298.9 606.6 1065.9 270.82 1517.7116452.905492"3.8

S_Y OF 180 DEGREEPROBEORIENTATION

AVERAGE 1297.75 611.92 1071.49 285.40 1417.0515384.8758108.33

MINIMUM 1290.30 588.46 1057.66 II0.12 955.9710492.8421662._

MAXIMUM 1305.26 633.21 1088.30 488.52 1773.7619169.59101976.9

STD[EV 3.49 II.I0 7.45 83.19 185.16 1964.5417588.45
i

10.90 1299.1 671.4 I194.F 177.39 1958.61211_.85 40999.1

10.90 1299.1 665.1 1196,3 252.16 2013.9221717.6959145.5

i 10.90 1295.5 b62.5 1190.1 _7.00 1773.5919167.7948228.4

10.90 1298.8 669.3 1195.1 190.85 1785.8019297.3444307.3

10.91 1300.4 664.8 1195.3 245.71 2099.0522620.9257558.8

10.91 1299.5 656.7 1190.8 284.37 2236.3524077,6767077.2

10.91 1295.7 651.8 1186.6 288.35 2191.2923599.59 680'_3.7

10.91 1296.2 651.5 1189.9 284.13 2047.2222071.0067546.3

10.91 1298.8 654.9 1195.7 259.40 2273.9"t2_177.03 61939.9
10.91 1296,4 653.4 1191.6 259.84 2006.0821634.5161750.0

10.91 1294.6 660.6 1190.7 191.28 1845.2619928.2144772.0

10.92 1296.1 672.7 1194.5 141.95 1705.8518449.0732705.9

10.92 1299.0 682.0 1199.4 134.07 1613.7617471.9930633.4

' 10.92 1298.9 694.0 1197.3 146.07 1570.5317013.3233112.7
10.92 1297.2 _6c._.5 1195.3 164.37 1597.4417298.8437221.2

10.92 12,°8.7 685.1 1198.1 140.34 16_.93 17908.8131789.0
10.92 1299.1 679.3 1197.3 205.79 1875._20247.57 47072.3

10.92 1299.6 669.1 1196.6 247.75 2097.1122600.3457712.8
10.93 1296.5 657.5 1191.4 305.69 2058.7022192.8172071.1

10.93 1294.5 660.2 1188.7 212.78 1974,7221301.78 49652.2

10.93 1295.5 667.7 1190.3 17"1.291892.6220430.7040916.5

10.93 1297.4 673.3 1196.2 169.83 1828.0419745.5039215.8
10.93 1295.6 675.3 1192.9 167.41 1678.2718156.4438267.4

10.93 1298.4 682.7 1199.4 138.65 1598.2417307.3331632.7

10.93 1299.3 684.5 1198.2 156.89 1585.3117170.143857_.3 :i
10.93 1301.3 675.8 1198.8 231.00 2042.66 22022.62 53348.9 .....

10.94 1296.1 662.3 1190.9 266.78 2069.5322307.71 62264.8 i _'
10.94 12_.5 659.6 1192.5 260.59 1967.5721"-"=;39 613172 I;

, ,

DOE FOLtlNGPROBE:TESTIlA B-6



FOULINOPROBEFIELDTEST TEST11A- I FEBRUARY1989
RICHMONDPOWER& LIGHT BOILERLOAD:60MW
WHITEWATERVALLEYSTATION PROBETEMPERAI'LSE:1300F
UNIT2:PORTI)I GASTEMPERATURE:1840

DATATIME:5 SECONDS

HEATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METBRMETER-HFAVE-+fAVE-FF LOC--FF
TIME TEMP TEMP TEMP RATE OUTPUT CALC CALC CALC CALC
HR [F [F [F LB/HR uV B/FT2-HRB/FT2-HR

10.94 I_'X25.4666.0 1192.3 186.201780.4519240.5743268,8
10.94 1299.7 673.6 1196.6 167.581677.9818153.3738701.5
10.94 1296.5 675.6 1194.4 162.1715_.4217319.8537148.4
10.94 1297.1 680,3 1196.1 151.291592.3017244.30344.%.4
10.94 1298.7 680.? 1196.6 169.261727.8918682.9138558.0
10.95 1301.4 677.6 1200.2 194.122006.1321635.0444804.1
10.95 1299.9 667.9 1193.4 233.191062.6221173.4054113.1
10.95 1296,3 664.9 1186.6 220.741812,1319576.7050847.8
10.95 1295.3 670.5 1188,6 168.851697,8818364.5138632.4
10.95 1298,3 677.4 119"3.8151.041664.5918011.3034443.5
10.95 I_1.4 675.3 1195.6 212.971967.2621222.6348929.1
10,95 1297.9 666,4 1191.3 225.231994.0321506.6652199,3
I0.% 1298.3 664.71191.6 231.302022.0221803.&353813.4
10.96 1300.7 657,5 1194.0 299.072342.7325206.3770864.2
10,96 1299.5 648.6 1192.8 340.252440.6126244.8781771.2
10.% 1295.4 643.1 1190.2 354,292242.0024137.6285591.2
10.96 1292.5 652.1 1188.2 217.812049.2522092.5451562.7
10.% 1298.8 663.6 1198.1 206.082052.7322129.4748,635.6
10.96 1295.9 663.0 1195,..7205.431894.1020446.4048320.8
10.97 1297.8 669.6 1196.9 173.941844.2619917.6040495.2
10.97 1292.2 675.4 1196.4 151.491880.3920300.9434855.1
10.97 1302.4 676.0 1199.3 181.772101.7822649.8942003,4
10.97 1301.2 661.6 1196.3 302.082066.8922279.7071318.7
10.97 1295.4 656.6 1192.1 262.422191,1023597.57620.%.I
10.97 1296.0 658,7 1194.1 238,412047.2822071.64563_.7
10.97 1294.5 666.6 1194.2 170.221793.8919383.1739654.7
10.98 1298.3 677.6 1198.5 152.101688.2518262.3334990.1
10.98 1299.0 681.0 1202.2 146.951691.9518301.5933823.5
10.98 1298.9 678.2 1200.5 191.331769._,719126.2044128.9
10.98 1297.3 674.1 1196.5 193.251755.4418975.22445"78.6
10.98 1300.9 675.9 1200.0 194.641901.7120527.1445047.9
10.98 1299.2 662.0 1194.3 306.752125.8222904,9572108.3

SUMMARYOF 270DE_EEPROBEORIENTATION

AVERAGE1297.74668,291194.53211.171907,1120F_.A.3849233.79
MINIMUM1292.15643.111186.59 134.071570.5317013.3230633.2"3
MAXIMUM1302.41685.141202.23354.292440.6126244.8785591.25
STD[EV 2.22 I0.I0 3,60 54.24 210.052228.6213353.30

B-7
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FOULINGPROBEFIELDTEST TESTIOA- 31 JANUARY1989

RI_ POWER& LIGHT BOILERLOAD: 64

WHITEWATERVALLEYSTATION PROBETE]'PEP,ATURE:II(X)F

UNIT2: PORTE2 GAS_TLIRE: 1439
DATATIME:30 SECONIIS

HEATFLUXMETER_II_ITATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METERMETE_-HF AVE-I_:AVE-FF LOC-FF

TIME TEMP TEMP TEMP PATE OUTPLr[ CALC CALC CALC CALC

HR [F [F [F LB/_ uV B/FT2-'HRB/FT2-I'F:

9._ 1098.12 751.76 1099.5 30.94 134.78 1509.024751.02

9.63 1098.21 954.31 I0_ 30.98 131._ 1475,_ 4715.44

9.63 I098._ 755.59 1097.5 32.82 158.71 1757.414955.21

9.63 1096.78 749.7 1093.82 36.85 147.07 I&36.595599._

9.64 1097.23 754.16 1094.75 29.58 119.47 1350.10 4448.79
9.64 I097._ 761.34 1095.07 27.58 118.85 1343._ 4044.44

9.64 1097.94 765.05 1094,47 27.60 118._ 1338.584014.86

9.64 1097.35 767.31 1095.,08 27.71 137.45 1536.734021.69

9.64 1098.53 768.95 1096.91 28.10 127.25 1430.864(_9,48

9.64 1097.6 T70.22 1097.68 28.35 108.47 1235,924099.43

9.64 1097.32 771.3 1096.77 28.09 I;,_).85 I_4.42 4037.15

9.65 I098._ 774.99 1097.35 26.58 114.61 1299.&53783.62

9.65 1097,46 771.94 1093.,_ 31.99 121.44 1370.554549.35

9.65 1099,02 773.69 1097.62 26.87 144.63 1611.2638,43.53

9.65 10_.53 773.7 1098.22 31.54 139.00 1552.824519.75

9.6-51098.73 771.76 I0_,_.27 32.76 111.15 1263.744723.37

9.65 1098.17 7&S.47 I096._ 37.23 129.10 1450.065388.25

9.6; I0'?7.19 7_5.5 10'95.22 34.62 137._ 1540.365¢_40.62

9._ I_7.2.2 770._ I095.53 31.69 108.23 12_.43 4546.15

9.66 I_8.33 775.62 1095,86 28.58 143.81 1602.754041.5_

9._ I0_.23 776.54 1096.26 _. I0 140.21 1565.384673.15

9.66 I(_8.68 773,37 10_._ _._4 130.86 1469.335258._

9._ 1096.66 770.07 1098.22 3_.15 123.58 1392.7652_.32

9.66 1098.24 776.9 1101.64 29.84 140.2_ 1565.904279.04'

9.66 1099.08 7:_.0.79II01.I 32.60 117.73 1332.044_Ii.05

9.66 10'77.6 776.51 1097.17 36.39 I90.41 208&46 5152.74

9.67 1098.54 774.32 1098.37 _.97 14_._ 1631.715719.50

9.67 I_6,71 769.17 1096.32 40.92 138.60 1548.675911.45

9.67 1098.45 772.1 1095.49 37.39 135.23 1513.695339.42

9.67 1098.27 774.03 1094,16 36.86 13_..521527.085210.67

9.67 1098.74 774.96 1094.98 38.45 137.54 1537.675433.57

9.67 I098._ 772.45 1094.11 40.92 167.41 1847.725812.2'5
9.67 1097,35 770.73 1095._,7 43.26 145.03 1615.416207.28

9.68 1097.69 77].34 1097.65 39.68 170.51 1879.895"717.60

9.68 1097.3 774.42 1099,41 37.60 145.85 16_.92 5395.97

9.68 I0'98._.,3778.5 1102.83 35.84 162.03 1791.875132._

_JMMARYOF 0 DE_EE PROBEORIENTATION

AVERAGE 1097.99 769.51 !0_6.99 33.50 136.14 1523.104841.85

MINIML_I1096.66 7e9,70 I0_.82 26.5,9 108.23 1233.433783.62

I'IAXIY_1099.08 780.79 1102.83 43.26 I_.41 2086.466207.28

STD _V O.67 7.',2 2.!5 4.62 17.89 185.71 652.91

9,71 1096._ 736.99 1033.61 70o8_ 284._ 3063.639281.40

9.71 1097.96 742.24 1034.71 60.70 2'86.57 3084._ 7839.3:_

[CUEFOLIL]NGPROBE:]EST IOA B-1 3



FCN.tI_PROBEFIBD TEST IESTI_ - 31,kcI_Ctk_RY1989

RICI,IMONDPOWER& LIGHT BOILF.RLDAI):64

WHITEWATERVALLEYSTATION PROBETE}IPERA_: 1100F

UNIT2: PORTE2 GAS TEMPERATURE:1439
DATATIME:30 SECONDS

HEATFLUXMETERORIE)WTATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWFF-fIETERMETER-HF AVE-+IFAVE-FF LOC-FF

TIliE TE_ TEMP TEMP RATE OUTPUT CALC CALC CALC CALC

I_ [F [F IF LBIHR uV BIFT2-HRBIFT2-HR

9.71 1098.93 745.15 1034,03 60.33 266.442875.657695.95

9.71 1097.31 742.6 ]031.47 70.31 280.773024.39 8968.74

9.72 1097.56 741.1 1030.35 67.11 276.19 2976,858571,8i

9.72 1098.37 741.83 1030.47 65.99 262.44_34.13 8410.97

9.72 1097.21 742.1 1029.76 65.59 271.092c723.918331,61
9.72 109,7.74744.71 10,30.25 59,01 297.41 3197,12 7440.54

9.72 1099,3 747.2 1030.88 58.22 285.163069.96 7293.11

9.72 1097.99 743.'?I 1029 71.14 268:!3 _93.19 8955.86

9.72 1097,15 743.44 1028.71 61.86 264.502855.51 7792.52

9.73 I0_.27 747.02 1030.13 60,20 246._ 2666.49 7525.99

9.73 1097,37 745.38 1028.36 &3.14 235,022549.51 7889.91

9.73 1099.27 748.63 10,30.45 b-7.E.9270._ _22.88 7204.22

9.73 1098.52 746,94 1029.3 64°50 242.452626,63 8042.19

9.73 1096.95 746.52 1028,52 60.59 253.592742.26 7_&5,04

9.73 1098.53 750.06 1029,8,5 56.56 331.363549°52 6998.01

9.73 1097.95 749.16 1029,19 62.78 301.053234.90 7763.14

9.74 1098.35 748,23 1029.6 &6,26 248,912693.69 8232.67

9.74 I097.1,747.4:?,1028.78 61.64 274.53 "s "_,.9.6Z 7658.10

9.74 1097.74 747.89 1029.18 66.78 270.262915.30 8294.92

9.74 10'78,35746.62 1028.48 64.06 299.063214.24 7973.19

9.74 1096.97 747.93 1028.14 62.82 234.112.540.067773.08

9.74 1097.13 751.59 1029.38 _.65 259.08 2799.25 6703.76
9.74 1099 755.62 1030.63 51.33 240.69 2608.36 6233.49
9.74 1098 757.99 I030.57 52.55 218.32 ,'376.16 &325.26
9.75 1097.84 759.11 1030.59 51.20 229..59 2493.14 6137.90
9.75 1097.37 760.99 1031.12 '.._0.59 228.76 2484._ 6034.61
9.75 1098.29 764.2 1032.07 45.84 271.72 2930.45 5422°26
9.75 1099.7 762.3 1031.77 58.20 245.66 2659.95 6925.40
9.75 1097.11 756.37 1029.56 65.07 249.84 2703.34 7849.78
9.75 1100.17 751.39 1029.43 82.61 263.67 2846.89 10142.65
9.75 1096.23 741.69 1025.28 80.67 257.11 2778.80 10102.17
9.76 1097,11 744.15 1026.55 71.69 _5.08 _69.13 8939.95

9.76 1098.3 745.1 1027.28 70.68 257.142779.11 8807.13

9.76 1076.96 744.72 I026.&2 6&.64 25&._ 2770.29_95.48

SLIMMARYOF 90 DB_EE PROBEORIENTATION

AVERAC_ 1097.94 748.29 1029.84 62.78 264.272853,15 7816.45
MINIMUM 1096.23 736,99 I0_.28 45.84 218.,_2376.165422.26

MAXIMUM 1100.17 764.20 1034,71 82.61 331.C._3549.5210142.65

STD DEV 0.91 6.37 1.93 7.73 23.25 241.33 1050.40

9.80 I0?7,4 756.49 1027.56 53.69 370.01 3950.706426.68

9.80 1098.83 763.21 1026.11 55.03 4_.50 4495.55 6388.54

9.80 1077.95 758.73 1022.15 71.15 473.,"45023.278276.28

9..°.X)1077.87 755.32 1021.05 71,26 445.794737._ 8361.77

DOE F[W.W,INGPROBE:TEST1OA B-I/4-



FOULINGPROBEFIELDTEST TESTIOA- 31JANUARY1989

RI_ POWER& LIb'HT BOILERLOAD: 64

W_ITEI,_TERVALLEYSTATION PROBETEl'IPEn,TURE:1100 F
UNIT2: PORTE2 GAS _TURE: 1439

DATATIME:30 SECONDS

HEATFLUXMETERORIENTATION

TEST PROBE AIR-IN AIR-OUTAIR-'FLOWI_-METERI'IETER-HF AVE-HF AVE-FF LOC-FF
TIME TF...I_TEl'lP TEMP RATE OUTPUT CALC CALC CALC tALC

FIR [F [F [F LB/HR uV BIFT2-HRBIFT2-HR

9.81 1098.39 754.67 1019.51 76.71 401.014272.488971.13

9.81 1098.13 753.98 1019.26 68.99 410.614372.13 8081.69
9.81 1096.1 755.34 1018.97 67.10 387.034127.37 7811.40

9.81 1099.4:3758.23 1020.47 72.33 488.78 5183.548375.85

9.81 1099.63 750.66 1016.41 90,30 501.935320.0310596.75

9.81 1097.17 745.45 1013.4 83.41 490.23 5198.599869.24

9.81 1098.89 745.41 1012.5 8('.08 467.644964.1010378.63

9.82 1097.2 744.71 1011.15 79.13 465.374940.54 9310.08
9.82 1097.14 747.25 1011.44 71.97 465.02 4936.918396.14

9.82 1096.67 752.62 1013.84 5/.23 395.184211.97 6601.49

9.82 1098.95 757.]5 ]015.03 63.49 4_.85 4924.76 7229.94

9.82 1096.92 752.68 1013.41 78.32 421.43 448a_.4 9017.28

9.82 1098.87 752.9 1014.42 75.93 427._ 491.81 8768.59

9._ 1097.17 751.43 1013.73 74.13 408.29 4348.058586.26

9.83 1096.12 756.94 1015.67 55.22 423.464505.51 6308.92

9.83 1097.74 764.42 1017.3.5 55.87 358.68 3833.106240.33

9.83 i_9.1 767.13 1018.59 5/.05 384.694103.0863_.85

?.83 1097.48 765.36 1018.24 59.49, 423..'v,45L_.48 6643.09

9.83 1097.81 761.89 1017.39 74.04 442.88 4707.0983_.51

9.83 1078.08 756.19 1015.49 83.55 485.87 51_._ _66.67
9.83 1098.61 752.24 1013.88 82.51 447.264752.56 9532.84

9.83 1097.52 748.7 1012.05 92.69 468.°,.A4976.5610778.99

9.84 1095.86 750.2 1012.62 68.90 435.604631.5.37984.13

9.84 1097.2 7._.I 1015.09 59.31 384.19 4097.896730.63

9.84 1097.75 758.00 1014.47 84.36 440.614683.539551.01

9.84 1097.53 756.06 1014.56 74.99 432.59 4600.288560.04

9.84 1097.8 758.09 1015.76 63.67 4.':K).634579.947244.53
9.84 1097.84 7&]._ 1016.71 61.61 43'9.624673.26694].31

9.84 1099,13 759.45 1015.66 75,97 4,%.94 5164.44_95.08
9.85 1096.64 753.16 1013.05.,81.14 407.524340.08 9311.86

9.85 1096.39 7_.01 1015.65 62.60 372.66 3978.217121.96

9.85 1100.83 761.58 1016.72 78.80 460.66 4891.65 8878.03

S'UMMARYCIF180DEGREEPROBEORIENTATION

AVERAGE 1097.84 755.65 1016.36 71.39 434.22 4617.228225.71

MINIMUM1095.86 744.71 1011.15 53.69 358.68 3833.10 6240.33
MAXIMUM 1100.83 767.13 1027.56 (22.69 501.935320.0310778.99

STDDEV 1.08 5.52 3.70 10.71 37.23 386.45 1287.97

9.8:8 1098.94 839.07 1120.17 2.59 340.64 3645.84 321.49
9.88 1099.4 854.05 1137.06 2.91 348.06 37,'2.86 363.67
9.88 1099.54 867.12 1131.67 10.21 400.01 4262.10 1192.74
9.88 1098.26 871.35 1130.04 ]6.25 365.25 3901.30 1856.29

9.89 1098.63 874.31 1132.59 17.42 371.544174.19 1986.78

9.89 I098.&S 874.8 1133.98 21.61 397.834239.48 2473.25

[,DEFOLiLINGPROBE:IE511OA B-1 5



FOLILINGPROBEFIELDTEST TEST1_ - 31 _ 1989
RICI.I'IONDPOWER_ LIGHT BOILERLOAD: 64 I'_
I,t.IITE_TERVALLEYSTATION PROBE_TURE: II(X) F
UNIT2: PORTE2 GAS TE]fERAIIIRE:1439

DATATIE: 30 SECONDS

HEATFLUX_ _IENTATION

TEST PROBE AIR-IN AIR'OUTAIR.-FI.0_HF-'t'ETERNETER...HFAVE-HF AVE--FF LOC-FF
TII'E TB'P TEMP _ RATE OUTPU'r C_C C_LC C,hLC C_C
HR [F [F IF LB/HR uV B/FT2--HRB/FT2-"HR

9.89 I099.16 871.43 1134.77 27,12 423,244503.2331,53,b8

9.89 1098.6 863.79 1134.$6 _,91 485.09 5145.23_175._
9.89 1098.15 51.94 1132.62 45,44 459,134875.77 5755,93

9.89 1097.07 846.41 1131.9 40.84 492.10 5218.00 5148.59
9.89 1097,58 848.83 1133.02 38.39 481.92 5112.33 4817.69
9.90 i098.15 849.68 1133.56 38.02 464.81 4934.73 47_.05
9.90 1098.7 849.42 1130.98 41.49 481.49 5107.87 515_.53
9._ 1096.48 842.88 1123.63 45.36 441.73 4695.16 5623.47
9.90 1098,57 846,7 I123.09 36,82 515.495460.794493,84

9.90 1098.67 846.45 1121.18 41.11 479.16 ,_83.6_ 4987.30
9.90 1097.23 844,_ 1114.4 42.11 474.535035,62_021.77

9._ 1098,5"/843,17 1117,8 42,39 462.75 4913.355140,71

9.91 1099.21 842.25 1116.8 43.34 497.83 5277.48 5254.39
9.91 1098.2 836.15 1110.09 52.30 479._ 5091.26 6326.58
9.91 1096.21 833.79 1105,15 45,91' 4_.57 5222.88550.1.29

9.91 1097,17 839.57 1108.% 38,00 484,78 5142.024_20,40

9,91 1097.76 845,87 1112.32 34,78 501.58 5316.404.092,20

9.?I 1099.49 849,01 II15._ 36.61 469.97 4988,294304,61

9.91 1096,89 843.36 1108.7 44,67 487.64 5171.705233,'96

9.91 1097.11 843.81 1107.65 39,01 464,314929.544544,94

9.92 1096.99 850.37 1110.96 32.38 444.914728.173726.03

9.92 1098.14 858.31 1114.84 27.59 478._35075.073125.37

9,92 1098.89 861,73 1116.55 31,18 465,504941.893508,50
9._ 1097,38 8_.05 1112.97 _,98 441.09 4688.514050.20

9.92 1097,55 856.12 1114.97 _,97 456,674850.234225.80

9.92 1097,74 856.62 1115.63 34.17 451,94 4801.143908.17

9.92 1099,87 859.45 1117.24 35,20 556.325884.604_007,01

9._ 1098.13 846.22 1108.8 54.01 494.44 5242.29 6262,_
9.93 1096.6 840.08 1105.53 46.40 494.355241.355438,92

9.93 1096.88 847.52 1109.68 34.65 469.45 4982.894011.27

c:Lt_ARYOF270 DEGREEPROBEOEIENTATIO_

AVERAGE109'8.07 851.50 1120.26 34,70 459.34 4877.98 4124.43
MINII_JM1096.21 833.79 1105.15 2.59 340.64 3&45.84 321,49
RAXII_LIM1099.87 874.80 I137.06 54,01 556.325884,60&326,58
$TD[IEV 0.95 10.69 10.03 12.08 45.56 472.96 1479.20

B-16
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FOULINGPROBEFIELDTEST TEST12AI- 2 FEBR_£_Y1989

RICHI'IONDPOWER& LIGHT BOILERLOAD' 60 MW

WHITEWATER_,_LLEYSTATION PROBETEMPERATURE:800 F

UNIT2: PORTF2 , GAS TEMPERATURE:1125
DATATIME:5SECONDS

HEATFLUXME,ERORIENTATION:PROBE1

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF.METERMETER-HF AVE-HF AVE--FF LOC-FF

TIME TEl'IF TEl'lP TEM? RATE OUI?Lfr CALC CALC CALC CALC

[F IF IF LBIPR uV BIFT2--If(B/FT2-HR

8,96 7,08,8 442,3 654,3 39,56 458.59364I,91 3702.73

8.96 799.I 444.6 655.0 39,52 466.35 _,09,64 3672.28

8,96 799,6 446,5 655.8 39.87 467.903711.183685,97

8.'76 799,2 448.2 656.8 39.87 473,33 3751,583671,71

8.97 80(,1.0 449'8 657.8 41.84 484.98 38_. 25 3843.52
8, 97 798.9 450.1 658.0 43.27 474.96 3763.70 3972,78
8.97 799,3 451.3 658.4 43.33 483.02 3823.67 3962.60
8.97 798.3 451,7 6.58.3 46.99 487.77 3859.O1 4288,81
8.97 796,8 452.2 657,'_ 47.43 480,26 3803.134308.86

8.97 799.8 455.9 658.7 40.29 476.08 3772.043608.62

8.97 800.4 459,0 660.4 40,64 461.80 3665.79 _14.48

8.98 798,7 459,2 660,9 44.50 457,72 36."<5.44_62.,cK)

8.98 797.5 460.2 661.2 44.61 477.65 3783.723959.1'0

8.98 7';8.6 461.6 _4:.I.8 43.86 483.08 3824.123876,_

8.98 8(_),0 464,1 663.5 42,13 478.06 3786.773710,54

8.98 799.6 464.3 664.7 49.32 481.21 _I0.20 4363.17

8.98 797.5 463,8 664.1 51.29 475.293766.16 4536.09

8.'78 7?7.9 465.o 664.0 45.93 o_ _=, 4,x..,..._;_u':27.614017,_.4

8.9'? 799.3 468,7 664,5 43.90 465.68 3694.6637_.29

:3.99 799.8 471.0 665.6 43.41 477,19 3780.2937_.96

8.99 799.8 472.5 666.3 45.94 457.71 363'5.36 3931.69
8.99 799.3 473,0 666.6 46,89 473.94 3756.11 4007.81
8.99 797.9 472.7 666.2 52.70 484,72 3836.32 4503.94
8,99 797.5 472.4 (:,65.7 51.36 48,.9.96 38,"K).66 42,83.30
8.99 798.2 475,2 6_,,5 46.24 46.5.96369(:..74 3905.50

'.3.99 799.4 478,6 668.0 43,73 463.45 3678.07 3657.78
9.00 799.9 481.0 669.3 43.30 468.95 3718.993601,16

9,00 799,8 481,6 670,5 47,74 450.67 #82,98 3981,60
9. O0 799.1 482,0 670.8 48.77 470.52 3730,67 4067.(17
9.(kq 799.3 482.7 670.9 49,71 469.27 3721.37 4130.75

9.00 798.7 483.4 671.3 50.21 471.68 3739.304166.53

9.CK} 764.1 484,5 671.6 50.03 477.41 3781.93 41:34.37
9.00 799.2 485.7 671.8 49.92 465.3":,' 3692.50 4103.89
9.01 798.7 486.6 672.4 50.?9 469.80 372'5.3141_.I0

9.01 7#.9 487.6 672.8 50.94 4.'._.193802,61 4167.28

9.01 798.8 488.7 673.4 ._K).91472.48 3745.25 4150.66

9.01 799.3 489.9 673.8 50.67 478.05 3786,69 4115.21

9.Ol 798.7 490.6 674.0 =".o',,..z.,.491.63 _'.87.7342.00.07

9.01 79.o..I491,2 674.6 53.34 481._ 3810._ 43_.51

9.01 798.2 491.5 675.0 55.78 471.?0 3735.734521.10

9.02 797.8 491.9 674.7 56.10 477.46 3782.30 4528.46
'?.02 7'97,6 493.5 674.9 52.09 462.80 3673.23 4173.,o5
9.02 7,°8.8 495.9 675.9 49,52 473.41 3752.17 3935.65
9.02 799.9 497,9 677,4 48.97 469.48 3722.93 3E:81.78
9.02 799.3 499.0 678.3 52.48 464.46 3685,5,94154.68

9.02 799.z_ 498.9 678.6 54.24 478.22 3787.96 4303.II

9,02 799,3 499.4 678.8 54.79 477.55 37_,97 4339,.01

DOE FOULIN6PROBE:TEST 12AI ]_-21



FOULI_ PROBEFIELDTEST TEST12AI- 2 FEBRUARY1989

RICFI'IONDPOWER& LI6HT BOILERLOAD: 60 MW

r_ WHITEWATERV_LEY STATION PROBET_ATURE: 800 F

UNIT2: PORTF2 GAS _TURE: 1125

DATATIME:5 SECONDS

HEATFLUXMETERORIENTATION'PROBEI

TEST PROBE AIR'IN AIR'OUTAIR'FLOWHF'METERI'IETER'+FAVE'HF AVE--FFLOC--FF

TIME TEMP TEMP TEMP RATE OUTPUT CALC CALC CALC CALC

HR [F [F [F I.B/HR uV B/FT2-HRB/FT2-HR

9.03 797.I 500.0 678.7 55,31 441.60 3515.504364.55
9.03 797.9 _ '__©0.c. 679.I 55,25 4_, 05 _70.05 4349.

9.03 797,6 501.7 679,3 54.87 468.58 3716,244303,67

9.03 798.4 ,_K)3.3 680.2 52.87 451.90 35,o2.144129._

9.03 798.8 504,7 681.I 52.43 448,68 356.9,184.084.50

9,03 799,'2 505.9 681,7 52.21 461.57 3664,084051.00

9.03 799.6 507,2 682.4 52.01 450,83 3584,184024,00

9.04 799,7 507,7 683.I 55.79 456.OA 3622,94 4322,36

9.04 798.8 507.2 683,0 59.23 451.67 3590.424597,25

9.04 798,2 506.8 682.8 60.45 468,52 3715.794_96,75

9.04 798,5 507.1 682.6 60,41 470,38 37_,63 468'2.17
9.04 797.8 507.6 682.6 60,08 455.87 3621,67_42,27

9,04 798,7 509,3 683,0 56.04 4_5.713694,884299,42

.q.fMMARYOF 0 DECREEPROBEORIENTATION

AVERAGE 7_.28 480.45 670.18 49.31 469._ 3721,774107,86
tilNIMUM764.11 442.29 _ S _ ._54.2, 39.52 422.05 _70.05 3_.0116

MAXIMUM 800.41 509.29 683.13 _).45 491,63 3887.734696.75

STD DEV 4.51 19.90 8.65 5,59 !2,35 91.85 ?_9.27

9.08 799,5 509.9 655,2 7"2.6i 4_2,27 3669.294982.

9.08 7_.2 509.3 655.1 82.15 469.91 3726,135_7.59

9.08 799.6 508.8 654_6 86.12 476.3_ 3774.04 5542.36
9.08 798.6 507.3 653.4 92.95,474.14 3757.605993.81

9.09 797.4 506.9 652.8 86.3:3474,14 3757.605562.35

9.09 797.9 508.8 653.7 79.52 462.63 3671.97 5087.41
9.0? 798.9 510.2 654.6 76.97 469.16 3720.55 4907.61
9,09 800.I 511,4 655,7 76.22 469.34 3721,894856.43

9.09 798.? 510.8 655.1 84.12 474.60 3761.025_2.01

9.09 798.7 510.4 655.0 84.91 480.65 3806_045420.62
9.09 799.3 510.5 655.1 84.66 475.56 3768.175405.78

9.10 798.8 510.8 655,4 84.34 471.,'283736.325384.60

9.I0 798.5 511.1 655.7 83.77 466.05 3697.415350.80

9.I0 797.9 511,4 6_5.9 82.15 467.013704.5552,38,62

9.10 798,5 513,0 656.6 76.86 470.88 3" _.35 4875.14

9.10 800.2 514.3 6_,4 76,07 465.283691.684808,24
9.10 799.6 514.0 657.4 82,55 469.28 3721,445230,_

9.10 798.7 512.9 656.6 87.73 468.26 3713.85 5566.55
9,11 798,0 512.6 655,7 88,13 474,18 3757,90 5605,94
9.11 798.1 512,8 6.._.3 84,19 472,56 3745,_ 5337,10
9.11 799.6 513,8 657,0 81,81 468,_ 3715,64 5173,58
9,1i 799.,8 514,3 657,3 85, I2 470,33 3729,26 5375,39
9,11 7'_'9.6 513,8 657,2 86,99 465,15 3690,72 5506,54
"3'.ii 797,9 Z";i3.2 656,7 89.78 47i,i8 37_.58 56o'3,8;
"-'.11 7?7,7 513.0 656.5 89.17 479.68 37_,82 5649.26z,

DOE FgJLINGPROBE:TEST12AI B-2 2



FOULINGPROBEFIELDTEST TEST12AI- 2 FEBRIJARY1989

RICHI_ POWER& LIGHT BOILERLOAD: 60 I_

WHITEWATERVALLEYSTATION PROBETEMPERATURE:800F

UNIT 2' PGRTF2 C.,ASTB'IPERATU_:1125
DATATIME: 5 _C.ONDS

HEATFLUXMETERORI[NTATION:PROBEI

TEST PROBE AIR-IN AIR-OUTAIR-FLOWI'F-METERMETER-HF A_VE-HFAVE-FF LOC-FF

TIIE TEMP TEMP TF.II' RATE OUTPUT C,ALC CALC CALC CALC

FIR [F IF IF LBIHR uV B/FT2-KRBIFT2-HR

9.11 ?98.7 514.8 657.4 79.48 4b6.923703.885002.72
9.12 798.9 516.3 658.2 77.98 459.28 _47.04 4887.65

9.12 799.9 517.2 659.1 77.26 454.24 3609.554838.08

9.12 799.5 516.9 658.8 84.72 458.80 3643.475310.85

9.12 799.0 516.2 A5_.5 87,63 466.18 3&98.385506.03

9.12 798.0 515.5 657.8 89.92 471.80 3740.195647.94

9.12 798.7 515.3 657.6 89.95 479.84 3800.015650.61

9.12 798.8 515.3 657.2 89.77 470.18 37_.14 5625.43

9.13 798.9 515.4 657.0 89.26 4M.21 3683.725580.07

9.13 798,2 515.5 656,9 88.80 464.53 3686.105543.47

9,13 797.8 515.7 656.7 08.45 469.!8 3720.705509.12
9.!3 797.4 517.6 657.9 78.16 469.81 3725._ 48_3.71

9.13 798.2 ,20.0 659.5 73.00 455,89 3621.,_4,_96.53

9.13 799.3 522.0 661.1 70.20 465.64 3694.514311.97

9.13 799.8 523.6 662.5 73.21 460.60 3656.864489.75

9.14 799.3 522.8 662.3 80._ 469.90 3726.0&49qi,61

9.14 799.6 59.2.2 662.2 84.,28 q79.67 37_.7_ 5211.43

• _9.14 798.8 521 2 661.8 86.50 475.06 ,764.4,,5:370.86

9.14 799.1 520.9 661.7 86.74 477.28 3780.965392.28

9.14 798.9 520.3 6(:.I.3 89.58 478.'_63793.465573.97
9.14 798.0 519.9 660.6 89.94 482.35 3818.685588.03

9.14 798.0 520.0 6(:,0.6 86.57 477.91 3785.65,5377.12

9.15 7_.2 520.9 660.9 82.91 476.64 3776.205126.72

9.15 799.6 521.9 661.6 80.99 467.17 3705.744995.12

9.15 800.1 522.1 661.8 84.88 472.06 3742.135234.67

9.15 7_.2 520.5 660.9 95.32 475.27 3766.015910.09

9,15 798.5 518.7 659.6 97.92 4_.59 3_7.91 6090.75

9.15 797.5 517.9 658.4 97.92 478.11 3787.146074.75

9.15 798.1 518.6 658.6 _._ 477.12 3779.7755_._

9.16 799.2 519.4 658.7 88.47 465,75 3695.18 5442.39

9.1,' 798.2 519.8 658.8 87.84 470.27 3728.815389.67

9.16 797.4 520.4 658.9 85.78 471.54 373626 5249.26

9.16 798.8 522.0 660.1 79.27 472.16 3742.87 48_.68

9.16 798.9 5_.5 661.2 7S.!6 475.29 37_.16 4755._
9.16 7_.9 524.4 662.I 78.98 466.34 3699.574800.71

SUMMARYOF _ DEGREEPROBEORIENTATION

AVERAGE 798.79 516,00 658.01 84.34 470.63 3731.505289.28

MINIMUM 797._ 5_.87 L52.78 70.20 454.24 .%09.55 4311,97
MAXIMLel 800.21 524..44 662.45 97.92 483.59 3_7.91 609.0.75

STD [EV 0.75 4.62 2.51 5.80 6.37 47.37 376.49

9.21 7?9.9 523.7 6,_.9 91.39 256.73 2140.0754,58.58

9.21 799,0 5_.4 658.7 95.67 256.25 2136,505"715.91

9.21 798.4 522.9 _58.2 96.68 259.24 21_,75 577.3.34

DOE FOLLINGPROBE:TEST12A1 B-2 3

t,/, , ' _1........ _, ...... IR_ I H ' ' _ ,



FOULINGPROBEFIELDTEST TESTI_I - 2 [.'EBRt_LRY1989

RICHROND_ & LIGHT BOILERLOAD: 64)

_ITEWATERVALLEYSTATI_ PROBEIT.NPERATURE'800F
UNIT2: PORTF2 GASTEMPERATURE:1125

DATATIME: 5 SECONDS
HEATFLUXMETERORIENTATION:PROBE1

TEST PROBE AIR-IN AIR'OUTAIR-FLOW_-METERMEI'EF_-HFAVE-HFAVE-+'F LOC-FF

TIME TEI_ TEI'P TEMP RATE OUTPUT CALC CALC CALC CALC

FIR [F [F [F LBIHR uV BIFT2-HRBIFT2-HR

9.21 798,3 523.2 658.5 91,78 _1,22 2099.08 5483.90

9,22 799.4 524.0 659.0 ,°0.11 250.42 2093.125372.58

9._ 799.4 524.6 659.4 90.52 250.34 2092.53 5388,63

9,22 799,4 524,2 659,4 94,37 250,30 2092,23 5631,99

9.22 7,09.3 523.9 659.2 96.29 249.06 2083,015755.08

9.22 798.7 523.7 659.0 96.35 244.53 2049.30 5756.I!

9.22 799.0 5_.7 658°9 £5.88 253.282114.40 5720.41
9.22 798.7 523.9 658.9 £5.54 256.61 2139.18 5694.64

9,23_ 798,8 524,1 659,0 94,92 254,882126,3]5653,49

9.23 798.3 524.3 659.0 94.50 252.06 2105.33 5622.22
9.23 798.7 524.6 659.3 93.95 254,75 2125.34 5587.84
9.2'3 799.2 525.0 659.9 £3.35 243.99 2045.29 _Z.O.40
9.23 799.I 525.2 660.0 92.89 251.27 2099.45 5528.48

9.23 799.6 525.6 660.4 94.91 246.262062.]7 5649.55

9.23 799.2 524.8 659.9 99.51 255.84 2133.45 59_.74
9.24 798.6 524.I 659.2 I(K).77267.56 2220.65 (,007.71

9.24 797.7 524.0 658.7 98°57 266.78 2214.84 5S64._
9.24 799.2 524.5 659.2 95.22 258.73 2154.95 5660.85
9.24 798.7' 524.9 659.3 94.41 2_.15 2128.32 5602.27

9.24 799.1 525.2 65?.6 94.05 254.93 2126.68 5578.{W)
9.24 73.0 525.5 659.7 93.68 254.29 2121.92 5552.34
9.24 798.9 525.7 659.9 93.77 247.76 2073.33 5554.77
9.2.1. 798.7 525.6 659.8 96.02 260.20 2165.89 5691.87

. .._._ 798.8 525.4 659.6 96.23 262.07 2179.80 5703.(5
9.25 799.2 5_.1 659.5 98.29 259.54 2160.98 5832.08
9.25 797.9 524.8 659.0 98.68 268.92 2230.76 58._.43
9.25 7_, I 525.I 659,I 93,69 267.90 2223,185543,83

9.25 798,9 526,0 659.8 91,15 253,26 2114,255386.69

9,25 799,3 526,5 660,I 90,49 246.38 2063,075336.50

9.25 799,2 527.0 660.5 90.?A 242,80 2036,43 5326,85

9.26 798.7 526.8 660.5 93.56 243.65 2042.76 5521.26
9.26 799.0 526.8 660.5 _. 76 244.39 2051.98 5536.79
9.26 798.6 526.9 660.8 93..53 248.89. 2081.74 5528.58
9.26 798.8 527.1 660.9 93.06 25£._ 2158.67 _96.69
9.26 799.2 527.3 661.0 92.66 256.64 2139.405470.2YJ
Q.26 7Q99 =" "• , ., ,.Z7.,_661.1 94.56 256.77 2140.37 _o_-_,,,.,,,,.,.,

9.26 788.8 526.8 660.9 97.% 258.27 2151.53 5797.63
9.27 797.8 526.3 660.4 98.31 255.39 2130.10 5819.81
9.27 7,°8.6 526.6 660.6 94.11 245.312055.11 J.J....

9.27 799.0 527.1 660.8 92.65 253.81 2118.35 5471.24
9.27 799.2 527.3 661.1 94.77 246.85 2066.56 5595.60
9.27 799.6 527.0 661.0 96.87 253.42 2115.44 57:32.42
9.27 798.6 526.5 660.5 98.96 250.09 2090.67 5856.10
9.27 798.5 526.2 660.2 98.60 257.41 2145.13 5831.31
9.1'8 798.4 526_3 660.2 97.14 2_%.55 21_.73 57_2.39
9.28 798.9 526.5 _44_.2 96.27 245.54 2056._Z 56.93.31
9.28 798.4. 526.7 (_._..0.4 _5.8e. 26i.?? 2179.2t t.,.t_...t./

[_OEFOULINGPROBE:TEST12A] I_-2,_



FOULINGPROBEFIELDTEST TEST12AI- 2 FEBRUARY1989

RICHMONDPOWER& LIGHT BOILERLOAD: &O MW

WHITEWATERVALLEYSTATION PROBETEMPERATURE:800 F

UNIT2: PORTF2 GAS TEMPERATURE,:1125

DATATIME:5 SECONOS

HEATFLUXMETERORIENTATION'PROBEI

TEST PROBE AIR-IN AIR-OUTAIR-FLOW_-flETER_TER-I__ AVE-HF AVE-FF LOC-FF

lIME TEMP TEMP _ RATE OUTPUT CALC CALC CALC CALC

FIR [F [F [F LB/HR uV B/FT2-FIRB/FT2-_

9.28 798.7 526,9 660.5 94,39 251,73 2102.87 5.,564,82

9,28 798,7 527.4 660,9 93.47 246.47 2063.74 5509.76
9.28 799.3 527.7 661.1 94.54 247,80 2073.63 5572.83

9.28 799.0 527.4 660.9 97.34 243,99 2045.29 5737.02

9.29 799.6 526,8 660.6 102.20 257.052142.45 6040.61

9,_ 799.1 525.7 659.8 105.48 259.11 2153',786246.12

9.29 797.7 524,9 658.9 I06,02 2ZWB.492138.29 6272.95

9.29 798.7 525.2 659.0 99.90 251.03 2097,66 5902._
9_29 798.2 55'3,7 6,59.0 98.63 253.412115,37 ,5804.78

9,29 799,2 526.0 659.2 97.78 259.58582161.28 5751,_

StfMMARYOF 180DEGREEPROBEORIENTATION

AVERAGE 7_.85 525.56 659.82 95,61 2,53,742117.86 5668.09

MINIMUM 797.69 522.85 658.20 90.11 242.80 2036.43 5326.85

MAXIMUM 799.86 527,65 661.14 106.02 268.,o22230.76 6272.95

STDDEV 0.46 1.28 0.79 3.25 6.30 46.88 193.02

9.40 799.0 546.2 (_,c_9.387.17 _0.41 1869.85 _,05.62

9.40 798.6 546.3 689.1 86.91 212.86 1813.6854_.05

9.40 798.8 546.3 6.99.2 86.62 218.41 1854.97 5464.38

9.40 798.5 546.4 689.1 86.17 220.|0 1867.54 5428.00

9.41 798.5 546,6 689.2 85,81 217.69 1849,61 5402,67

9,41 799,0 546,7 689.4 85.33 213.70 1819.93 5376.21

" 9.41 798.7 546.9 689.5 84._ 211.63 _804,535347,02
| ""_9.41 799.3 547.1 689._j 84.59 21079 179'8._ 53,._;.99

9.41 799.5 547.3 689.9 84.13 212.28 1809.3652<28.01

9.41 799.0 547.5 690.0 &_.97 217.41 1847.53 5284.59

9,4_ 799.2 547.2 60"9,9 86,34 21_.53 18T_.545440.61

9.42 7_,7 5.47.0 689,.7 86.60 208.33 1779.985455.85

9.42 798.8 546.9 689.6 Z:6._ 207.51 1773.8754Z_.43

9.42 798.3 547.0 689.7 85.95 209.48 1788.535419.45

9.42 7£8.8 547.1 6£0.0 85.5? 204,_ 175,4.085398,76

9.42 798.6 547.2 690,1 85.28 204,02 1747,915379.84

?.42 798.5 5,47.4 690.1 84._/ 198._ 1705.805349.24

9.42 799.4 547.5 690.3 84.31 200.92 1724.845314.55

9.43 799.5 547.7 690.6 84.13 211.37 1802.595308o41
,. _ _ .... _(_.81'_43 799.5 ,=,47.6 6_ .... E;7.3c_208.97 178474 =: '

9.43 798.2 546.7 6,8'9,7 89,25 212.22 18C_,.92 5635.E_
9.43 798.4 546.4 689.3 87.68 214.57 1826.405x5_Z.41
'-?.43 798.3 .=,47.2 -/'_.8 _.15 212.'_ 1813.60 5235.93
9.43 799.1 548.2 690.5 80.73 208.42 1780.64 5072.13
9.43 7?9.3 548.? 691.3 C-KL16 207.21 1771.64 5041.98
9.43 799.? 549.0 691.5 82.42 213.30 1816.95 518-6.68
_.44 799.4 548.0 6._.7 F.',7.93 210.07 ]792.92 5541.97
9.44 7_-3'.4 547.0 690.2 90,09 207.36 1772.76 56"-4-.:,.61

_ [KE FOULINGF'RD_:TEST]2AI B-2 5



FOULINGPROBEFIELDTEST TEST12AI- 2 FEBRUARY1989

RICI.I'IONDPOWER& LIGHT BfJILERLOAD: 60 MW

WHITE_TERVALLEYSTATION PROBETEMPERATURE:800 F
UNIT2: PORTF2 GAS TEI_ERATURE:1125

DATATIME:5 SECONDS

HEATFLUXMETERORIENTATION:PROBEI

,,,,,

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF.METERMETER-IE AVE-HF AVE-FF LOC-FF

'iIME TEI'F' TEMP TEl'lP RATE OUTPUT CALC CALC CALC CALC

FIR [F [F [F LB/HR uV B/FT2-HRB/FT2-HR

9.44 798.9 545.7 689.3 94.64 207.83 1776.265999.57

9.44 798.1 544.6 688.4 96.51 216.14 1838.086124.51

9.44 797.7 544.2 _7.7 92.25 215.35 1832,205845.61

9.44 798.1 545.3 688.2 87.47 207.-"?1771.725518.77

9.44 798.5 545.9 688.6 86.23 209.85 1791.28543.54

9.45 798.9 546.6 689.1 82.77 214._ 1824.845208.71

9.45 799.5 547.1 689.7 8_._ 214.34 1824.695436.17

9.45 799,; 546.4 689,2 89.53 215..':5]8_.20 _47.95

9.45 798.1 545,9 688,8 90,87 217,21 1846.045734,09

9,45 798.3 545,3 688,2 91,90 220,93 1873,7257'?8,27

9,45 797,8 545.6 688,2 87,91 218,38 I_.75 5537,60

9.45 798.2 546.0 688.6 86.34 217.13 1845.455435.66

9.46 798.7 546.7 689.0 85.01 207.89 1776.705342.91

9.46 797.8 546.9 6_.0 85.49 212.03 1807.505364.78

9.46 798.5 _7. I 689,2 85.31 204.04 1748,06 5352,73

9.46 798.4 547.3 669.5 83.73 207.36 1772.76 5254.33
9.46 799.0 547.7 689.9 83.92 212.43 1810.48 5270.33
9.46 799.3 547.7 690.! 84.81 208.28 1779.6053_'{.71
c..46 798.9 547.6 690.2 86.13 " "" ,lZ.O_ 1807.50 5424.34
9.47 798.4 546.6 689.4 90.85 211.."4 1802.37 _30.02
9.47 797.7 546.1 688,7 87.79 215.85 1835,9255_,04

9.47 798.7 547.0 689.4 84.98 206.09 1763.31 5342.90
9.47 798.9 547.2 689.7 84.84 212.64 1812.04 5338.97
9.47 799.1 547.2 689.7 87.63 212,13 1808.255515.32

9.47 798.9 546.6 689.3 88.92 213,09 1815._ 5605.94

9.47 798.7 546.3 69.'8.8 88.93 217.16 1845.67 5594.39
9,48 798.5 546.3 688,5 88.37 219,53 1863,305551,75

9.48 798.2 546,6 688,6 86,34 220,81 1872.835416,97

9.48 799.6 547,4 689,2 83,28 211,10 1800.58521.3,22

9.48 799.3 548.0 689.9 83,48 210.98 1799,6952_,(_

9.48 799.4 547.8 689.5 86.21 217.16 1845.675394.35

9,48 798.2 _7.0 689,0 90,22 219,54 1863,_ 5658,01

9JMMARYOF 270 DEGREEPROBEORIENTATION

AVERAGE 798.74 546.84 689.47 86.54 212.27 1809.2954_.81

MINIMUM 797.65 544.1,_ 687.70 80.16 I78.36 1705,805041.98
MAXIMUM 799,.55 548.99 691._J 96.51 220.93 1873.726124.51

STD DEV 0.49 0,87 0.74 2.98 4.96 36.94 197.68
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FOULINOPROBEFIELDTEST TESTIIC- I FEBRUARY1989

RIL'I_WI)NDPOWER& LIb'HT BOILERLOAD: 60

WHITEWATERVALLEYSTATION PROBETEMPERATURE:64)0F

UNIT2: PORT61 GASTEMPERATURE:823
DATATIME:5 SECONDS

HEATFLUXMETERORIENTATION:PROBEi
b

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF_TER METER-HF AVE-HF AVE-FF LOC-FF

TIME TEMP TEMP TEMP RATE OUTKIT CALC CAJ.C CALC CALC

FIR [F IF [F LBI_ uV BIFT2-HRBIFT2-1iR

18.52 596.9 362.9 466,5 132,37 408.95 2652.346055.07

18.52 597.1 363.6 4_W_,7 127,60 410,12 2659.32 5810.39

18.52 597.8 364.I 467,I 125.38 405.332630.77 5700.44

18.52 598.3 364.5 467,5 125.41 407,44 2643.345701.81

18.53 598.5 364.6 467.6 127.01 407.81 2645,55 5777.35

18.53 598.8 364.6 467.5 128.69 406.86 2539,89 5846.95

18.53 598.7 364.5 467.7 130.39 409.30 2654.43 5940.31

!8.53 598.4 364.4 467.6 132.07 408.472649.48 6020.93

18.53 598.0 364.3 467.5 133.94 44)9.27 2654.25 6107.96
18,53 598.1 364.0 467,3 135.09 408.112647.34 6162.19

18.53 597.7 364.0 467.1 133.37 +410.49 2661.52 6073.13
18.5_, 597.9 364.5 467.3 130.22 407,44 21:43.345911,29

18.54 597.9 364.8+ 467,5 128.55 406,70 2,38._ 5830.94

18.54 598,1 365.1 467,8 127,18 404,60 2626.42 5765,43

18.54 598.4 365.3 467.9 127.34 409.4726_.A4 5767.62

18.5_ 598.9 _,5.4 467.9 128,78 405.17 2629.815829,43

18.54 5_i,i 2:(:.5,4 4(:.7.9129.92 404.272624.45 5879.89

18.54 5'78.4 365,3 467.8 130.95 406.57 2638.16 5924.77

18.55 598.5 365.4 467.8 130.54 406.78 2639.41 5904.49

18.55 598.5 365.6 4,58.I 129.72 406.99 2640,66 5874,28

!8.55 587,9 365.8 469.1 128.76 406.77 2639.3554)18.29

18.55 5'99.0 365.9 468.3 127.86 405.42 2631.305777.63

18.55 598.5 3_.0 468.4 128.23 406.99 2640.66 5796.61
18.55 _98.8 366.1 468.5 129.74 409,20 2653,83 5868.88

18.55 598,9 366.0 468.4 131,33 406.55 2638.045940.22.

18.55 +598.3 366.0 468.6 130.83 406.45 2637,445928.01

18.55 598,1 366.2 468.5 129.93 407.15 2641.615871.74

18.56 598.0 366.5 468.8 126.88 406.69 2638.87 5731.66
18._5 598.4 366.8 469.0 125.56 407.8"22645.615667.60

18.56 599.1 367,0 469.1 126.60 407.74 2645.13 5708.39

18.56 600.1 366.6 468.8 I_.I0 411.47 2_7._ 6054.86

!8.56 599.3 _5.9 468.4 i_?.22 413.80 2681.25 6300.17
18.56 598.3 365.6 468.1 139.91 415.74 2692.816333,25
18.57 598.0 365.4 467.8 1.39.37416.01+2694.42 6303.27

18.57 598.5 3.%.2 468.1 131.03 410.14 2659.435895.99

]8.57 598.7 3/.';6.2468.1 132.12 416.35 2696.45 5945.04

!8.57 598.9 366.3 468.1 131.'_ 412.912675.94 5930.66
]8.57 598.9 366.3 46,9.I 132.68 414,97 2688.22 5963.?0

i8.57 598.8 366.2 468.0 133.56 417.62 2704.02 5,998.63
18,57 598.7366.1 467.7 134.88 417,47 2703,12 6051,36
18.58 5.C,'8.4366.0 467,6 134.49 421.842729.17 60_.24

18.54) 598.0 366.0 467.8 133.96 422.49 2733.04 6017.18

18.58 598.4 366.1 468.0 133.02 424.11 2742.70 5987.30

18._ 598.6 L'V_6.2 468,0 132.21 428.26 2767.43 5943.2_

18.53 599.1 366.3 468.2 131.67 426.26 2755.51 5925.95
18.._3 598.9 366.3 468.4 132.89 428,48 2768.74 5992.01
18.59, 598.8 366.3 468.3 133.76 429.68 2775.Ef/ 6024.15

EKE FOL,,INGPROBE:TESTI]C: B-3 2



FOULINOPROBEFIELDTEST TEST11C- i FEBRUARY196'9

RICHMONDPETER& LIGHT BOILERLOAD' 60 MW

WHITEWATF.RVALLEYSTATION PROBET_ATURE: 600F

UNIT2:PORTOl GAS TEMPERATURE:823

" DATATIME:5 SECO_D_
HEATFLUXMETERORIENTATION:PROBEI

TEST PROBE AIR-IN AIR-OUIk,IF(-FLOWHF-METERMETER-_ AVE-HF AVE-FF LOC-FF

TIME TEMP TF..MP TF.Y_ RATE OUTPLFT CALC CALC CALC CALC

HR [F IF [F LBI_ uV BIFT2-FRBIFT2-HR

18.59 5_,0 366,3 468.,4 134,30 4_. 45 2768,56 605.3.80

18.59 599,2 366.3 468.4 134.85 430,16 2778,756076.PI

18.59 598.8 366.2 468.4 134.70 428.842770.896078.38

18.59 598.6 36&.? 468.4 134,_ 429,462774.5860_,4.54

!8.59 598,7 366,5 4_.5 133.81 432,97 2795.50601.>8.17

18.59 599.0 _6.4 468.4 135.06 428.39 2768.206082,10

18,59 598.5 366,4 468.5 135.72 428.80 2770,65(_I19.01

18,60 598.5 366.5 468,4 135,_ 430.34 2779,83 6088,

18.60 598,6 3_.5 468.4 134.70 429,252773.336056.96

18.60 5?v8,2 366,7 468.4 13_.32 427.46 2762,665990.79

18,60 598.1 366.9 468.7 132.01 4_.,'P.212773.095931.92

i8,60 598.4 367.1 468.8 130,90 423.56 27_.42 _80.31

18,60 5_.8 367,3 469,0 130.11 426.72 2758,_ 5843.67

_JMMARYOF 0 DEGREEPROBEORIENTATION

,'-'VERAGE598.33 365.734_$.:.06 131.67 415.37265K_,605949.69

_]NI_,LIM5'_7,86 362,86 466.45 125,.-8404.272624.455667.60

MAXIMUM 600.!0 367.28 469.07 139.91 432.772795.506333.25

STD DEV 1.45 0.'74 0,54 3,_ 9.37 55.84 145,12

!8.66 _oc,_ o7_, -....,._ . _,4 482.6 1.1,67 140.231050,775920.75

Ic'......66 s98.1 372,6 482.5 1.0.647141,291057.095855.18

18.66 5?8.9 372.7 482,7 119.47 137,071031,'745Ex)I,03

!?,,66 599.2 $73,0 482,8 118,_.8136.46I028.?#5767.13

18,67 5?9.2 373.! 483.1 119.57 137.661035.4558!1.70

18.67 5?9.0 372,9 4_,i 122,87 141,001055.365990.23

_8,_.7 5'?8.9 372.8 4.0.3..0124._ 139.84 1048.456047,03

IE:,67 5,_?,I .':72,5 482.8 125.08 14{),15i050,2'960_.56

18.67 5'?8,4 .",72.6 45"2,6 124.84 143.34 1069,316065.09

!8.67 5.°,8,0373,1 483.0 124,97 143.58 1070.746065.89

18.67 5?8.5 372,7 482.4 124,_ 141.75 1059,836025.13
18.68 598.3 ,.,7.8 482.6 ?"1....62 141,_}10_°.345793.81

!8.6_ 5'?8.7 372.9 482.4 122.90 141.85 10_.h.435942,62

18,68 599.2 373,1 482.6 122,22 140,92 1054._ 5909,20

18._8 59?,2 373.2 48_2.9 123.35 137.33 1033,495973.09

18.6:-_ 598,5 373,0 482.6 125,72 i42,63 1065.0760E_.63

18.68 598.6 372.? 482.6 125,79 141.87 1060.556070.13

18.68 598,5 ".'72.'_482.5 126.09 142.40 1063.706102,43

18.69 5?8.3 372.9 482.5 125,_5 142.39 1063,646081,62

I_:.69 5?8.3 373.0 482.2 125,08 142,12 1062.046032.56

!8.69 5?8,2 373.1 482.4 123.42_140.81 1054.235956.86

!".-;.6?_5_8.2 373.4 482.4 121.54 13B.24 1038.915853.24

18.6'? 5?8,4 373.6 482.6 120,67 138.41 I0_.'725809.74

18.67 598,9 373.8 482,8 120.11 135,98 1025.445781.19

18.(,9 57_.2 :','74.0483.2 120,51 136.50102K_.545811.62

DOE FOULINGF?OBE:TESTI11] B-3 R



FOLLI_ PROBEFIELDTEST TEST11C- IFE.BRL_&RY1989

RICkeD POWER& LINT BOILERLOAD: 60 MW

WHITEWATERVALLEYSTATI_ PROBETEMPERATURE:600F

UNIT2: PORTOl GASIEMPERATURE:823
DATATIME:5 SECONDS

HEATFLUXMETERORIENTATION:FI_OBEI
,

TEST FT(OBE AIR-IN AIR'OUTAIR-FLOWHF--_'ET_METER-HF AVE-+#:AVE-FF L_-FF
T1ME TFJqP TE_ TFJ'IP RATE OUTPUT _LC _LC CALC CALC

[F [F [F LB/_ uV B/FT2-HRB/FT2-11R

18.69 5,°8.9 373.9 4c_.2 122.77 I_.56 1046.7859_.74

18.70 599.0 373.7 483,1 124.28 137,31 1045,29$004.,o5

18.70 5'78.6 373,7 4_.I 124,44 I_,00 1043,4460]2.68

18.70 598.4 373.6 46'2.5 124,04 138.46 1040.22 5967.61

18.70 598,7 373,6 482,6 12_,58 139,71 1047,675946,03

18.70 598,5 373,7 482,5 124,01 138.66 1041,415959,(_

18,70 598,7 373,7 482,5 124,39140,88 1054,645981.16

18,70 598,5 373,7 482,6 124,_ 141,32 1057,275982,46

18,71 598,3 373,7 482,6 123,30 138,20 1038.675927,11

18,71 599,1 373,8 482,7 123,45 137,32 1033,435937,05

18.71 5,°8,9 373,7 482,8 124,33 138,13 1038,255989,_

18,71 599,1 373,6 482,8 125,(_9140,15 1050.2960_,69

l 18,71 ._99,=J 373,7 482,7 125,50 138,78 1042,13604I,I8

18.71 598.9 373.5 482.7 126.2'0137.82 1036.416084._

18,71 599,0 373,5 482,6 126,22 137,941037,12 6082,53

18.72 598.'? 373.5 482,6 126,_ 138,03 1037,666087,35
18.72 598.9 373.5 48"2.6 127.10 139.16 1044,_ 6122.69

18,72 ' 5'78.4 373.3 4,$2,4 127,_ 143,38 1069,54 6257,5;5

18.72 598.2 372.9 482.0 132.30 142.77 1065.91 6377.27
18.72 597.2 372.5 481.7 133.31 145.90 I0_A.566425.37

18,72 596.9 372,6 481,4 130,15 144,621076,946255,25

18.72 597.5 372.9 481.4 127.54 141.25 1056.856112.91

18.73 597.8 373.1 481.7 12'5.70 140.30 1051.19 6027.49
]8.73 598,2 373,3 481,7 124,94 138,73 i041,835980,57

18,73 598,4 373,5 481,8 123,13 i_._,571046,845890,67

18.73 598.4 373.8 482.0 122.05 139.79 1048,15 5833.07
18,73 598,3 373,9 482,1 122.27 139,97I049,_ 5839,26

18.73 598.7 374.0 482.5 121.62 135.93 I0_.14 5822.72

18,73 598.8 374,1 482,5 122,96 I_,02 1037,_j 5883,08

18,74 598.2 373.9 482.4 124.4'9 140.44 1052,025966.17

18,74 598,2 374,I 482,4 123,78 136,35 1027.655922,31

18,74 598,6 374,0 46"2,4 124.98 137.37 1033.735983,04

18.74 598.6 373.9 482,,5 126.56 137.87 1036.71 6070.97
18.74 598,5 373.5 482.4 127.96 139.37 1045.656148,86

18.74 598.3 373.5 482.3 127.89 141.00 IC65.366143.24

SUMII_YOF 90 [EOREEPROBEORIENTATION

AVERAGE 598.55 373.32 482.51 124.40 139.841048.44 5997.94

MINIML_ 596.87 372.35 481.39 118.88 135.93 1025.145767.13

MAXIMUM 599.52 374.12 483.21 133.31 145.90 1084.566425.37

STDDEV 0.48 0.47 0.40 2.80 2.21 13.16 132.91

18.77 598.7 ,'_-'_.3 495.3 93.38 282.73 19(K_.074370°08
18,77 598.7 389.8 496,0 93,75 287.62 19"_?,224396,50

18.77 598,8 3E_.9 4?6.6 ?4.50 2',_9.:?,81939.704451,29

DOE F_)_INOPROBE'TEST]lC B-3 4



FOt_I_ I_RO_FIELDTEST TESTIIC- I FF.I_RUARY1989
RIC?II'fONDPOWER& LIGHT BOILBRL_D: 60 MW

WHITEWAT_VALLEYSTATI_ PROBET_T_E: 600 F

_IT 2: PORTGI GAS__: 823

DATATIME:5 _CO_S

HEAT_UX _T_ ORI_TATION:F_O_ I

' TEST P_BE AIR-IN AIR-OUTAIR-FLOWHF-_TER _T_-_ A_-I-IFAVE-FF LOC-FF

II ME TEMP TEl'lP TEMP RATE OUTPUT CA,LC CALC CALC CALC
HR IF CF IF LB/HR uV B/FT2"-t'_ B/FT2-HR

18,77 598,4 390,2 497,0 _,55 29"3,54I_64,5zJ4_3,70

18.78 5'98.5 3"?0.4 497.5 96.46 292.29 1957.054561.08

18.78 598.6 390.5 497._ _.17 294.80 1972.014654.07

18.78 598,6 390,5 497,9 99,54 297,66 I_89,05 472.2.,I0

18.78 5_.8 390,4 498,2 i01,II 298,85 I_6,15 4_9,52

18,78 5_8,5 ,5_0,3 498,4 103,:18297,12 19_,84 4933,94

18,78 5_,4 _,0,2 498,4 103,71 2_,62 2000,744_3,_

18,78 598,1 390,4 4_,7 103,27 300,89 _'K_08,304940,54

18,79 5_.2 390,6 498,8 102,04 301,48 2011,824879,00

18,79 5'_8,1 3"91,0 499,4 I00,_ 300,06 2003,36 4798,72

18,79 5_,8 391,4 4_,8 _,23 298,96 1996,8x)4752,09 i

18,79 599,0 391,8 5.,00.298.45 298,10 1991.684716,47

18,79 599,3 391,8 500,4 I_,55 298,64 1994,_ 4821,07

18.79 598,7 391.7 _,._.4 I03,_ 301,37 2011,174967,54

18.79 598,6 391,5 500,3 104,72 302,27 2016,53 50_,87

18,_) 598,_ 391,4 _/VO,7 104,90 303,48 202"3,74_61,60

18.80 598,5 391,6 501,0 104,60 304,57 20:30,245_50.36
18.._J 598.9 ';'J91.6 ._¢Ji.I'104,82 302.73 2019.215070.70

18,80 5_.8 391,6 501,2 105,55 303,58 2024.345107.88

18,_ 598,7 391,7 5_1,3 I05,5_3304,03 2027,v2 5111.66

18,80 598,5 391,7 501,3 106,55 30'5,042033,_ b_58,63

18.80 598.4 391.6 501.7 106.33 306.04 2039.00 5166.76

18,80 598,3 :,_'Yl,8502,2 I05,_ 302,_ 2018,97 51_.13

18,81 598,2 :3<_1,9 _J2,8 105,08 304,65 _,71 5146,39

18.81 598,3 39"2,2 503,3 103,11 305,_ 2036._ _58.10

18.81 598.5 3cf2,6 _3,8 102,18 _2,77 2019.51_18,_

18,81 598,8 3_,9 504,3 101,71 301,32 2010,875003._

18.81 599,1 3<Y3,1 _4,9 102,93 303,81 20_,71 _82,_

18.81 599.0 392,7 504,9 106,58 5_'_,_ 2004,375278,_

18,81 598,8 3_,5 50'5.4 107,33 303,52 20_,98 5352.79

18,82 5_,2 3_,5 505,7 107.12 302,40 2017,395_3,20

18._ 598,1 5.-'92,5_5.9 106,76 300.73 _07,35 5346,05

18,82 598.1 3_,7 506,4 105,46 301,14 2009.795297.25

18.82 598.6 _'93.0 506.8 104.21 301.83 2013.91 5237.69
18,82 598,5 393,1 507,1 103,44 298.28 1992,75 5203,56
18.82 598.4 393.4 507,5 102.85 296.41 I_1,60 5183,41

18.82 598.3 393.6 _7.6 102.52 297.51 19#.16 5162.25

18.83 598.3 z.-r'_3.85{e._l 101.18 296.18 1980.235119.?/_

18.83 598.3 394.2 508.9 99.97 294.84 1972.25 5065.20
18.r:k3 599.2 394.4 509.6 99.26 298.92 1996.56 5047.19
18.83 5_,4 394.7 510,1 99.49 297,21 1986.375069.43

18,_ 5'_9.3 394,5 510.2 102.87 2_8,78 1995.735252.56

18.83 599.0 394,1 _9,9 105,65 300o15 2003.8"_540q.30

18.83 598.3 393.8 509,5 107,45 300.17 2004,015492._

18.84 598,3 393.5 5_, I 107,64 301._ 2011,_ 54_.79

18._ 598.5 393,5 _9.3 107.27 304.45 2{)2'9,525486.22

18.84 598.5 393.5 509.2 106.82 2'??.II I;@7.70545_.91

DOEFOULINGPROBE:TESTllC B-3 5
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FC_I_ R_OBEFIELDTEST TEST11C- IFE_JARY 1989

RICHMONDPOWER& LIGHT BOILERLOAD: bO MW

WHITEWATERVALLEYSTATION PROBETEMFERATURE:600 F

UNIT2: F_RTG! C,AS TEMPERATURE;823
DATATIME:5 SECONDS

FF_TFLUXMETERORIENTATION:PROBEI

TEST PROBE AIR-IN AIR-OUTAIR-FLOWFF..-METERMETER-HF AVE-HF AVE-FF LOC.-FF

TIME TEMP TF.J__ TEMP RATE OUTPUT CALC CALC CALC CALC

FiR [F [F IF LB/HR uV BIFT2-HRBIFT2-HR

LB.84 598.i 393,6 509.3 106,39, 304.142027.67 5435.11

13.84 598.2 3,93,6 5{FL2 I05.83 c_03.112021,54 5403.23

18.84 598.2 3,03.8 509.4 105.27 302.04 2015.16 5373.24

18.84 59B.5 394.0 509.5 104,B9 300.572006,40 5352,CK)

18.85 59B,7 .,94,0 509.7 104,21 301.63 2012.715322.82.

18.85 598,7 394.2 509,8 104,37 300,182004.07 5329015

18.85 598.3 394.1 509.5 105.69 ."401,282010.63 5388.15

IB.B5 598.3 :,-r'/'3,9_/J9,4 106.90 304,91 _32.26 5455.03

1,9.85 59'8,1 393,7 509.3 107,45 302._ 2017,90 5483.57

18._ 597_9 393.7 509.3 106.92 301.49 _:II._ 5455.10

_IMMARYC_ IB0DEGREEPROBEORIENTATION

, AVERAGE 5?8.54 392.36 504,11 103.21 300.012003.08 5096°04

MINIMUM 597,_ _9.34 495.32 93.38 _2,73 1900.074370,08

MAXIMS_ 5,°9,.38394.70 510.16 107.64 306,04 2039.0054_,79

STD DEV O..',4 I.42 4.68 3,60 4.34 _. 85 _0.81

18.87 598.9 ::Y'f2.9507.7 108.73 474,313041.89 _512.88

18.87 599,3 3"92.8 507.4 109.98."473.853039.15 5565.57
o18,87 598.6 ._92.... 506,9 115.63 481,59 3085,28 5952.52

18.87 598,7 391.9 505,4 117,70 484,91 3105,06 5.9."_,08
18._ 598,6 391,5 505,0 119,41 488,64 3127,29 5983,73
18,8r._ 5.98,0 391,2 504,3 119,45 4._,85 3092,79 5962,52
!8.88 597.? _1.4 503.4 114._ 481.26_.31 5683.67

18.88 598.I 392.I 503.6 109,48 476.$33(F,.,6.915387,99

18.BB 598.4 3,92.7 503.5 107.15 474.L'<'._3042.015239.72

18.P_,95_.7 393,3 503,2 105.42 473,52 3037.18 5112.76

18.88 599,2 :_'/3.6 503.2 104.62 472.06 3028.485061.03

18.89 599.4 3_. 6 502,8 108.60 476.473054.76 5236.78

1.8.89 598.8 393.0 5¢2.5 112.33 477.38 3060.185430.53

18.89 5,_,.I z_.6 502.1 113.72 479.42 3072.345494.72

18.89 598,6 399,5. 501.8 114.31 476.673055.95 =5.o_,._....68

18_89 598.3 392.2 501.2 113.98 477.51 3060.965483.12

18._ 598.1 3_2.2 500.9 112._ 479.96_75._. 5421.03

18.89 598.2 2_,2.4 501,I 111.72 481.37 30_3,97=" _,,_6_.55

18.90 598,7 Z_?._:. 501,2 I0_'.46 483..'29 3095.35 5250.70
18.90 599.I 3_. 9 501.6 108,:-_, 483.39 3096.O0 5201.76

18._D 599.4 392.9 5{)1.7 I0_.51 479.963075.56 5257._

18.90 5_d.? 392.6 500.8 11I.70 475.34 304_,.035337.92

18._K_ 598.5 392.5 50¢.3 111.81 474.41 3042.48 5325.90

- 18.90 598,4 392,4 499.8 111.14 477.34o =,.,0.,9.95526.3.96
18.90 598.4 .S'92.5 499.A !!(t.70477.19 .'_059.055937:I_c'_.

18.90 598,4 392,5 499.6 110,16 474.793044.75 5211,31
18,91 598.7 392,7 499.7 I09.3B 477,37 .':K)60.1351_B.61

18.91 59",3.9 3,02.8 499,7 10,?,.72472._,V 3034.02 5131.18
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FOULINOPROBEFIELDTEST TESTIIC- I FEBRUARY1989

RICHI'_WNIDPOWER& LIBHT BOILERLOAD: 60 MW

WHITEWATERVALLEYSTATION PROBETEI'IPERATURE:600 F

UNIT2: PORTGI GAS TEMPERATURE:823

DATATI_: 5 SECONDS

HEATFLUXPETERORIENTATION:PROBEI

TEST PROBE AIR-IN AIR-OUTAIR-FLOWNO-METERMETER-HF AVE-_ AVE-FF LOC-FF

TIME TEI'I_ TEl'lP TEMP RATE OUTPUT CALC CALC CALC CALC

FIR IF [F [F LB/FR uV BIFT2-HRBIFT2-HR

18.91 598.4 _2.8 499.5 108.33 472.71 30_.35 5104.17

18.91 598.5 5"92.8 499,1 109.94 472.26 3029.67 5163.03

18.91 5,°8,5 392.7 499.8 !10.04 473.81 .",0_.915204.66

18.91 598.8 392.5 499.8 111.12 475.15 3052.855265.06

IB,91 598.5 392.3 499.7 112.03 475.91 3051.425313.13

18'92 598.8 392..2 _0.0 112.73 483.17 3094.69 5364.74

18.92 598.9 392.1 499.9 113.74 486.39 3113.885417.83

18.92 598.6 3_.0 498.4 113.95 480.57 3079,20 5353.36

18.92 598.2 391.9 497,7 113.36 477.51 3060.96 52_.62

18.92 598.5 _91.9 498.4 112.15 481.65 3085.635275.73

18.92 598.5 .'_92.1 498.4 111.02 482.58 3091.185209._

IB._ 598.4 L_r.'2.1498.1 110,47 477.92 3063.405167.92

18.93 598.4 392.3 497.5 i09.$_J476.52 3055.065103.93

18.93 598.4 _/2..4 497.0 109.2;6477,% 3063,58 5049,

18.9,,° 598,7 F_92.5 497.2 lOB.86 475.77 3050.595030.59

]8.93 599.0 392.4 496.5 109.96 475.82 _50.69 5057.15
18_93 598.5 392.3 496,6 II0.7,.°, 475.69 3050.115099.75

18.'_: 598.8 392.4 497.6 110.90 480.07 3076.22 5151,F:',0

18.93 59_.8 392.2 497.3 I12._ 479.68 3073,89 5241.15

18.94 598.7 _?I.9 496.6 113.27 478.65 3067.755235.89

18,94 598.4 391.9 496,2 112,93 476.01 3052.02 5199.73

18.94 597.9 _1.8 496.2 112.32 478.:323068.775177.59

18.94 5_.0 c+92,¢ 496.4 110.06 474.43 3042.605074.87

}8.94 598.4 392,3 496.') 108._ 477._ 3059.29 50_.69

18.94 598.7 392.5 497.0 I07.E:4474.51 3043._ 4978,22

]8.94 5.99,4 392.6 498.0 107.30 474.41 3042.48 4994.51

18.95 5_.2 3.02.9 498.7 108,16 480.78 3080,45 50_.13

18.95 599.5 392.5 4._..9 111.77 483.11 3094.34 5253.91
18.95 598.9 _2.1 497,8 114.21 484.04 3099.P..S5326.24

18._ 598.7 391.8 49(,.7 115.21 482.99 3093.62 5332.69

18.95 598,4 39: b 4,,.,,6115.]0 480.3_ 3077.71 5282.87
18.95 598.4 391.(, 494.7 114.73 479.05 3(i)70.14 52:."5._

SUMMARYOF 270 [EGREEPROBEORIENTATION

AVERAFE 598.63 392.37 499.96 III.41 478.26 306-5.425293.98

MINIMUM 597.87 391._ 494.72 104.62 472,06 30-'8.4,94978.22

MAXIMUM 599.49 393.60 507,74 119.45 48'8.643127.29.5_3.73

STD DEV 0.37 0.48 3.01 2.96 3.74 "_.28 223.68

B-37
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FOULINGPROBEFIELDTES_ TEST13" 3 FEBRUARY1989
RICHMONDWWER& LIGHT BOILERLOAD:60 MW
WHITEWATERVALLEYSTATION PROBETEMPERATURE:950F

NIT,2: PORTE2 GAS TEMPERATURE:1439

DATATIME:5 MINUTES
PROBE#1 @180 DEGREEORIENTATION
NEWHEATFLUXMETERCALIBRATION
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METERMETER-HF AVE-HFAVE-FF LOC-FF

TIME TEMP TEMP TEMP RATE OUTPUT CALC CALC CALC CALC

HR IF IF IF LB/HR uV B/FT2-HRB/FT2-HR

9,40 949,6 557,9 728.7 71,08 620,442784,015360,34 0,0056 0,0020

9,48 946,9 551.9 723,7 631,252808.88 0,0019 0,0013

9.57 949.9 553,2 725.0 72,61 667,522892,305510,30 0,0005-0,0008

9.65 949,3 553,8 726,2 661,482878,40 0,0000-0,0005

9,73 949,5 560.,7 729,3 66,12 716,053003,924924,18 0,0097-0,0034

9.82 948,3 560,3 729.1 615,442772,51 0.0102 0,0023

9,90 946,7 557,4 729,0 57,41 657,90 2870,174350,29 0,0028-0,0003

9,98 948,8 558,1 727.6 597,962732,31 0,0069 0,0035

10.07 949.9 551,8 724.0 62,70 676,96 2914,014769,38-0,0020-0,0013

10,15 946,6 545,0 715,8 651,792856,12 -0,0040 0.0001

10,23 948,4 545,7 716.1 63,56 664,912886,294782,72-0,0004-0,0007

10,32 949,9 544,5 718,1 665,652888,00 -0,0048-0,0007

10,40 948,5 543,6 716,5 72.61 678,202916,865546,21-0,0057-0,0014

10,48 948,5 541,6 714.7 687,332937,86 -0,0082-0,0019

10,57 950,2 547,0 717.0 67,32 666,582890,135053,97-0,0017-0,0008

10.65 948,9 542,8 716,7 663,482883,00 -0.0068-0.0006

10,73 948.9 540,5 711.5 80,98 676.312912,516114,85-0.0036-0,0013

10,82 948.3 540,7 711.4 662,792881,42 -0,0032-0,0006

10.90 950,7 534,3 706,4 6:0.47752,63 3088,056114,88-0,0112-0,0051

10,98 946.9 534,6 705.3 710,09 2990.21 -0,0084-0,0031

11,07 945,7 540,1 708.6 77,40 641,11 2831,555756,44-0.0032 0,0007

ii 15 947,4 546,6 712,7 664,84 2886,13 0,0013-0,0007

Ii 23 949,1 547,0 712,8 71,08 641,932833.445205,30-0,0019 0,0007

Ii 32 948,2 546,0 711,5 639,362827,53 -0,0043 0,0008

ii40 949,2 544,7 709,3 73,30 652,482857,705327,50-0,0037 0,0000

ii48 94Q,2 537,3 703,6 718,913010,49 -0,0089-0,0035

Ii 57 949,9 553,2 715,9 73.81 651,642855,775301,20 0,0065 0,0001

1165 948,0 549,4 714.9 670,452899,04 -0.0025-0,0010

ii 73 950.7 5470 711.2 68,51 645,042840,594968,29-0,0048 0.0005

11 82 947,6 5493 714,6 648,572848,71 -0,0034 0,0003

ii 90 949,2 5506 716,3 68,68 659,122872,985026,18-0.0022-6,0004

!1.98 948.2 5518 718.1 632,082810.78 0,0054 0,0013

12,07 948.8 5483 713,7 68.85 676.082911,985030.16-0.0011-0,0013

12,15 952,0 5593 721,7 600.36 2737,83 0,0084 0,0033

12.23 949,7 550 5 714.2 65,95 698.96 2964.614766,72-0,0036-0.0025

12.32 948.4 555.9 719.9 620,26 2783.60 0,0054 0,0020

12,40 948,0 553,9 719.1 65.95 626,81 2798.664810.69-0,0010 0,0016

12.48 951.5 553.4 717.7 650,60 2853.38 -0,0017 0.0001

12.57 947,6 543.1 709°6 70.22 66029 2875,675163,82-0.0046-0.0004

12.65 950,3 543.4 709.0 62878 2803.19 -0,0027 0,0015

12,73 952.3 539,5 703,4 75,52 692 12 2948,885466,27-0,0065-0.0021

12.82 947,5 529,8 692.5 73733 3052,86 -0,0100-0,0044

13,00 951,8 535,7 702,1 70,56 73505 3047,625i82,71-0,0110-0,0043

13.08 947,9 541,5 708,9 67296 2904.81 -0.0054-0,0011

13.17 948.6 542,4 709.6 71.08 67531 2910,215249.24-0,0031-0.0013

13.25 95].2 536.6 701.8 71578 3003.29 -0.0128-0.0034

FOULINGPROBE:TEST13 C-2



" • FOULING-PR08£FrEL_ T_T .... T_T 13'" 3 FEBRUARY1989 " "
RICHMOND_WER & LIGHT BOILERLOAD: 60MW

.WHITEWATERVALLEYSTATION PROBETEMPERATURE:950F

NIT 2:_RT E2 GASTEMPERATURE:1439

, DATATIME:5 MINUTES

PROBE11# 180 DEGREEORIENTATION
NEWHEATFLUXK_ER CALIBRATION

TEST PROBE AIR-IN AIR-OUTAIR-FLOWHF-METERMETER-HF AVE-HFAVLFF LOC-FF

TIME TEMP TEMP TEMP RATE OUTPUT CALC CALC CALC CALC

HR [F [F IF LB/HR uV B/FT2-HRB/FT2-HR

13,33 947.8 539,7 705,5 78.93 666,022888.855780,88-0,0085-0,0007

13.42 948.0 534.3 701,2 724.803024,04 -0.0133-0,0038

13.50 946.7 540.8 706,0 76,88 683,532929,125609.34-0.0052-0.0017

13.58 948.7 547.2 711,7 665.662888,02 0,0005 -0.0007

]3.67 948.4 544.4 709,3 75.86 677.672915.645524.50-0.0035-0,00]4

13.75 948.5 541.4 706.9 687.00 2937,10 -0.0065-0.0019

13,83 961.3 444.0 609.1 72,10 1649.305150,395256.81-0,0285-0.0240

13.92 946.3 464.6 652.5 823.58 3251.23 -0,0183-0.0081

14,00 958.1 416.9 592.0 91.92 1506.024820.857109,34-0,0303-0.0226

14.08 953.5 423.3 604.9 1440.104669.23 -0.0286-0,0219

14.17 950.2 418.2 608.9 145.231526.614868.2012228,15-0,0284-0,0232

14.25 948.6 442,9 641.6 988.673630.94 -0,0141-0.0134

14,33 950.3 512.3 709,7 151,89 547.352615,9013242.61-0,0078 0,0072

14.42 948.3 524,5 702.2 581.512694.47 -0,0040 0.0046

14.50 947.9 542.8 716.7 84.57 536.762591,556493.32-0,0071' 0.0081

14.58 949.0 545,0 717.6 579.09 2688.91 -0,0141 0,0048

!4,67 944.4 503.6 669.8 38,78 887,06 3397.242845,19-0,0257-0.0104

14.75 948.9 575,6 741,6 416.10 2314.03 ' 0.0194 0,0203

' 14.83 946.4 576,5 747.7 53,14 433,62 2354,334016.99 0.0122 0.0183
14,92 949.3 577,6 747.8 418,55 2319.67 0,0177 0.0200

15,00 949.7 579.8 751,6 58,26 436.932361.944419,15 0.0126 0.0178

15.08 950.4 574.1 747,4 466,982431,05 0.002% 0.0145

15.]7 948.2 574.9 748.2 57.24 460.012415,024379.81 0,0089 0,0153

15.25 948.4 576.6 748,2 447.992387.38 0.0177 0.0166

15.33 947.9 571.8 747.6 61.34 479.472459,784761.57 0.0007 0.0133

15.42_ 948.7 566.1 742.4 461,752419.03 0,0046 0.0151

15.50 949.4 566.6 744.8 70.05 481.122463.585514.72 0.0001 0.0130

15.58 948.7 559.6 740.2 516.162544,17 -0.0040 0,0098

15.67 948.2 553.6 732.9 65;10 553.07 2629.065153.97-0.0051 0.0067

15.75 947.9 559.0 738.3 529.542574.94 -0.0048 0.0087

15,83 950.1 560,3 735.5 67.15 505.212518,985192,95-0,0018 0,0107

15.92 946.6 553.4 728.4 515.402542.42 -0.0019 0,0099

16.00 947.1 551,9 728,8 71.59 548.052617.525592,15-0,0081 0,0072

16,08 949.0 565,4 736.7 492.24 2489.15 0.0040 0.0120

16.17 949.1 565,2 737.6 72.61 482.79 2467,425527,29 0.0008 0.0129

16.25 950.6 565.0 736.3 490.64 2485.47 -0.0006 0.0121

16.33 949,5 563.6 736.3 66.12 549.862621.665041,85-0.0029 0.0070

16,42 948.3 556,1 730.1 66.80 559.012642.725133.19-0,0062 0,0063

DOE FOULINGPROBE:?EST13 C-3
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FOULINGPROBEFIELDTEST TEST15- I_Rr:H19:39

RICH_Z_DFt)WF_F(& LIGHT BOILERLOAD: 60 MW

ITEWATERVALLEYSTATION PROBETEMPERATURE:,.°00<_F

UNIT "_, PCRTF2 OAS TEMPERATURE'1169'_F

DATAT/ME:5 MINUTES

TEST F'hOBE AIR-IN AIR-OUTAIR-FLOWHF-METER_TER-HF AVE-HF AVE-FF LOC-FF

TIME TEMF' TE_ EMF' _TE OUTF'UT CALF.: CALC CALC F:ALC

FIR IF IF IF LB/HR uV 8/FT2-HR B/FT2-HR

8.2_, 798,? 498,1 626.2 58.67 _c,n,,.,-,_,:,.1827,003319,03 0,002',.-',0,CK)04

_,44. 799,1 498,:R,.k2_,*,4.. .,:,,31381,,,.,I . 67 3299,1°,.,(),0035O,hOn:,,....

,..,53 799.8 4i,:,,= 626,4 :.,'_59 _.,o_'9':''""S , ........ .,,.,,,.,_,:,,:,,.,31 33716n 0,0011 -0,0001

.... " '._7 ....P,61 799,7 .:,_'_,46-.7,6 5_.,, 369,38 1801,88..':199% O,Onk9 0,0019

.,69 79E:.7 497,4 62k..1 F,'?,.;P..386,'m....I:':42,C)¢).,.,..,,o,'_'_08 O,O(Xr.:',-0,(X)05.

8.78 799,5 4%,7 625.8 57,96 ._')3,62I:-;57.393Z_4,97 0,0033 -0,®14

8,_, 7_o,."",q 495,5 A2_,.0...... 60,30 386,:711:i',4157 R47S,A8 -0.0021-O,(IX:5
B.94 7_, 7 _Y. ",' 62A,'" 60,77 39,I.....""", c...I,,.11 -O,(_P.:dn,00n2'4. ". _,. • •. ,o 1,:,:v.13 _ _

():3 799,7 497,3 626,6 % 12 3?4,22 '"=_'.... ,o,.,,:,,76_:I:1:,450,0028 -0,(_015

9,11 79?,,6 4,95,8 625.6 61,34 3?7.20 18_8.593516.66-0,0033 -0,0019

9, 19 79,.°,,4 497,5 627,2 60,66 397,:;:5 "_ }" ;_473,39I,:,.,7.(o .. -0.0020-(?.0020

?,2P, 7_, 7 497.2 627.5 60,07 3%, 86 I(,64S'- _' ..,I3455,26 -(),0015-0,0018

°,36.. 799.2 4%,'_, k2A...4 6n.(_. ..,,.,.."-":'",,.F,:.pI',332.04_4_,?,Z,5... -0,0017 0,(Ki01

44 798 4 4'_,>: 6%. 2 60,47 "".:, .?,7..... .'<....'97 IS,3'? 3494,02 -0,0027 -0,00(14
9,.,:3 7'98.8 493,7 6.,..,,I 61,56 408,30 ",9. . ."= J.o.1 01 R57114 -0,004'_-0,(_)33

9,#,I 799,3 4945 k2_,5 59,11 412.1kI',:_'_"_ .......... .,,:,..,?,419,3.,-0,_04 -0,0039,

9,69 _95,,q.492,0 62:::,6 61 ,0_, 4"_k,_4... ,":'P,_,.,.,,.,'_...354,9,46-0,0043-0,('K_c:l..

'_.78 797,7 491,_: /,2:::.....4 62,r,R ..,.,.:'c'_,,5k. I':':,.,.,,:,.,_'°',..3620.49 -(?,.f_)6,'.;4.}.0004
.-l_-j'R.86 799.0 492,7 6_..,.7 :.,',_,57 370..rf2* ....'_• 1,1_.,,_,.,.. 3445,96 -O.{K_I'?.O,(Y_Ic'..,.,

9.94 799,7 4'.v..',,7624.5 .o.66 3?3,14 I,:,_....=" "'=_29 3L_7.11 0,fX_06-0 0014
10,03' 800,3 492.'_: 62:'_7 5'?,31 ""_ "_"o7,.,76 62 18 O,001-, 1::,(.'.v. C'_42, -0,CK)!1 4

I().11. 7992, 4,91,n.623.0 k0.79. 377..,_'..,I:':20.543543.&5 -0,Cw._410.0007
!0.19 7',_:-3,4 450,7 622.P, _> "_. .,.,,:._371,06 I,'.:05.733440.54 -0,0010 O,{KU6
10,29 799.6 4?4.0 624.7 57.52 3c',].811784.543320.01 0.00_ 0.0029

10,36 799.5 494.B 624.4 59.1,5 357.77 177,5.29_84,10 O.CK_070.0035

_C,,44 7_,9 4'?4,8 624.2 .,9.66 _/:.,.141794,4634_.54 -O,0CX)I0,0023

10,53 799.0 492.2 621.7 58.19 363.96 17Er?.473326,_ 0,0026 0.0026

10,61 8(_,0 4?2,4 621.9 E/.92 378.27 1'822,243313.&? 0,0030 0,0006

I0,69 799.3 490,7 622,4 62.02 393,65 1857.46%06._ -0.0059-0.(K)14

10,7,9 7_.0 472.y 623.6 61.11 07 1849.2635_._) -0._:'.'_,-0 0009

1086 798.1 491.2 621 7 61 89 390,'??,_oF,_34 ?= 96 I...... ,65 -0,{W)48-0.CK)II

I(}94 798,6 490,6 621.I 62.kA ;_ F, ........... X,,.I IF:70,o,_3611o8 -0,r_)61-(_.0022
II 03 799.1 49.23 621 8 :" _".,4.,-](.I403,43 ,c,',__, 3420,98 -0.C¢X_4-O,FK)27

11 11 7_._....4?3 1 622.6 61,49 _o-,,_,,71 1832,41z:517._ -O,CM...'_R40.0000

li 19 799,5 494.7 62q.:1 so _ 3')2,94lc'ss83 "0'>)I0 O, ";00,.._. -0, (:K)i 3 l

1128 79'),5 4_44 _'_':3 5?,_" ,:78,5_.,o-,-,........ I,,_-,K)3410.A4 -0.0(H)I(,,0006

o,- " . _.,i....1778.683323,69 0.0027 0,009:31136 798,6 4,.,V.l 616... 5:_21 "=" ":

II44 799,0 495.0 624.0 61,00 ",__,, ,:, ":o..,..,.,.17,.,7.._3474,54 -0,_)21 0,0028

11,53 799.0 494,2 62q,4. 5:3.84 3:::7.3'?,_°'_",.._.12 33=,6.45O,(K)I6-0,(w)06

11.61 7_,6 492,2 621.'? 61.84 4(y_,471893.693540,41 -O,CKMO-0,_5
I169 799.9 494,2 622.9 59,E_ "':', .,,.,4,721837,01 :-;402,74 0,0001 -0.(w)02

11,78 798.4 493.6 622.6 60,85 3:70.131803.603466,(,)-O,CA)I%0,001:3

11,92 798.3 392.9 $5/).I 84,02 245.63 1515.4_5,.°,32,77-0.0445 0,0224
12,00 797.I _ _ "'

l .,6Y.7 527,3 110.57 327.7o 1706.6276%.FZ -0._9B 0,0080
12,,'/_803,4 355,9 519.5 155,34 498,61 20?7.8211227.01-0,0735-0,0135

, 12,l_ 793.6 ,'.':75,654_.0 100,32 3Zc_,4_1710,5.37678.44 -0,0603 0,(_)78

12,25 805.1 3t,_7.6 5.57.6 70.10 220.84 1461,72 52/:,:!.96 -0.0370 0.0270
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FOULINOPROBEFIELDTEST TEST15 - I _RE:H198,o

RIC:HMONDPOWER& LIGHT BOILERLOAI;_:60 MW

'.IHITEWATERVALLEY,,TATION PROBETEMFERAI.li4,,800 F
f a i o mAIT 2: F'_TF2 OA:-,TEMFERATi.RE,1169

DATATIME:5 MINUTES

TExT PROBE AIR-IN AIR-OUT_IIR-FLOWHF-METER_TER-HF AVE-HF AVE-FF LOC-FF

TIME EMP TEMP EMP RATE OUTPUT CALC C;ALC CALF: CALl;:

HR IF [F IF LBIHR uV BIFT2-HRBIFT2-_

12,34 7'_'5,8 349.5 513,3 157.35 369,66 1802.5211382,01-0.0755 0.0018

12.42 800.1 354.6 521.2 141.9"4 419.83 1917.41 10445,76 -0,071,9 -0,0047
12.50 803.7 364 0 5_:R,8 10':).84 3:::9,44 t,-,,_ ,-,o '-"'_"-'::'74 -0.0610 -O,('lO('l'_, .. i'i'?/, 0-' ';'*,'-"., . • • ,

12.59 7'98,0 460.7 616.6 4',::,54 3:_i,'_5 1713,88 3341.::;4 0.0021 0.0075
12,67 790.8 488.2 631,0 48,8.':323,53 16'76,883(i7'7,%0,011:",0,(i087

12,75 777,0 502,4 637,3 53,8'_ 341,73 1738,563208,._.0,(Ki660.0059

12,84 7'P,0,2 511.3 642,1 53,73 32'?,151709,75 31(i)4,100.0104 0,(_7:':

12,92 7P'-',,7514.1 641,',-".° 54,63 :':46,081748.52 3082.76 0.01,12 0,0052

13,00 7'_8.7 514.5 642,1 57.10 326,'_31704,673215,84 0,(Xi64 0.0081
I'.",.0._ 79,.4,3 516.1 642.7 55,43 320,44 i/;.,,!:'.'s.','_l:",098,5:':0,0i06 0,0091

13.17 ',:',00.2517.2 644.8 57,35 322,91 1695.463232,45 0,0057 0,0087

13,25 798.9 521,4 648,8 52,82 307.72 16/:.5.262969,43 0,0158 0.010:_

13,:1:47'_8.8 521.0 646,2 53,09 316,50 1680.7f#2'_34,',..'q0.0172 0.{K)'_8

13,42 7'7.9.4 524,5 648.'? 53,10 284,0'?1606,572915.76 0,0180 0.0152

13,50 7'_7.'_ 521.0 646,5 54,56 2'R4.391630.15 3024,12 0.0136 0,0135

13,5'? 7?7.7 51:':.5 645.7 56,68 271,86 157:-:,5_,3183.92 0,{_.)750,0!75

13,67 798.4 518.',':645,4 53.,04 2'?'?,44164;,72 3015,96 0,0139 0,0126

13.75 7?7,0 .SlQ' 645 0 51 I'.'2?7 "". .. ,,:,.:,163/,.':'iG' 2839,77 0,0213 0 0129. ,,Ii. , . o,j, . .

13.84 799.1 516.3 643,7 54.90 307.60 1660.40 3088,54 0.0110 0,0112

13,f_2 7'77.'? 511,2 641,1 57.,07 303,45 1650.90 3325,50 0,0026 0,0119

14,00' 7'79.3 513,6 642.8 54,20 298.42 1639,383093,_._0,{)108 0.0127

14,{v;' 79'?.2 514.4 643.4 54,51 302,52 164E:.773104,87 0.0104 0.01".c0

14,17 7'98.7 512.7 641.7 56,0'? 317.22 1682,4331'74,130.0071 0.00_'7

, , . , .. , .i14.25 799,A 514 _' 642.9 55 3.° 314.72 1676.71,,146.11().K_88 0.0100

14,34 7'??.E',51:'_.4 641,4 56,41 317,53 1683,143189,18 0.0073 0.00%

14,42 798,9 512.4 641,4 56.95 337.17 1728,123244,11 0,0054 0.00/:.5

14,5#I 7'_9.7 511.7 640.1 54.95 329.53 1710,623116,10 0,0i00 0.0077

14.59 798.1 509.3 63.%0 57.74 321,11 1601.343308,49 0,0032 0.0091

14,67 7'78.2 508.3 638,8 56.E,9 300,54 1644.243280,13 O,LX)41 0.0124
14.75 7_,I 50'?,6 6S9.9 56,38 283,34 1604.853243,75.,0,0054 {1.0154

14,8.4 7')8.1 507.0 6.38.3 57,(h5 303.74 1651,56330'7,_ 0,(_)310.011'7

14,,02 7,08,4 50,0.9 /-.,z,'?,853.95 281.83 I/;.,01,393@75,61 0,0108 0.0156

15.00 7'E#7.7 510 1 _oi)7 57 ='_ 2'79A4 1642.18 _",,Q__el 0,o0:::7o.0126'.._'Q., m _l .,.,I,_ |.

15.(X,," 798.2 5li.8 640.8 57,.51 3(i3.0',-:i 1650.(i5 3276,77 (i.0043 0.(1120
15.17 7?8.6 510.2 63'7.4 57.10 307.64 1660,503257.69 0,004'".V0,0112

15,25 7'?'P.6 513.1 640.'.:: 54,27 311.76 I_70.3'? 2060,2':' 0,0121 0,0105
15,34 7'7'?.9 512.'? 641.5 54,47 308.06 1661.463093,46 0,0108 0,0111
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