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TIDD ADVANCED PARTICLE FILTER

1.0 RETROFIT WORK

I.I APF VesselHead

Numerous vendor visits were made during January 1993 to verify APF vessel

head retrofit work. The stainless steel liner was removed and modified to eliminate

subsequent thermal distortion which could induce a flow path for hot gas suspected.of

causing a local hot spot on the carbon steel dome. All insulation was removed from the

dome interior, all acid liner (Plasite), was removed by sandblasting, Plasite was reapplied

and Z-blok insulation was reinstalled.

'HOles for back pulse pipe feedthrough in the stainless steel dome liner had

previously been sealed by stainless steel collars tack welded in place. Lateral thermal

expansion of the liner relative to the fixed back pulse pipes caused distortion of the collars

and breaking of their tack welds (See Figure 1). A floating collar was designed that did

not requir_ tack welds (See Figure 2). These collars were fabricated and reinstalled with

the dome liner. The assembled dome has been returned m site.

1.2 APF Internals

Distortion was noted in stainless steel liner plates covering insulation beneath

the tubesheeL All covers were removed, flattened, cut to prevent thermal impingement,

stiffened with radial ribs, and re.configured with lap joints to accommodate thermal

expansion. The liners have been reinstalled (See Figure 3).

Thorough inspection of all candle filters has been completed and is documented

separately in the report attached. Ash was cleaned from all internal components, and

candle filters have been replaced in all three bottom plenums. An improved top gasket

and filter holder ring has been designed and procured to reduce the potential for gasket

slippage during back pulsing (See Figure 4). Installation of this hardware is scheduled for

May 1993.
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Figure I - Breakage of Collar Tack Welds Due to Thermal Expansion
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EnhancementofashdischargefromtheconicalAPF vesselbottomhasbeen

studied.A linervibrationdevicehasbccnidentifiedthatcanbcinstalledinthevessel

manway.

1.2.1 Vibrator Test

A pneumatic vibrator has been tested inside the APF manway in an attempt to

aide ash flow during operation. A vibrator, manufactured by the Cleveland Vibrator

Company, was bolted to a I inch thick steel bar which was clamped to the liner inside the

manway. The design operating pressure range for this vibrator is 20 to 80 psig. The test

was successful in producing vibration at the ash outlet. The test data is as follows:

Air Pressure to Vibration Acceleration on

Vibrator,psig the Linerat the.ash outlet, g

30 1.8
3.6

50 5.0
60 6.0
70 7.3
80 7.3

After the above data was measured, the clamps securing the bar/vibratorassembly to the

liner were tightened and an 8.7 g vibration was measuredwith a 70 psig air supply to the

vibrator. Work on a permanent installation of the vibrator inside the manway is

underway.

1.2.2 Vibrator Air Supply/Exhaust Hose Test

A pressure test was performedon a S wagelok, 0.5 inch ID, 48 inch long TFE

lined 304 SST braided hose by pressurizingthe outside of the hose to 200 psig while

maintainingtheinternalpressureatoneatmosphere.A schematicandphotographofthe
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Figure 3. View of Ir:,_latlon Liner Plates After Straightening,
Lap Joi_t \Iod_ficatlon and Reinstallation
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experimental arrangementis shown in Figure 5. Visual examination throughthe bore of

this assembly confirmed that the hose maintained its shape. Two identical hoses will be

used to supply and exhaust air to the pneumatic ','ib_tor inside the Tidd APF manway.

The capability to withstand external pressure is necessary when the APF vessel is

pressurized to 150 psig and the air supply to the vibrator is shut off.

Liner brackets for the vibration device have been fabricated. Design details for

the vibrator attachment areunder review by AEP, lasufllation is scheduled for May/June

1993,

1.3 Back Pulse Control

Extendedflexibilityofbackpulsecontrolhasbeenrecommendedtoandis

beingimplementedbysitepersonnel.Improvedcapabilitiesincludepulsesequencelogic

andbroadenedrangesofpermissives.

Back pulse valveand pressure regulator manufacturershave provided hardware

design improvements. Components have been retrofittedand site personnelarecurrently

installing the improvedcomponents.

1.4 Pulse Air Supply

Thepulseairsupplycompressorhasbeenrepairedandcorrectedwithimproved

lubricationhardwareandimproveddischargevaJving.A performancetesthasbeen

conducted.AEP ismakingprovisionforbackuppulseairsupplyatthetimeofAPF

systemrestart.



2.0 SURVEILLANCE INSPECTION AND TESTING

2.1 Pulse Pipe Inspection

The nine lncoloy 800 HT backpulse pipes were 100%dye peneu'antinspected

on theiroutsidesurfaceat siteandpriortoinstallationintheheadof theAPF. No relevant

indicationsweredetected.

FollowingshutdowninDecember1992,after500 hoursof filteroperation,one

of thesepipeswasremovedandreturnedto WestinghouseSTCfor inspection.Dye

penetrantinspectionwasattemptedbutwasassessedtobeinconclusiveduetosignificant

backgroundbleedoutfromoxideswhichcoatedbothoutsideandinsidesurfacesof the

pipe. Alternadvely,thru-piperadiographywasperformedonthebottom-most16inches

of thepipe. Two x-rayexposuresweretakenat90 degreestooneanother.No relevant

indicationsweredetected.Thislimitedsamplecheckof backpulsepipeintegritysuggests

thatthe Incoloy800FITpipeisperformingsatisfactorilyfortheserviceexposurethusfar

accumulated.

2.2 Weldabllity Test

AEP expresseda needtocheckdesignandtoretrofitasrequiredthecluster

assembliessuchthattheywouldfunctionfortubesheetdifferentia]pressuresof 10psi.

Finiteelementstressanalysiswasperformedandconcludedthatreinforcementof the

bottom plates of the bottom plenumswould be appropriateto satisfy performance

requirements. Reinforcing bars and weldments depictedin Figure 6 weredesigned to fit

across two major chordsof each of the three bottom plenums (6 bars total).

The material of constructionfor the cluster assemblies, type 310 S stainless

steel, is known to progressively embrittle due to sigma phase formation upon prolonged

exposureat elevated temperaturesthat are typical for APF service. It was
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therefore considered appropriate to weldability test a sample of type 310 3 surveillance

material (that had been stored in the vessel head) prior to weld insta'lation of reinfox'cing

bars on the bottom plenums.

Weld restraint is known to influence weldability of ¢mbrittled materials. Base

metal thickness affects weld restraint. The surveillance sample was of 1/2-inch section

thickness. The bottom plenum's bottom plate is of 1-9/16 inch section thickness. For the

wvldability test, simulation of the plenum plate restraint was achieved by prewelding the

relatively thin surveillance samp.l¢ to a heavy section backing plate.

• A T-joint configurationwas thenweldedto simulatethe reinforcingbar to

plenumplateconfigurationas shownin Figure 7. Type E310-15 electrodewas usedto

shieldedmetal arc weld anunexposedsampleof 310 S material to the 310 S surveillance
t

sample. A crosssectionof the weldability test sample,shownin Figure8, revealedno

evidenceof heataffectedzonecrackingdueto possiblesigmaphaseembrittlement.

The centerline of the surveillancesample showedsomeevidenceof lamellar

tearing. This indicationis attributableto thesevererestraintimposedon thissampleby

the testconfiguration. It is possiblethat similar tearingcould occur in the clusterplate

material, if it containedelongatedsegregationsin similar proximity to thematerial surface.

However, no evidenceof lamellar tearingwasencounteredduring clusterfabrication

which involved many heavysectionstructuralwelds. Therefore, the probability of such

lamellar tearing during reinforcementbarattachmentwas projectedto besmall.

Welding of the reinforcing bars to plenum plates was conducted at site without

evidence of visually detectable defects (See Figure 9). Additional type 310 S surveillance

material will be secured in the APF vessel head to continue monitoring property changes

in this material.
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KARHULA PARTICLE FILTER TESTING

1.0 INTRODUCTION

A reportof KarhulaparticlefiltertestingcoveringDecember'92 thruFebruary'93

hasbeensubmittedpreviously.Thepresentreportsummarizesdifficultiesencounteredin

theCHUBUtestrunduringMarch1993. Preliminaryresultsof a lateMarch/earlyApril

inspectionarealso included.

2.0 SCOPE OF TEST RUN AND DUST OUTPUT

Twocoals. NewlandandKentucky,andthreeloadlevels. 50, 75 and 100%,were

runduringthistestperiod. FigureI showsthe flue gasdustconcentrationin milligramsper

normalcubicmeterthatwasencounteredduringthe test. Itis evidentthatdustlevels

generallyincreasedas the testprogressed.

3.0 PRELIMINARYPERFORMANCEEVALUATION

• Preliminaryevaluationof fiherperformancestatisticsincludedaccumulatortank

pulsecyclepressuredrop,pulseintensities,filterdifferentialpressure,temperatures,and

venturiflows. Two eventsarenoteworthy.First,duringthetransitionfromNewlandcoal to

Kentuckycoalon March12thruMarch13, 1993,mixingproblemswere encounteredand

rapidtemperaturewansientsresultedfromunstablecombustion.This is showninFigure2.

Transientsof approximately40' Cperminutewereencountered.Fluegas dust

concentrationincreasedfrom16to 40 mg/m3noverthis period. Second,increasein top

plenumflowrelativeto middleandbottomplenumflowsoccurredapproximately8:15a.m.

on March17, 1993. This is shownin Figure3. Relativelyhighdustconcentrationswere

alsomeasuredsubsequentto thisoccurrence.

(Ref.Figure1).

15
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4.0 PRELIMINARY INSPECTION

Postshutdowninspectionrevealed8brokentopplenumfilterelements.

Dismantlingof internalssubs_uent]yresultedin breakageof 15additionaltopplenumfilter

elements.No middleorbottomplenumcandieswerebrokenpriortoorduringdisassembly.

PreAisassembly inspectionrevealed:

(PI) top plenumouter row candles weredisplaced radially outward

(P2) top plenuminner row candles were relatively plumb
(P3) top plenumash bridgingwas evident betweencandles and betweencenter

supporttube and innerrow candles.

(P4) middie plenum candies were relativelyplumb

(PS) middle plenum ash bridgingwas notevident
(P6) bottom plenumcandles were notall plumb

(PT) bottomplenumash bridgingoccurredinsomeszv,u
(P8) all candlesshowedconsiderableashcakebuildup

Candle filter disassembly revealed:

(DI) top plenum candles were loosely secured

(I)2) middle plenumcandles wererigidly secured

(D3) bottomplenumcandles wererigidly secured

Candlefilterfracturesurfaceinspectionrevealed:

(PI) eightfracturesurfaceswererelativelydirtywithash
(F'2) fractureorientationswereprimarilytransverseto thecandleaxis

(F'3) 22out of 23candleswerebrokenwithin approximately4 inchesof theupper
flangeof thefilterelements

(F4) 15outof 23candlesshowedabreaksomewhatangledto thecandleaxis
(FS) thelow/highpointof 14angledbreakswasorientedin line witha radiusthru the

candle/clustercenterlines(SeeFigure4)

19
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Candle filter gasket ins_tton revealed:

(01) bottom gukets were generallyclean on all surf_es
(02) top gaskets were

(G2.!) virtuallyatl clan on theirbottoms (candle sides)
((]2.2) sometimes dirtyon theirtops (filter holderring sides)

(O3) gaskets were generallycentered,intactand in place

Miscellaneous findings include:

(M I) filter holderbolts were notelongated priorto disassembly
(M2) filter holdernuts were not un_ed priorto disassembly

$,0 DISCUSSION

The transverseorientationof fractures(ref.1=2)suggestsa mechanicalratherthan

thermal source of candledamage. Radiallyoutwarddisplacement of top plenumcs_ndies

(ref. Pl) and radial orientationof many fracturesurfaces (ref. FS) suggest radialoutward

loading as the cause of mechanical damage. One possible breakagescenariocould be the

following:

l_low/vibration-inducedcandle displacement loosened candies, gasket

dust leakage and insufficient pulse cleaning resulmd,ash cake continued

to builduntilbridgingoccurr_ to thenearest-neighboradjacentmaterial

component(candleorsupportrobe)andcontinuedvibrationpromoted

furtherdisplacementawayfrom solidbridges(radial)untilbending

stressesnearfilter holderconstraints(ref.F3) exceededcandlestrength.

While otherexplanationsmaybeforthcoming(eg.inherendydifficultm cleanash,

gasketrelaxation,etc.)it wasdeemedprudentto takecertaincorrectiveorpreventive

measuresat this time and beforefurtherfilter testing. Modificationscurrendyin process

include:

21
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(I) Replacement of all topgaskets
(2) Replacement of all filterholderrings with a built-ingasket containmentcollar
(3) Inclusion of solid spacersbetween filter holderbottom castingsand main filter

holder housings to rigidlze the assembly

(4) Ellmina_ion(blankingofi) of thetop plenuminnerrow candle locations (15) to
eliminate n_st-neighbor bridgepoints

(5) Inclusion of regenerator(heat exchanger)devices in each filterholder housingto

minimize possible backpulse-induced thermal stresseffects

Reas_bly is ongoing. Resumptionof filter testing at Karhulais scheduledto begin

May 3, 1993.

22
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I. INTRODUCTION

This is the fourteenth Technical Progress Report submitted to the

Department of Energy (DOE) an connection with the cooperative agreement

between the DOE and Ohio Power Company for the Tidd PFBC Hot Gas Clean

Up Test Facility. This report covers the period of work completed

during the First Quarter of cY 1993.

on February 9, 1993, the Tidd gas turbine sustained severe damage due to

a thrown turbine blade. The Tidd PFBC Plant and HGCU system are now

expected to return to service in july or August 1993. The extended

outage is a result of long lead replacement parts for the gas turbine.

Ii,, WORK ACCOMPLISHED DURING THE REPORTING PERIOD
@

2.1 Detailed Deslgn-Engineerlng

The laboratory analysis of the expansion Joint bellows which

developed a leak in the inner ply confirmed that the leak was due

to acid dew point corrosion. Even Hastelloy C22 cannot withstand

this type of corrosion. Consequently, it was decided to heat

trace and insulate all expansion joint bellows. Considerable

engineering effort was spent optimizing the design and selecting

the best materials. A sketch of the design is attached, Figure I.

In order to monitor the bellows for possible hot spots, continuous

thermocouple llne detectors will be wrapped around each bellows.

Additional thermocouples will be used for controlling the heating

elements. All materials were purchased this quarter and will be

installed prior to the next start-up.

In order to reduce the likelihood of ash accumulating in the APF

hopper, a vibrator will be installed before the next start-up.

The vibrator will be powered by compresse_ air and be installed in

the |_opper manway nozzle (See Figure 2). It will be mechanically

linked to the'hopper liner and used only during backpulslng.

PFBC HGCU Test Facility Technical Progress Report No. 14
DOE Instrument No. DE-FC21 89MC2fi042 First Quarter C¥ 1993
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Preliminary testing performed using the vibrator at Tidd on

February 9, 1993, revealed that the vibrator should be effective

in keeping ash from sticking to the hopper walls.

A method of detuning the primary cyclone upstream of the APF was

devised. The method involves injecting air from the sorbent

system upwards into the cyclone dip leg, thereby reducing the

cyclone efficiency. The purpose of cyclone detuning is to

increase dust loading and the proportion of larger dust particles

to the APF in order to improve filter cleaning and/or ash removal

and transport, should either become necessary. An analysis was

performed to determine the proper air line size to obtain the

required air velocity in the cyclone. The system will include a

manual globe valve and flow metering orifice outside the combustor

to allow the detuning air flow to be adjusted or shut off. The

system will be installed prior to the next start-up.

2.3 Westinghouse Engineering & Design

See Appendix I. NOTE: The Westinghouse report on the candle

filter analysis referred to on Page i of Appendix 1 will be

forwarded as soon as it is received.

3.0 Test Plan

In the Fourth Quarter of 1992, the Cooperative Agreement was

amended to include testing of the Tidd HGCU System for Hazardous

Air Pollutants (HAP). During the First Quarter of 1993, proposals

were received from four vendors for implementing this testing.

The proposals were reviewed by DOE, and are currently being

evaluated by AEPSC. A contract should be awarded during the

Second Quarter of 1993.

PFBC HGCU Test Facility Technical Progress Report No. 14
DOE Instrument No. DE-FC21 89MC26042 First Quarter CY 1993
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I II. MANPOWER REPORT AND COST DATA

As of March 31, 1993, the AEPSC Engineering, Design and Project Support

cumulative work-hours were 63,299 or 91.5% of the total 69,097 revised

work-hours projected for the project. Figure 3 compares the actual

work-hours expended versus the current estimate. For the reporting

period, a total of 2,565 hours were charged to the project by AEPSC

personnel.

The actual DOE's cost expenditures during the First Quarter 1993 were

$780,122. As of March 31, 1993, the cumulative DOE's cost expenditures

were $15,047,001. Figure 4 depicts the cumulative expenditure forecast

for the project which includes Westinghouse cost share. During the

First Quarter 1993, Westinghouse was paid a total of $52,006. Total

payments to Westinghouse through March 31, 1993 were $5,261,502. Major

contractual commitments during this reporting period totalled $204,400

and are summarized as followsx

Contract/ Description Contracted
purchase order IContractor} Costs

28041-071-3 Backup Compressors for HGCU Backpulse $150,000
Compressor
(Air Power of Ohio Co.)

03341-071-3 Recorders for Expansion Joint Heaters $ 14,900
(Westronic8)

28058-071-3 Expansion Joint Heaters $ 25,700
(Big Chief Supply, Inc.)

28223-071-3 Continuous Thermocouple8 and Lead $ 13,800

Wire for Expansion Joint Heat Tracing
(High Tech Systems)

TOTAL $204,400

PFBC HGCU Test Facility Technical Progress Report No. 14
DOE Instrument No. DE-FC21 89MC26042 First Quarter c¥ 1993
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MA_ CH+.ILA_ZATZONOP

_. CLAYBO_ S:I:LZOONOAB:I:DI!CAM)IllP]:L_ AM)ASHPOIOdA_ON8

'_ IN TUBH-A."78YSI_
_ _ HO_ Or HOT8AB FZI,TILkTZOHAT

M. A, Alvin

April S, lOOB

ADa_OT

This report detsils _he resuZ_s of _h! ms, stiLl chL-sc_erLssCion

efforts _hs_ were performed on the clsy bonded silicon csrbide csndle "

filters _hs_ exper/enoed 800 hours of opers_ion Ln WestLnshouse's

Advuaed Psrtiauls_e Filtrstion (APF) system under pre_surised

fluidised-bed combustion Sw (PFBO) oondi_ions st the Anericsn Blectric

" Power (ABP) plsn_ Ln BrLllisn_, Ohio. Phue chsnEes xre identified

sloe4 _he alsy binder s_Lrflbce in _he ceramic filter nsterisl. A uniform

lose of ms, erie1 strenlr_h (i.e., 10-i6S) wu else observed in the csndie'!

fLl_er elements _hrouzhou_ the vessel. The uslyees presented in _hLs

, repor_ suppor_ _he _rsc_ure snslysee which Lnd_os_e_ _hs_ _he fsilure of

. _1 bo_om plenum csndlss resulted from _#h bridsins, ud no_ subs_Lsl

loss of s_renz_h or de|rsda_ion of the aermic candle u_rix. Ash

bridzed between sd_soen_ c_ndlee_ prov.4.dins s sustained bendinz load

" alous _be fil_er body a_ temperature. The sustained load ultimately

'_ csueed s de!uTed frscture, sad _7pic._l!y resulted in s fuLl,re below or
, t

:, nest _he fine-_o-_ot_rse l_riin _rusi_ioa section in _he clsy bonded

i_ silicon c_rbide fil_er elements.

A_ter 600 hours of exposure in _he PFBO S_ environnen_,

,'_ dunplins ud scale-like cske lsyers were observed sloes _he outer

surfsce of esch csndle fil_er. Chsrsc_eriss_ion _hrouzh _,he dumplLnp

m



end ecLle-like uh cske 1myers provided ineigh_ in tern of plsn_

opers_ion ud c_ryover o! _inee into _he Wee_inghouee _F verse1 durint

the 800 houri o! hot ps fil_rstion. For exuplep durinE plsnt
8hu_dowu_ c_zToTer of 8orben_ finest p_iculsrly from _he primsry _,

GyOlOle olourredp depoei_in| s eorben_ bu_ _h-free due_ cske liyer.

8£xLlsrly ahsrsc_erLxs_ion of _he uh removed from vsr£oue levels in _he

Wee_inshouee _F uh hopper identified eisni_icLn_ compoei_ionsl chLnsee
wi_hLn _he dolonL_Lc _rsa_ion of the _h. ReeLdusl cement-l£ke seh

ms, erie1 found in _he bo_on of _he Wee_inzhouee AFP uh hopper wss

_ypicslly unGhsrsa_erie_ic of _he uh-aorben_ compoei_ion _ound

_hrou|hou_ _he vessel.

vi
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1. TRODUCTION

Wntinghouse initially received 450 clay bonded silicon carbide

Schuncher Dis Schunslith candle filters. Bach candle filter m

inspected in terns o! appearance and evaluated on the basis o!

dimensional specifications prior to the selection and installation of

384 _dle8 in the Westinghouse Advanced Particulate Filtration (OF)

system. Of the 384 candles, 40 candles were ideatifitd as surveillance

candies, and were placed in specified locations throqhout the

We_iagbouse APF system. Bach of these elements was characterised on

the basis o3 tiN-of-flight (TOF) to provide nondestructive beeline

data on the initial strength o3 all 40 8urveillMce candle filters.

• A_ter 500 hours of exposure in the pren_rised fluidised-bed

combustion (PFB0) ps environment, 21 candle filters in the bottom

plenums had fractured. Typically 17 o3 the failed candles fractured
i

near or below the fine-to-coarse grain transition section (i.e., 101 to

"" 166 ann from the flange top) of the filter elements. Four candles

" fractured near the bottom closed end section of the filter elements

.:. (i.e., 1106 to 1270 nn). These csadles were in close proximity to the
o

"_ _ilter vessel wall.

,_

Characterisationof candles that were removed from the bottom

pleaua_ u well u reconstructedcandle Jilter sepeats indicatedthat

_ bowing o! the clay bonded silicon carbide candle filter elements

resulted during hot gu filtration. The primary fracture in each candle

- containedtransverse breaks with shear lips, typical of a bean breaking

:_ in a bending mode. There wu no evidence of longitudinal fractures in

:, any of the failed filters, and all secondary cracks consisted of

'_,,!. additional transverse breaks. The results of the fracture analysis



indicated that a sustained bending load (i.e., bridged ash at

temperature) caused bowing of the candle filter elements, _nd typically

failure resulted near or below the fine-to-coarse grain transition zone

of each filter element. •

..

This report details the post-test results of the material

analyses that were performed on either the intact filters or failed

candle filter segments which experienced 500 hours of exposure in the

AEP PFBC slipstream. Initially all 23 bottom surveillance candles

(originally 24 surveillance candles were positioned in the bottom

arrays, but one h_d broken during installation), as well as five

• dditional candles throughout the nine cluster arrays were subjected to

nond,mtructive TOF measurements. Each candle was subjected to length

and bow measurements, as well as as-received and vacuum brushed

permeability measurements. Five candles were selected for C-ring

compression room temperature and high temperature strength measurements,

-._ as well as burst strength characterization. Extensive scanning electron

" microscopy/energy dispersive x-ray analyses (SF_/EDAX) were performed on

- intact candle sections and segments from failed candles that were

recovered from the ash hopper. Elemental microprobe analysis was

utilized to detail the presence of silicon (Si), oxygen (0), sulfur (S),

carbon (C), sodium (Na), etc., within the binder and grain of the clay

bonded silicon carbide candle filter matrix. Auger analysis was

utilized to quantitatively detail microscopic changes that resulted

within the binder and binder-grain interface of the 500 hour PFBC

exposed clay bonded silicon c_rbide candle filter matrix. In an attempt

to identify the total silicate content within the as-fabricated _nd 500

hour PFBC exposed candle filters, an acid leach (i.e., HF oxidation) was

performed. This information provides insight into the potential

stability of the silicon carbide grain under a high temperature,

oxidizing environment.

..
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To complement the material analysis, characteri_ation of the ash

+_ materials formed throughout the vessel waJ also performed. Extensive

_' SEM/EDAX characterization was used to detail the morphology and

• composition of ash that deposited in the dumpling- and scale-like

formations along the candle OD surface. Ash fusion, ultimate and

proximate analysis, and x-ray diffraction (XRD) analyses were also

performed on select ash materials (i.e., candle wall_ hopper _sh, bottom

hopper uh, etc.). +,

The results of both the ceramic filter material and uh analyses

are presented in Sections 3 through ? of this report. Currently
i

quantitative elemental analyses [i.e., silicon (Si), aluminum (AI),

calcium (Ca), magnesium (Mg), iron (Fe), sodium (Na), potassium (K),

sulfur (S)] are being performed on various ash materials to detail

compositional variations which resulted throughout the filter vessel +

(i.e., candle wall, candle ID, hopper ash, bottom hopper ash). The

results of these analyses will be reported at a later date. This

.. information will provide insight into the acidic and basic

" characteristics of the various ash materials, as well as insight into -

+" the total alkali concentration retained within the filter ash cake or

' filter element relative to the concentration of either sodium or

. potasslua released during coal combustion.

d

:+

..p
+ .

+.+..
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2. SUMMARY

_ • After 500 hours of operation in the pressurized fluidised-bed

combustion gas environment, the fibrous outer msnbrsne along

the clay bonded silicon carbide Schuncher Din Schualith

candles remained intact. The fibrous outer membrane did not

permit penetration of fines through the filter rill.

• An approximate i0-15_ loss o_ material strength occurred

' within the intact candle clay bonded silicon carbide matrix

after 800 hours of exposure to the PFBC gu environment. A

relatively unlform strength change resulted within the intact

. candles throughout the vessel (i.e., top to bottom plenums),

well as within the various cluster ring positions (i.e.,

outer versus inner ring candle filters). A somewhat higher

loss of material strength, i.e., 25_ was detected in fractured

candle segments removed from the W-APF _h hopper.

•+ * Sulfur which is present in the pressurized fluidised-bed

_ combustion gas system induced phase changes along the surface

_._ of the binder which coats the silicon carbide grains in the
"' Schumacher Din Schumalith candle filter matrix.

',, • Mullitisation of the binder surface phue was evident in the

_ Schumacher Din Schumalith candle filter matrix in areas where

i_+_, micron and submicron sulfur-enriched aerosol droplets or
particles deposited.

"+',_++..+,, * Negligible oxidation of the silicon carbide grain resulted in

the Schuncher Din S_humalith candle filters after 500 hours

•5_+ of hot gas filtration testing under pressurized fluidized-bed
combustion gas conditions.

+.:_..
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• The clay bonded silicon carbide Schum&cher Di& Schunlith

candle filters bowed at PFBC process temperatures when ash

bridges formed between adjacent filter elements. Transverse

primary fractures typically resulted below or near the fine-

to-coarse grain transition section in the filter elements.

This was considered to have resulted from s sustained load

(i.e., ash) being applied along the candle filter body during

high temperature operation. Thermal fatigue was not evident

in the clay bonded silicon carbide matrix (i.e., longitudinal

fractures were not observed). C-ring tension strength testing

will be performed to identify whether chanBe hu occurred

within the matrix along the candle ID, which may be indicative

of thermal fatigue.

• Ash analyses indicated the presence of a high concentration o_

sulfated dolomite within the various ash formations.

2-2
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8. CLAY BONDED 8ICON C IDE CANDLE FILTER
SURYEILLANCE AND POST-TEST SPECTION

A candle filter 8urveillsne, and aharscterintion e_ort wu
.

inLtistsd prior _o sxeelbly o_ the esndle gi!tsr clusters in the

Westinlr,hous, Ad,anoed P_£ol, Yilbrsbion (APF) system st the TLdd

_' plant. The purpose o! the surveillance ,f_ort was to:

* Bvslusts any physical and/or chenLoal chanSes thst By hsTe

occurred within the clsy bonded silicon carbide (8£0)

8chumscher Dis 8chumalL_h F40 c_ndle fil_srs durinl operstLon

in _he pressurised fluidised-bed combustion (PF_) system.

* Identify whet_tr t_l candle _ilters ezperitnotd 8ixilar

procon conditions throuzhout the on_izo _ilter vessel.
L.

F Foray-two (4_) of the 450, 1.6 m clay bonded silicon carbide
.,,, $chunscher Dis Schum_ith F40 c_ndlee were selected _or use in the

surveillance ,_for_. For_y of the 4A surveillance candles were

_: iutslled st pre-deterttned locstious witb4n the Westin6houxe APF
system. Two of the ori_im_l 42 surveillance candles were ret_ned _t

r Westinzhouse STC u controls, representing the u-nanu_sctured cls7
_ bonded silicon carbide candle nt_ix that wu specifically used in our

i_ Advance Psrticle Filter (APF) prozra (ABPSOOontrant No. 08014).

The 40_Lr_eillance candle filter elements represented _105 of

the 384 candles thst were iutslled in all nine filter plenuu in the
AFF ,essel. The 105 8uryeillanee csndle quantity was selected on the

i_ bsg_s of par_lelin_ the 10S destructive charscterisstion effort
pe_'_t_ It _.huscher _or filter production lot quslificstion testinK.

" 3-1
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A11 o! _he cudle !il_er elenen_x _hs_ were ins_alled a_ TLdd had I

undergone viprous nsnu/sc_urinS qu_£_7 unuruce _es_ia| both at 'I

5eh_ez' sad us Ln:L_,L_ Wea_LJqr,houe Luspee_,iono! es_ received _:!
_e !£Z_r included s vi_ __£on o! _he outer mabrsae i

aos_int, !1sate, sad aloaed end cap sea, ion! sad sa salenatn_ o_

perpendLculari_y sad bow. _ addibion Sch_er conducted dimeamional

_ier_nce mesa_emen_m (i.e.,le_h; outer maadinnercandlefil_erbody

disute_,ez'8!_lsaEe dLme_,ez,)! individual, _dle _:J.l_er weigh, m! cJ_ne-o_'- ":

flilr, h_, (TO/_)! _P a_ 8 • 2 abe,z,o! _ s_ 200 m/h_ (voluH _low..

$2 83/6); per_icle collec_ioa e!!ic_eacy! sad bubble Ces_iag. _a

$chuuahe_Js IOS des_z'uc_ivequalA_ica_ion_es_ia|,candle_il_erswere i

r_doxcly selee_ed !or bu_x_ pressure sa_ysis; O-_in_ room temperature

' nren_h _ea_la_! porosity; sad de_eru_nation o! ¥oun4_'s udulus using

_indoson_e techn_c_e8.
J

, A_ hm_in4Lboume all 42 e_nd_e _ilCe=8 were subjected Co a second

nondestructive evu.lua_ion (NDB) usin_ s_ate-o_-the-_ TOF equipment.e

Tiae-o:_-flig, h_ wan per!orued a_ _ea_in_house in aa attempt t:o replicate

_he TOP values_ha_ were originallygeneratedby 8chumacher,u well u

t:o users t:haC our TOF_echniques would be _ccepcable _or _uCur'e use

when candleswere returned_or characterisation_er _ield_esting.

At Westinghouse TOFdata were generated using an Ultras BR-840A

broad bead receiver and a BS-O40OAburs_ pulser (?£gure 3.1). Each

candle was supported on ewe V-blocks which reseed on a roller bearing

plate chat persisted _ree lateral movement during pressure contact with
the CransuitCia_ and receiving transducers.

Dr7 couplsat urethane membranes (Figure 3.2) were placed on the

surface o! both transmitting sad receiving SO _hs Panametrics X-lOll

transducers. The suspended transmitting transducer was pushed against . o

the bottom closed end section o_ the candle _tlCer via a spherical

3-2
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_,: FiSure 3. ! - Ult,ru Tim-Of-Flight Teettng o! 1.& a 9urTetlla_ce
,:J Oamdle Filters
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l_il_ur, 3.2 - Oon_i_rl_ion of 01onedhd Section o! the O_ndle
Filter Prior to Oontac_ Wi_h the Urethsne IfenbrLne _"
Oovered Dry Couplsnt Trusmittinz Transducer
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support to ensure _lst courser with the candle surfsce. The receivin8
transducer wu mounted in s epriq loaded holder for contact with the

candle !lenSe. 8prins def!ec_ion a_ contact wu sdJueted _o trusnit

10.04 lb force (46 N). The equipmentwas periodically calibrated usini

. a two-step piexislu standsrd which consisted of a 4 x 4 x 4 inch cube

with a g x 4 x O inch extension. TOYvalues _hrou|h the urethue

membrane and plexizlu s_andard are presented in Tsbie 9.1. A 2 gs
correction _actor wu iden_i_ied for sere time transniuion.

The Ultras equipnen_ _ha_ wss used for this effor_ wu connected
r

_o an oscilloscope, u well u a Sonix di|itsl acquilition system.

Tine-of-flizht da_a that were senerated _or esch surveillance candle

_ilter were diiitally loMed and stored in a computer file. For select

. candZe filters, _ (Fu_ Fourier Transforns_Lon) were!ores were also

|secreted ud stored for possible further analyses.

Bach TOPmeuurement wu obtained ueinS a 0.26 Mhs dilitieini
rsto where s threshold o! one wu used for data obtained between 280 and

302.24 gs. The collection accuracy of _he equipment wu eetsblished st

.,0.7 g8. The resultinz TOYdata zenerated _or the 42 surveillancet

candles are presented in Tsble 3.2. Thirty-seven o_ the 42 candle

_il_ere were identified _o be within _ _e o! _he TO_ values thst were

lenerated by Schunscher. The remsininj _ive candle _ilters had TOF

• vslue8 that exceeded Schumscher'8 ¥ilueJ by 14 to 20 g8. hch of the
_ive candles exceeded the maximumTOYtolerance (348 28) that wu

epeci_ied by Weatinihouee for candle _il_er qualificstion and

;_ acceptMce. _ote that Westinzhouse continuously recslibrated the Ultras
" equipment duties conduct of the TOYmeuurement8, while 8chunscher

,_ calibrated their Pundit equipment only on a daily b_ie. Any

._ discrepancy between Westinthouee and Schunacher's data wM considered to

_ result primarily _rom equipment recalibration _requency (i.e., the
possibility of drift durinK a 24 hour period).
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TANJ 3,1

_GLAS OALIBEATIOHSFJ_SITZYITY

Clon_M_ (WitchUubruas Touehin|) 1.02/As

2e Plexililu 21,12/_s

4m Plexilll_ 40.18 #s

tl_ P!u:l.II_ 8g.04 #s
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TABLB$.g

OOMPAIXIIONOr TXI-OII'-It'LI{IITDATAo

-- _er -S/is
i uorrlo_Lon for

Url_hine
Olldle Jibber _ MiIkriAe DLffe_enae

,' I I/_-II I_ I40 IlI -I
I I/APP-II I41 848 841 0
4 !l_-li 844 I4I I44 Ol

, l llkIll_=IS 14,1 _ 141AI _,
.,' l I/_-Yl 841 141 141 -I

Y Ii_-Ii IN III fly I

I iI&_-OY lil Illo I_Ii II
" IO I/APP-III Jill II! Ill 0

11 l/_-lIt I48 I4Y= 848 t
II I/AJPIP-IIO i40 IN Ill il
II Ii_Pr- 104 III Ill III -I "
14 I/_-IYl 141 I41 140 -I

. 11 I/_PY-IYI IN llI III -I
' 11 I/_-Iil Ill Ill. III -4

.... if It_'IP-tll lII iiI tll -I
ll iI_17-III III llO 814 -8

..' 1O II_PY-III IIl III III -I
I0 I/_PP-III III 8111 lll -I

"" II II_PP-III II? ill I14 -I
II IIA_-IYY IIO Ill Ill II
Ill I/_-IIY Ill II4 tll 1

t, k ltAI_-II4 liI Ill IIO I
_' II ll/_P_-III I14 Ill llY I

Ii ll_r-l_l 144 I_I= 148 -1
_.; IY II_P_-II8 Ill lli 810 -i

II II_P_-III II0 Ill II0 O
II It_PP-IY4 161 i4l= 14t 0

!._ so It_P_-ee8 _I_ 880 coy o
'_ II llJ_l_-IeI II_ lay miNI I

II I/AP_-41t 119 I48w_ 84I II
!8 II_P_-_II IIl Ill 814 1

II IIb_P_-_8 !If Ill. II_ 1
IO II&JP_-IYl II? II0 III 1
l? It_1_-4II Ill lIO Ill O

_ Ii i tAI_- 804 III llI IlO - 1
ii II_'_-IIl Ill Ill Ill -1
40 II_-III III II? !If 0
41 It_PI_-t Ill (OonI_ol) Ill -1

4I I/AP_-4II IIO (Oonlaro_,) III 8I_ -I
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The TOP data presented in Table 3.2 were pressure sensitive in

noe_ asses. For several of the candle filters with hish TOt values,

spplLaation of s fores that _ Steerer than the 8prin| 1o_ pressure

broulh_ the TOPvalue to wL_hLn 2 _e of 8_ume_aer'8 data. This wu

oonnidered to be prinoipally due to the 8eatin8 of the urethane menbrane

on the relatively roulh oandle filter lt_fS_e. Conversely, no

sil|nific_t chan|e in the TOIPvalue could be detected in several candles

when additional pressure wu applied. We suspect _hat uterial pzoperty

variations Ci.e., density, porosity, strensth, possible flaws, etc.)

produoed _he rebuLtLn| hi|h TOlPvalues.

rsilu_e of clay bonded silicon carbide candle fLlteru hu

frequently been usooia_ed with uterisL flaws that were Senerated

durin| tilter fabrication in the flue-to-coarse Usin transition area of
the 8chuucher Gandle. Within the firs_ 70 to 100 _ (3 to 4 inches)

free the top of the flea|e, the Schuucher candle consists of fine

silicon carbide I;raLne that are held tozether with _ aluai_osilicate

*_" clay binder. Below the dense !ruin relion is the reuinder of the 1.5 m

candle filter body which consists of coarse silicon carbide support

I|rsins. The coarse Stains are also held to|ether via the

aluninosilicate clay binder phase. An external aluainosilicste fiber-

silicon ca_rbide I_rain nenbrane Ls applied to the candle body to prevent

particle penetration into the support matrix. Zn an attemp_ to
determine if fabrication flaws could be detected within the fine-to-

coarse silicon carbide transition sons, throu|h-thLcknesa _ime-of-flizht
CTOF)me_uremen_s were performed.

An Ul_rsn BIt-O40Abroad band receiver and BIt-g400A buret pulser
were used to determine the throuzh-thicknesa TOFmeasurement of six

surveillance candle filters CFiEure 3.3). A 1.5 ghs Ultras 143067

transmtttin8 transducer with a delay line contoured to the candle OD,

and a 1.5 ghs Ultras 143068 receivinz transducer with a delay Line

contoured to the oudle 11), were held in a sprLnz loaded scissors-like

fixture CFizure 3.4).
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,'_ FiKu:e 3.3 - Ul_z'_ T£me-Of-FliKh_ Teo_in4 for ThrouKh-Thi_r, nomm
" Ifeuurenen_ on i.6 st 8_eil_8,noe Osadle F£1gorm

'I
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FLy, re 3.4 - Throu|h-Thickneoa TOFTransducer Fixture _or
Ifeuureneu_ _lonz _he Oosrae-Co-Pine Gr_in
TrLnai_ion Section o! _he 8urveillsnce C_ndlea
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The fixture was placed st various locations along the candle

, wall below the flange with the transmitting transducer positioned along

"] the candle OD, and the receiving transducer along the candle ID. The

spring deflection at contact with the candle body was adjusted to obtain

a 12.1 ps TOF delay. A plexiglas cylindrical standard which had a TOF

- value of 1S.1 _s (including delay time) was used.for calibration. A 100

,., ghz digitizing rate with a threshold of eight was used for data gate

positioned between 0 and 20 _s. The collection accuracy of the unit was

identified at *0.7 ps.

The six surveillance candles that were _elected for the through-

• thickness TOF characterizations represented both the low and high range .*.

full length TOF values that were reported in Table 3.2. Candles which :

had significantly different T_Fs (Schumacher's vs Westinghouse's data) :! :

.... were included. The resulting through-thickness TOF data for the six . :

surveillance candles are presented in Table 3.3. Through-thickness data

were generated at three loc_tions within the fine grain structure at : ..

.. ~76 mm (~S inches) below the top of the flange, as well as within the

coarse grain region at ~115 am (_4.5 inches) below the top of the

" flange.

"i The resultin_ through-thickness TOF values generated for the
.

:,_. coarse region at 1.5 Mhz indicated good correlation with the full length

TOF data. In particular, all 50 Khz full length TOF values that were

•t, reported u high values in Table 3.2, exhibited corresponding through-

thickness values that exceeded S ps/in. Since a relatively small set of

,._ data was generated in this effort, final conclusions will not be made at

this time with regard to the integrity of the fine-to-coarse grain

transition section, nor to what effect the fine-to-coarse grain

_._ transition area had on the overall TOF value generated for each candle
filter.

,-..-, 3-ii
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8.2 SUIVBILLANCB CARDLB FILTBI POSITIONS

The surveillance candle filters were initially positioned at

various locations in the Westinghouse APF system &s shown in Figure 3.5.

Nine surveillance candles were located in the top plenum clusters in

positions A/T-l, A/T-16, A/T-19, A/T-35, A/T-36, B/T-I, B/T-16, B/T-19,

and C/T-I; seven were located in the middle plenum clusters in positions

A/M-l, A/g-16, A/M-19, B/M-l, B/M-16, B/M-19, and C/M-l; and twenty-four

were located in the bottom plenum clusters in positions A/B-l, A/B-S,

A/B-6, A/B-7, A/B-8, A/"B-16, A/B-17, A/B-18, A/B-19, X/B-35, A/B-36,

B/B-l, B/B-5, B/B-6, B/S-T, B/B-8, B/B-16, B/B-17, B/B-18, B/B-19, C/B-

8, OIB-7, OlB-17, and O/B-lS.

The positions o:_ the surveillance candles provided for ease of

access to the various bottom plenum cluster candles via the manway

entrance. Note that candles located in the top and middle plenum

clusters would only be accessible if the dome and tubesheet cluster

assembly of the APF were removed. Candles were positioned so that a

direct assessment of filter element and material life could be made for

• candles located at comparable positions in the top, middle, _nd bottom

plenum arrays. All arrays within a common plenum level also contained

surveillance candles at comparable locations, so that a direct

comparison of the filter element and material life could be made for

candles within the various arrays of a common plenum level. And

finally, surveillance candles were positioned within a given array to

reflect any change that may have occurred in the filter elements or

•. material life along the inner and outer candle ring positions.

" 8.3 Candle Filter Inspection After 500 Hours Of Hot Gss Filtration

, Between October and December 1992, the Westinghouse APF system

_, operated for -500 hours in the PFBC environment filtering fly ash fines

that were generated from the combustion of Pittsburgh #8 coal. Plum Run

-, dolomite was used as the sulfur sorbent during this segment of testing.
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As shown in Table 3.4, the nuimus temperature that the clay bonded

. silicon carbide candle filters experienced was 790-810'C (1450-1490"F)

for a period of 45 hours. The first indication of dust in the off-gu

_° stream wu detected during this time period. The plant, however,

continued to operate until a combustor trip occurred, which subsequently

terminated hot gas filtration testing.

. After cooling and prior to lifting the candle clusters out of

the filter vessel, dust was removed from the APF ash hopper. Broken

candle sections were encountered during the ash removal effort

(Figure 3.6). Initial inspection of the three bottom plenum candle

arrays via the manway entrance on December 16, 1992 indicated that

candles had broken in each candle filter array. Fifteen candles had

broken in the bottom plenum of Cluster A, four in Cluster B, and two in

Cluster C (Figure 3.7). (1) Segments of these twenty-one failed candles

were initially considered to have fallen into the ash hopper in the

Westinghouse APF vessel. In the bottom plenum of Cluster B, one candle

was identified as hanging below the bottom level of the attached

candles, indicating that it had also fractured, but was supported in the

i'_, array via the packed ash which was bridged between adjacent candles.

When viewed from the manway, severe bridging of avJhwas evident

_ in the bottom plenum of ClusterB (Figure3.8), while only marginal ash

' " r bridging was identified along the bottom to the mid-section of candles

located in the bottom plenum of Cluster C (Figure 3.9). The bottom

plenum of Cluster A (Figure 3.10) was virtually free of ash buildup, but

had the greatest number of candles that failed during testing at Tidd.

ii I I ill i I

,,0

'_ (I) Bo_%om megmen% o_ candle AEP/APF-ISO loeL_ed L% pomi%ion A/B-I

_iled between %he %ime o_ %he me,nw8_y inspeation _nd %he _il%er

,,.._ Ii_%, producinK L f_emh _LQ_ume ne_ %he _nai_ion section of the
c_ndle _il%er. Similarly durlnK truafer o_ _he APF system from

':_ the w_mmel to _he m_iona_¥ muppo_ m_uc_u_e, _ndle _ilte_

AEP/APF-Ig5 lo_zted z_ pomi%ion B/B-48 d_oppod on%o %he mupport
.._ m_ucture floor boards, _zzin produoinZ z fresh frsoture' near _he

_znmition mec_ion of %he _Ludle%_
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TABLE 3.4

_STINGHOUSE APF SYS_ OPERATING TEMPERATURES

Test DL_e Ti=e, Ers TemperL_ure, *C (°F)
IIl_l,lllllr [ ]] I i ilrn,|,lll_r i 11w II IIII II

1 10/28/g2- 20 820-8S0(1150-12003
11/2/92 18 730-760 (1350-1400)

62 68o-a6o(12oo-12253(L)

2 11/21/o2- 12 s4o-62o(Iooo-11so)
11/25/92 24 760-790 (1400-1450)

so eso (_2oo) (b)

3 11/25/g2- 32 705-730 (1300-1350)
1217192 4a 720-745 (1325-1370)

27 760-790 (1400-1450)
45 7g0-810 (1450-14g0)

:, 60 725-730 (1335-1350) (a)

Followed By Trip Restart.
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_,,, Fi_e 3.0 - CLndle Fil_er Sepen_o lenoved Fron The Ash Hopperd
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NORTH

C//B (300') ..
" _ A/B {SO° 1

/

a/a (lao') BOTTOM PLENUM

Figur, 3.7 - LocLtion of the FrLctured Candles in the Bottom Clusters
of the ...-A_F System
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fllpu'm 3.9 - Photo Of b_ou O),um'bmr0 Zn _o Wem_:LnlihoummAPF Sysst_em
During The Deaenber 18, 199g lfuwm7 Znapec_,ion

,j
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Fizure 3,10 - Photo O! Bottom Cl_Cer A In The Westinzhouae _PF System
Durin| The December 16_ lgg2 gs_wsy Inspection

3-23

Rid-2g787



Perry-nine candle f4.1t,er eepents were retrieved durins removal

of the uh from the Westin|house APF filter vessel, u well u durinj
s

the iift of the filter cluster array from the pressure shell. The

lenzth of the retrieved candle filter eepents rsnzsd from -75 D to

_988 an (3 inches to _40 inches) (Table 3.5). The sversze lenzth was

439 am (17,28 inches; laa 0.04 inches). Twelve of the collected candle

filter eel_nente were between 283 and 305 lm (10 and 12 inches) in

lenzth.

Chips and surface scratches were evident aloes many candle

eepents, Du.-inS retrieval of the broken candle acidosis, the various

pieces were stacked into s 1erie pile. Bued on the virtually clean

surface of the chips (i.e., dark silicon carbide Stains evident; absence

of dust), we suspected that these chips occurred durinf stackinf and

were not the result of candle 8elrsents breskinj durinli filter operation

which collided into an adjacent candle(s), czueinr, s cascade of fellies

candle sections to occur. If the _ failure had occurred, the

surface of the candle filter sepents would be chipped, but a dust layer

would blanket the chip, similar to many of the fractured candle
surfaces.

What was interestinE to note was that 13 candle sections were

entirely caked with ash on both ends (7 with closed end tips and an

exposed fractured surface; 6 with both fractured surfaces exposed).

Alternately, 25 candle se_nents h_ only one end caked with dust, while

the opposite fractured surface wu virtually free of ash (9 with closed

end tips Led an exposed fractured surface; 14 with both fracture

surfaces exposed). In addition 11 candle filter sepents were removed

from the uh hopper which appeared to have both relatively clean

fractured surfaces (2 with closed end Lips and an exposed fractured

surface; 9 with both fractured surfaces exposed).
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TABLE3.5

...e

LENGTHSOF BROKENCANDLEFILTER SECTIONSRETRIE_D DURING

, ASH REMOVALFROMTHE WESTINGHOUSEAPF SYSTEM

• Open Ended Fractured Sections, Fractured Closed Bottom Sections,

n in nnnlI I nnl II illi, i1[ ii ,,i [ li [ '1'' '1"'1"1"' ' ' ' ' 'l ' ' '1
!

(1) 305 (21) [,DO (1) 330

- C2)..sos Cs2) soo CS) s¢s
•., (3) ~305 (23) 878 (3) 318

(4) 438 (24) 984 (4) 287 ..-

(5) 311 (25) 699 (5)-457 ..

(e) _s4 (26) ss4 (e) 894 ,.
C7) 26o (27) ss4 (_) 362
(s) 3o5 (2s) ice (8) 280

_ (9) 254 (29) 127 (9) 222 _.

_- (10) 254 (30) 229 (10) 148 . -

- (ii) 305 (31) 7'6 (ii) 833
(i2) 2ie (i2) s4s
(13) 311 (13) 787

, (14) 191 (14) 590

ClS) sso (is) e4s
(18) 813 (1e) 781

(17) 835 (17) S33

i_ (18) 521 (18) 457

(19) 940

(20) 822
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After removal of the candle filters from the bottom plenums,

post-test inspection of the 21 failed candle sepents was conducted. {i+i
,5

Seventeen of the 21 candle segments were relatively short (i.e., ~100 to :'

1@6 mm), while four were relatively long sections (i.e., 1105 to _.

1143 ram) (Table 3.@). The 17 short segments had circumferentially

fractured the dense clay bonded silicon carbide matrix below the fine-

to-coarse transition section of the candle filter (Figures 3.11 through

3.13). Four of the 17 failed short candle segments had fresh fractured

surfaced (A/B-l, A/B-21, A/B-22, and B/B-43), implying that the final

fracture which removed the bottom section of the candle occurred after

termination of the hot gas filtration test in the APF vessel.

Alternately, actual failure of the candles prior to test termination may

have occurred, only if the severed candle h_d not slipped, but was

tightly held in the cluster array via the surrounding dust bridge (i.e.,

B/B-43).

Photographs of the four relatively lone failed candle segments

(A/B-2, B/B-21, C/B-1, and C/B-22) are shown in Figures 3.14 through

3.21. A fresh fracture surface was detected on O/B-1 #308 and C/B-22

#310. These candles were located along the outer ring of the bottom

plenum of Cluster C, closest to the filter vessel wall. Note that A/B-2

#062 and B/B-21 #309 were positioned along the outer ring of the bottom

plenums of Clusters A and B, respectively, again close to the filter

vessel wall. Both A/B-2 and B/B-21 candles had a heavy deposit of ash

along their fractured surfaces implying that failure of these candles

had occurred at _n earlier point in time in comparison to failure of

either candle C/B-1 or C/B-22.
_L

Two additional, near full length candle segments were also found _

in the ash-laden candle cluster after lifting the APF intern_._Isfrom the ,+_

filter vessel and transporting it to the support structure. These near

full length candle segments fractured below the flange transition

section (Figure 3.22 through 3.25). As shown in these photos, ash-like

3-26
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_ TABLE3.6
;d

LENGTHOF FAILEDCANDLESTHAT RF_NED IN THE FILTERMOUNT
....

C:n.2/o21

Candle Position IV Length, m Comment

i"j , ,i ,,iiJl ,i i i ,nn,, i l l,t

1 A/B-1 150 120.65 Fresh Fracture

2 A/B-2 062 1143

3 A/B-21 0_8 120.68 Fresh Fracture

4 A/B-22 092 114.3 Fresh Fracture -

5 A/B-23 475 107.95 ':

6 A/B-24 029 120.65 :: '

-- 7 A/B-25 078 139.7

... 8 A/B-26 174 107.95

9 A/B-39 016 120.65 -

'/ I0 A/B-@ 012 114.3 -

II A/B-38 451 120.65

,:_ 12 A/B-41 186 127.0
13 A/B-48 059 165.1

"_ 14 A/B-49 053 114.3

:"_' 15 A/B-50 178 114.3

_. 16 B/B-21 309 1270.0

: 17 B/B-43 125 101.6 Fresh Fracture

18 B/B-4_ 130 139.7

_. 19 B/B - 52 095 133.1

20 C/B-1 308 1193.8 Fresh Fracture

:'_i"_ 21 C/B-22 310 1104.9 Fresh Frtcture

* Top O_ Flange To Fracture Surface.
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Figure 3.11 - PhotoEraph Illustrating The Length Of The Fresh Fractured
C_ndle Sections That Remained In The Filter Holders -
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:, Figure 3.12 - Photograph Illustrating The Length Of The Fractured Candle
_'__ Sections That Re=Lined In The Filter Holders . A Heavy

Deposit Of Ash Is Seen To Coat The Fractured Surfaces.

,,

" 3-29
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Figure 3.13 - Additional Photograph Illustrating The Length Of The
Fractured C_ndle Sections That Remained In The Filter
Holders. A Heavy Deposit Of Ash Is Seen To Co_t The
Fractured Surfaces.
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Figure 3.14 - Fractured Candle #062 (A/B-R)
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A/B-2 #062

FiEu_e 3.15 - Hea,7 Deposi_ Of Ash Along The Fr=c_ured Su_ce Of
O=dle_OB2(A/_-2)
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Filr_e 3.16 - Fr_=t;ured O_dle _309 (B/B-21)

°l,w,

_4
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FiE_e 3.17 - Hesv7 Deposit Of Ash Along The FrLc_ured Su_fmce Of
C,_dle#309 (B/B-21)
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?iK_eJ 3.19 - Freak Fz'e,ctuTed $uz':f_e 0:_ Ostadle #308 (C,/B-1)
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lti_l 3.21 - Fruh ltrict, ulid Sullies Oi Oilidll #310 (0/B-22)

i,
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Figure 3.22 - Bottom Section Of CLndle Filter #125 (]3/3-43).
_ Note The Dumpling-Like Ash For_tions Along The
.._ Candle Filter Surface.

+

+
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Figure 3.23 - Ligh_ Coating Of Ash Along The Fresh Fractured
Suxf_ce Of Candle #128 (B/B-43)
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,;': FiL_re 3.24 - Bottom Section O_ An Unidentified Candle Filter.
_ Note The Dumpling-Like Ash FormLtions Along The

Candle Filter Sur_Lce.

,_
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Fi&_re 3.25 - He_T7 CoatinK Of Ash AlonK The Fractured
Surface 0:_ The Unidentified Candle
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. dumpling deposits were evident along the length of the candle body,

+i typical of the ash deposits that remained along each candle at

termination of the hot gas filtration test (Figures 3.8 through 3.10).

The candle located in B/B-43 (#129) had a fresh fractured surface,

indicating that the fracture either occurred during the hot gas

filtration test whereby the bridged ash held the fractured section

, firmly in the candle array, or sore likely at test termination during

+. transfer of the candle array from the vessel to the support structure.

The second long, flangeless section of candle had an extremely

heavy coating of dust along its _ractured surface, implying that the

break had occurred earlier during the test. The ash in the bottom

plenum of Cluster B may have supported the candle section which had

fractured and slightly shifted. We believe that this is the segment of

candle that was seen to "hang s below the level of the other candles in

the bottom plenum of Cluster B during post-test characterization.

From the 49 broken candle filter pieces that were removed from
.+

the ash hopper (Figure S.@), we were able to reconstruct two near full

length candles as shown in Figures 3.28 and 3.27, and two somewhat

' shorter candle bodies. Unfortunately the flangeless, near full length

"_ sections of candles could not be matched with any of the short sections

that remained in the filter mount (Figures 3.11 through 3.13). This

implied that perhaps an additional section o_ candle may have been

.+ removed between the flange section and the near full length candle body,

or that additional chipping may have occurred along the fractured

"_ sections o_ candle that fell into the ash hopper.

_"+ The reassembled candles were noted to have an obvious bow along

their length. One was bowed 5 mm (0.2 inches) over its 838 mm (33 inch)

r, segment. Bowing suggested some period of sustained bending load that

caused the candle to creep or a steady state thermal gradient across the

.+, candle diameter which caused a bending stress that was relaxed by
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Figure 3.26 - Nest Full LenE_h leconn_ruc_ed GLndle Filter
t.
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,-/ FiK'ux'e 3,27 - He= Full LenK_h Recons_tc_ed Ow.ndZeFil_e=
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creeping. Further examination of the extent of bowing along the intact

candle filters was also conducted. These results _re presented in ....

Section 4.

Fracture analysis of the failed candle filter segment was

performed to establish the primL-y fracture surface and failure mode.

Three of the reassembled candle sections had well developed "shear

lips", typical of a beam broken in a bending mode. The fourth

reassembled candle section did not have a well defined lip, but appeared

to have somewhat of an abraded fracture surface. This may have occurred

during handling and shipping. There was no evidence of longitudinal

cracking along any of the primary fracture surfaces. Similarly the

secondary fractures were virtually all transverse breaks.

Since the top and middle candle arrays remained completely

intact, failure along the bottom candle _._rayswas related to ash

bridging. The presence of the bow along the failed candle filter

sections, as well as the 'shear lip" on the primary fracture surface

suggested that either there was a catastrophicevent (i.e., in addition

to a sustained load) such as a cascade of ash which caused a shock wave,

or a sustained bending load which caused delayed failure in 5ending.

The bow appeared in general to be in the appropriatedirection relative

to the "shear lip", suggesting the l_tter scenario.
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4. PHYSICAL PROPERT_S OF T_ CLAY BONDED
S_ICON CARB_E CANDLE F_TERS

,_

AFTER EXPOSURE AT TIDD

i

After termination of the Westinghouse APF test in December 1992,

inspection and characterisation of the top, niddle, and bottom plenum

candles were performed. As shown in Figures 4.1 through 4.9, all

candles in the top and middle arrays appeared to remain virtually

intact, while failure o! 21 candle filter elements occurred in the

bottom arrays. Notably the botto= candle arrays were heavily bridged

with ash, while ash bridging between adjacent candles along the top and

middle arrays was limited. Ash dumpling-like deposits were readily

evident along the top and middle candle arrays, as well as a white

surface coating which was characteristic of sorbent carryover to each

filter element surface.

In an attempt to determine whether there were any major process

system differences between the top, middle, and bottom candle locations

during the 500 hours o_ hot gas filtration, inspection and physical

property characterization were performed on:

• Twenty-three (23) surveillance candles that were removed from

the bottom plenums. Note A/B-1 #150 which was one o_ the

original 24 surveillance candles in the bottom cluster

fractured during the 500 hour hot gas filtration test period.

• Two (2) surveillance candles that were removed from the

_ middle plenum arrays.

., * Two (2) surveillance candles that were removed _rom the top

plenum arrays.

1
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Ftg_u'e 4.1 - C_nd!e F_l_er Cluster A/T _er 500 Hours
O_ Ho_ Gss Filtrscion
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• Figure 4.2 - Candle Filter Cluster A/M A_ter 500 Hours
Of Hot Qa,s Fil_r_tion
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Figuxm 4,3 - Candle Fil_er Clus_er A/B Al_er 500 _our_
O! _ot Gas Fil_ra_ion
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. Figure 4.4 - Candle Fi!_er Clus_er B/T A_er 500 Hour_
Of Hot; Gas Fil_r_tion
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Figu=, 4.5 - Caadle F_l_er Cluster B/M A_er 500 Eou_s
Of Hot_GM Fil_ration
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"_ Figure 4.6 - Candle Filter Cluster BfB A/ter 500 Ho_rs
-_ O_ Hot Gas Filtratio.
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Figure 4.7 - Candle Filter Cluster C/T ;dter 500 Hours
Of Hot Gas Filtration
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_' Figure 4.g - C_dle Filter Cluster C/B Alter 500 Hours
:_ Of Hot Gas F_ltr_tion

. ,j,

-_ 4-9
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Figure 4.8 - Candle Filter Cluster C/M After 500 Hours
O_ Hot Gas Filtration
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Five (5) additional candles were removed for inspection and physical
' i

property characterization. These included:

* One candle from an inner ring along a top array (B/T-23 #459)

" • One candle from an inner ring along a middle array (B/M-23

#244)

, • One additional candle along the outer ring in the bottom

array of Cluster C (C/B-5 #187)

. Two bowed candles along the inner rings in the bottom array

of Cluster B (B/B-34 #127; B/B-45 #106).

Figure 4.10 identifies the location of the candle filters that

.. underwent in-depth physical and chemical post-test characterization.

. Post-test characterization of each filter element included pressure

drop, length, and bow, as well as time-of-flight (TOF) measurements. ._

The results of these analyses are presented in this section. A

comparison of these results will be made with similar as-manufactured+.

.... candle measurements. A discussion of the changes that resulted in the

': morphology and composition of the filter matrix is presented in

!:"! Section 6. Strength characterization which included both C-ring

..: compression and burst strength testing, as well as Auger analysis and

,_.. gravimetric analysis to determine the extent of oxidation that may have

occurred in the clay bonded silicon carbide matrix axe presented in

'_, Section 7.

_._ 4.1 POST-TEST CANDLBFILTER PRESSURE DROP MEASU_MENTS

[!_ All thirty-two (32) field-tested candle filters were tested in

terms of pressure drop across each filter at room temperature. The

..... dumpling-like ash deposits along the candle OD were retained initially

_._l" during the pressure drop measurements. In comparison to the as-
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manufactured clay bonded silicon carbide candle filters, the dumpling-

like ash deposits and thin white sorbent layer restrict air flow through

the filter, and consequently a higher pressure drop across the 500 hour

PFBC exposed candle filter resulted. In principle when the ash and

sorbent fines are removed from the filter OD (i.e., vacuumed brushed),

the pressure drop should decrease to an intermediate value (i.e.,

between the pressure drop for the original, as-manufactured candle

filter and the "dirty" candle after field testing). As process

temperature increases the projected pressure drop increases across the

field tested candle filters (Figures 4.11 through 4.14).

The pressure drop data generated for each of the 32 candles is +

presented in Table 4.1. These data include the actual room temperature

measurements for each candle in its as-received state (i.e., ash

dumpling deposits, as well as thin sorbent layer), and projected

pressure drop across each candle at nominal hot gas filtration

temperatures (843+C; 1550"F). Similar data are provided for each of the

32 candle filters after vacuum brushing.

Based on previous experience using the clay bonded silicon

carbide candle filters, a factor of 1.95 was used to calculate the

projected pressure drop across the filter at high temperature, in

comparison to the room temperature data. In contrast, laboratory data

generated at Westinghouse STC indicated that a 2.5 factor resulted

between the room temperature and high temperature pressure drop data for

the alumina/mullite filter elements.

Table 4.1 indicates that the ash cake dumpllngs' and thin sorbent

layer significantly increase the pressure drop across the candle

filters. Review of Table 4.1 indicates that vacuum brushing the OD of

each candle either removed significant ash and sorbent to lower the

pressure drop across the filter element, or enhanced pore plugging along

the OD surface to increase the filter pressure drop measurement.
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14 Fis_e 4.11 - Koon Tonpers_u.-e IfeLeu_emen_ Of The Pren_ure Drop
Across The Ols:yBonded BLXiconO_bide OsndXeFiXt_erm
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Piltwe 4.12 - Pressure Drop Across The Clay Bonded Silicon Carbide
Candle Filters Projected At 730"C (1350"F) Hot Gas
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Figure 4.13 - Pressure Drop Across The Clay Bonded Silicon CLrbide'.'T,

_, Candle Filters Projected At 810"C (1490"F) Hot Cas
-_J Filtration Temperstures
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Figure 4.14 - Pressure Drop Across The Clay Bonded Silicon Csrbide
Candle Filters Projected At 843"C (1550"F) Hot Gas "'
Filtration Temperatures
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TABLE4.1

POST-TEST CANDLEFILTER PRESSUREDROPMEASUREMENTS

;j Pressure Drop, psi at 10 ft/min

. Candle Position ID Initial As=Received .... Vacuumed Brushed
No. 21"C 21*C 843"C 21°C 843"C

' (70"F) (70"P) (lSSO'F)** (70"F) (1550"F)

;i 1 .....4/T-I • 492 0.284 0.553 ....0.309 0.602
2 B/T-1 • 504 0.123 0.330 0.642 0.230 0.447
3 B/T-23 459 0.217 0.422 0.214 • 0.417

_-, 4 A/M-I • 367 0.459 0.894 0.257 0.501
5 B/M-1 • 436 0.283 0.552 0.209 0.408
6 9/g-23 244 0,218 0.424 0.233 0.454
7 A/B-5 • 028 1.182 2.302 1.182 2.302
8 A/B-6 • 065 1.053 2.050 1.029 2.004
9 A/B-7 • 019 1.134 2.209 1.101 2.131
10 A/B-8 • 083 1.142 2.223 1.190 2.318
11 A/B-16 • 075 0.932 1.814 0.913 1.778
12 A/B-17 • 172 0.120 0.819 1.595 0.848 1.651

_ 13 A/B-18 • 164 0.915 1.781 0.914 1.780
,, 14 A/B-19 • 002 1,036 2,018 1.065 2.067
-: 15 A/9-35 , 056 0,873 1.910 0,g54 1,858
• 16 A/B-36 • 071 1,047 2.039 1,026 1.998

17 B/B-1 • 193 0.674 1.313 0.797 1.552
' 18 B/B-5 • 343 0,415 0,809 0,464 0.904
; 19 B/B-6 • 297 0,393 0.785 0.377 0.734

20 B/B-7 • 115 0,395 0.768 0.342 0,667
21 B/B-8 • 238 0.461 0.898 0,417 0.814

'_ 22 B/B-16 • 089 0.429 0,836 0.397 0.773
- 23 9/9-17 * 328 0.443 0,863 0,425 0,827

24 B/B-18 • 253 0.126 0.469 0.915 0.586 1.142
, 25 B/B-19 * 213 0.745 1.451 0.761 1.483

:_, 26 B/B-34 127
27 B/B-48 I06

,_ 28 C/B-5 187 0.288 0.561 0.228 0,444
i 29 C/B-6 • 176 0.131 0.320 0.624 0.224 0.437

30 C/B-7 * 129 0.107 0.329 0.642 0.214 0.417
31 C/B-17 * 314 0.254 0.494 0.204 0.397

_ 32 C/B-18 * 097 0.132 0.244 0.476 0.216 0.421
l II [ [,llSll [[ 'l llllllllJl If J [ill[ II r l[ ill [ I JJ[ l l lJJ

• Initial Surveillance CLndles.
• , Previous Data With Alumina/Mullite Candles Established A 2.5 FLctor

:_ Between Room Temperature _nd 843"C (1550"F) Permeability DstL.
Factor Used To Establish The High Temperature PermeabilityFor

_ The Clay Bonded Silicon Carbide Candles Was 1 95._" e

_. 4-21
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An attempt was made to water wash several of the surveillance _

candles (i.e., ID to OD) in order to remove collected ash and sorbent _

fines. After water washing, filter peremeability increased when ash i.

fines collected only along the candle OD surface. When ash and sorbent

fines collected along the ID candle surface, pressure drop across the .

candle was seen to further increase as a result of forcing the ID fines

into the coarse clay bonded silicon carbide wall.

4.2 POST-TBST Chd_DLBFILTBI DDIBNSION$

After vacuum brushing and/or water washing, each of the 32

candle filters was measured in terms of overall length (i.e., flange to

end cap) and extent of bowing. These data are presented in Table 4.2.

The initial length and bow measurements that were provided by Schumacher

at the time of candle shipment are also provided in Table 4.2. The

original specification for candle filter length was 1515 * i0 :m. As

shown in Table 4.2, the length of the candles after 500 hours of

exposure to PFBC conditions was comparable to that of the original

candle lengths. Any observable creep of the candles was not e_ident

within the 500 hour exposure time period.
h

The candles particular_.y along the bottom plenum arrays did,

however, bow after 500 hours of hot gas filtration in the PFBC gas

environment. The original candle filter specification for bow was <3

ma, end-to-end. The double asterisks in Table 4.2 indicate those

candles (i.e., surveillance and non-surveillance candles that were

tested in this effort) which exceeded the 3 am tolerance for bow. A

1.3- to 29-fold increase in candle bow resulted in these specific

candles after 500 hours of exposure to PFBC gas conditions. The

greatest bow was experienced by candles located in B/B-S4 and B/B-45

(12.7 and 14.28 am, respectively).
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TABLE 4.2

POST-TEST CABLE FILTER DIMENSIONS

.... Candle Position IV Length, mm Bow, n
No. Initial (a) Final (b) Initial (a)Final (b)

1 ....A/T-z......• 402.............isis.......ND........O_S.....O,e3_......
i BIT-I, SOl ISls islS 05 o ess
3 B/T-23 469 1513 1614 0.7 0.835

, 4 A/M-1 * 367 1516 1516 0.7 3,175 **
5 B/M-1 , 436 1515 1515 0.4 0.635
6 B/M-23 244 1515 1515 1.8 3.175 (**)
7 A/B-5 * 028 1515 1514 0.4 5.556 **
8 A/B-6 * 065 1518 1518 0.9 6.350 **
9 A/B-7 * 019 1515 1515 0.4 2.381

• 10 A/B-8 , 083 1516 1516 0.4 2.381
11 A/B-16 , 075 1515 1516 0.4 0.635 "
12 A/B-17 , 172 1515 1516 0.6 1.588
13 A/B-18 , 164 1518 1518 0.9 4.783 **
14 A/B-l@ , 002 1513 1513 0.3 8.731 **
15 A/B-35 , 056 1515 1514 0.7 1.588
16 A/B-38 * 071 1615 1515 0.5 7.938 **
17 B/B-1 * lg3 1516 1518 0.9 4.783 ** "
18 B/B-5 * 343 1515 1515 0.6 8.350 **
19 B/B-6 * 297 1515 151_ 0.8 4.783 **

" 20 B/B-7 * 115 1515 1614 1.0 3.175 **
21 B/B-8 * 238 1515 1618 0.6 3.888 **
22 B/B-18 * 089 1513 1515 0.6 8.595 **

- 93 B/B-17 * 328 1815 1514 0.7 6.350 **
i 24 B/B-18 , 253 1518 1517 0.5 3.175 **
i: 25 B/B-19 , 913 1516 1518 0.4 1.588

28 B/B-34 127 1516 ND 0.5 12.700 (**)
: 27 B/B-45 106 1513 _ 1.0 14.287 (**)

28 C/B-5 187 1515 1515 0.6 2.381
99 O/B-6 , 176 1515 1516 1.6 2.381
30 O/B-7 , 199 1513 1515 1.0 1.588

"_, 31 0,/B-17 , 314 1615 1516 0.6 3.175 **
3R C/B-18 , Og7 1615 1514 0.9 3.869 **

• Original Surveill_nce Omndles.
_fl):Not Determined.

_ l:t Schumacher Me,ur,ment,.
Westinghouse Meuurements+ ** Survei lance CLndles That Were Out O! Tolerance (>3=m).

,_, (**) NonlurveillLnce CLndles ThLt Were Out O! TolerLnce (>3 n).
+/'
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Bowing was expected to result from ash bridging in the candle

array. The ash and sorbent bridge pushed against the middle-to-bottom

end of the candles, while the entire candle remained at high temperature _

and was firmly held at the flange in the filter mount. In addition a 'i

temperature and/or pressure difference between the surface of the candle

that was embedded within the bridged ash cake, and the surface of the

candle that was more directly exposed to the process gas (i.e., along

the outside of the array rings) may be contributing to the resulting bow

of each of the bottom candle arrays that were bridged with ash.

All of the remaining candle filters that were located in the

bottom plenum arrays were initially cleaned prior to removal and return

to Westinghouse STC. The cleaned candles were also evaluated in terms

of bow in an attempt to further determine the extent of bowing, as well

as the orientation of the bow. Table 4.3 indicates that the largest bow

was "24 mm ('i inch) along candle #123 which was located in B/B-28.

Note that B/B-28 was located along an inner ring (i.e., second ring from

the outside in the candle array), closest to the failure locations of

candle #130 in location B/B-42, and candle _125 in B/B-43.

Since many of the reported bows that are shown in Table 4.3 were

less than the original bow, we suspected that these candles may not have

been completely cleaned prior to measurement. Any residual ash deposit

or eclumpWalong the candle OD wall would prevent an accurate

measurement of candle bow. We do not believe, based on the rigorous

cleaning techniques that were used for the original 32 candle filters,

that the bottom candle filters relaxed after @00 hours of PFBC hot gas

filtration changing the original direction of the minor bow. As a

result, we currently have not pursued our initial intentions of

attempting to determine the extent and direction of bowing in the candle

filters that were located along the bottom plenum arrays.
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TABLE4.3

J
" POST-TEST DETER_NATIONOF BOWALONGTHEBOTTOMPLENUMCANDLEFILTERS

C_ndle _ Bow,
• No. Position No. InitiL1 (L). FinL1 (b)

.... 1 .... _/B-i ..............160 ..................0.8 - Broken * _....
2 A/B-2 062 0.7 Broken ,
3 A/B-3 004 0.5 3.175
4 A/B-4 080 0.9 4.726
5 A/B-5 028 0.4 5.556
8 A/B-6 065 0.9 6.350
7 A/B-7 010 0.4 2.381
8 A/B-8 083 0.4 2.381
9 A/B-9 200 1.2 1.588
I0 A/B-IO 184 1.3 --
11 A/B-11 988 0.8 Broken **
12 A/B-12 195 0.6 Broken **

,' 13 A/B-13 189 1.4 0.79
14 A/B-14 192 1.1 1.59
15 A/B-15 104 1.9 i.50
16 A/B-16 075 0.4 0.635 -
17 A/B-17 172 0.6 1.588

. 18 A/B-18 164 0.9 4.763
19 A/B-19 002 0,3 8.731 i

....,.. 90 X/B-90 081 0.? 9.Sa
91 A/B-21 098 0.5 Broken ,

"_ 22 A/B-22 099 0.8 Broken *
23 A/B-23 475 1.2 Broken *

_ 24 A/B-24 029 1.3 Broken *
• 25 A/B-25 078 0.7 Broken ,

26 A/B-26 174 1.0 Broken •

_., Westinghouse Dsts.
_', * PaLled During TestinE.

• * Broken Durins Shipment To Westinghouse Or During
EvslustLon.

_, HA Not AvLilLble.



TABLE4.3 (Con_'d)

.,

POST-TEST DETE_NATION OF BOWALONGTHE BOTTOMPLENUMCANDLEFTLTBRS ..

Candle ID Bow,
No. Position No. Initial (a) Final (b)

x/B:2 .................. .... ......
28 A/B--28 010 0.6 2.381
29 A/B-29 199 0.9 1.588
30 A/B-30 182 0.9 --
31 A/B-3i 196 0.7 0.79
32 A/B-32 197 1.8 --
33 A/B-33 179 0.8 --
34 A/B--34 204 0.7 0.397
35 A/B-35 056 0.7 1.588
36 A/B-36 071 0.5 7.938
37 A/B-37 064 0.7 12.7
38 A/B-38 451 0.7 Broken ,
39 A/B-39 018 0.7 Broken ,
40 A/B-40 012 0.4 Broken ,
41 A/B-41 188 0.5 Broken ,
42 A/B-42 178 1.0 2.38
43 k/B-43 180 0.9 --

A/B-44 255 1.o --
45 A/B-45 257 0.9 --
48 A/B-46 183 0.7 --
47 A/B-47 007 0.5 13.49
48 A/B-48 059 0.8 Broken ,
49 A/B-49 083 0.4 Broken ,
50 A/B-50 178 1.0 Broken ,
51 A/B-51 186 1.2 1.588
52 A/B-52 258 1.0 1.588

..... i )_ __ ii im_ui i i _ lllllml i . i Ill I -_ .... ii __

Westlnlhouse D&g&.
* Fsiled During TestinS.

,, Broken Durins Shipment To Westinghouse Or During
Bvslustion.

NA Not Avsilsble.
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TABLE4.3 CCont'd)
mhI

"_ POST-_ST DETERMINATIONOF BOWALONGT_ BOTTOMPLENUMCANDLEFILTERS

i

Candle ZD Bow, na
No. Position No. Initial (a) Final (b)

' ...............I ...... B/B-i ........ 193 O. g........... 4,76-
2 B/B-2 116 0.7 --

", 3 B/B-3 344 O.6 NA
".,' 4 BIB-4 347 0,4 3.97

5 B/B-5 343 0.6 6.350
. 6 B/B-6 297 O. 6 4.783

7, B/B-7 115 1.0 3.175
8 B/B-8 238 0.6 3.960
9 B/B-O 324 1.1 2.38

10 B/B-IO 332 0.4 --
,, 11 B/B-11 302 0.6 --

12 B/B-12 327 1.0 --
13 B/B-13 285 0.4 --
14 B/B-14 348 1.2 --

_' 15 B/B-IS 345 0.6 5.56
18 B/B-16 089 0.6 9.525
17 B/B- 17 328 O.7 6.350

. 18 B/B-18 253 0.5 3.175
19 B/B-19 213 0.4 1.588

•,,, B/B-20 283 O.7 NA
,', 21 B/B-21 300 O.6 Broken ,
- 22 B/B-22 I17 0.8 4.76

23 B/B-23 202 1.0 5.56
24 B/B-24 203 1.0 1.5g

•': 25 B/B-25 124 O.4 4.78
26 B/B-26 103 0.4 4.78

b

_.. WntinEhouse Data.
_:_ , Failed Durin$ Testing.
_ ** Broken Durini Shipment To Westinzhouse Or DurinE

Evaluation.
:[_: NA Not Available.



4.3

POST-Tt.,,.qTDETERMINATIONOF BOWALONGTHE BOTTOMPLENUMCANDLEFILTERS _'

",

Osmdle ID Bow, m= ,
No. Position No. Initlsl (L) Pinsl (b)

27 ...... SlS- ....... .......... ........ 1 .2-88' .......
28 BIB-28 123 0.8 23.873
29 B/B-2g 102 0.4 7.038
30 B/B-30 llg 0.5 --
31 B/B-31 f18 O.g --
32 B/B-32 120 O.8 --
33 B/B-33 114 0.4 5.588
34 B/B-34 127 0.5 12.700
35 B/B-38 085 0.5 12.700
38 B/B-38 128 0.7 3.175
37 B_-37 034 0.9 6.35
38 B/B-38 321 0.8 3.175
39 B/B-39 219 1.0 3.175
40 B/B-40 113 0.8 8.35
41 B/B-41 109 0.5 14.288
42 B/B-4_ 130 2.0 Broken •
43 B/B-43 128 0.5 Broken *
44 B/B-44 110 0.7 3.969
48 B/B-48 108 !.0 i4.287
48 B/B-48 112 0.6 Broken **
47 B/B-47 107 0.5 2.381
48 B/B-48 !08 0.8 3.175
4g B/B-49 Ogl 1.7 8.731
50 B/B-50 221 0.4 16.889
51 B/B-51 220 1.0 8.35
52 B/B-52 095 0.7 Broken •

....... --- : [_ iii i - ii ii • irlll ii ii .... iii II _- _ -- __ __I I

Wes_inlhouse DLts.
• Fsiled Durins Tee_inz.

,, Broken Du=ins Shipment To Wes_inshouse Or Durins
_vtluLCion.

HA Not Avzilsbls.
¢
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TABLE 4,3 (toni'd)

' .+
e,

•_ POST-TEST DETEitMINATIONOF BOWALONGTHE BOTTOMPLENI_ CANDLEFILTERS

+ Candle ID Bow, mm
No. Position No. InitiL1 (L) FinL1 (b)

2 c/s- 312 o.s .sss
• 3 c/s-3 304 0.8 1.sss

4 C/B-4 337 0.8 --
5 C/B-5 187 0.6 2.381
6 C/B-6 176 1.6 2.381._

7 0/3-7 129 1.0 1.588
8 C/B-8 329 O,9 O.794
O C/B-O 330 0.4 --

10 C/B-IO 335 1.3 --
• 11 C/B-11 338 0.7 --

12 O/B-12 284 0,5 --
13 C/B-13 287 O.7 --
14 C/B-14 319 1.3 0.794
15 C/B-15 347 0.4 1.688
16 C/B-16 _S2 0.4 --

". 17 C/B-IT 314 0.8 3.175
..+ 18 C/B-18 097 O. 9 3.969

19 C/B-19 295 0.9 --
20 C/B-20 296 0.5 2.381

'_ 21 C/B-21 198 1.9 HA
+: 22 C/B-22 310 O.7 Broken ,

23 C/B-23 188 0.4 3.175
• ;_.

+ 24 C/B-24 191 0.7 2.381
_. 25 C/B- 25 291 O, 6 --

26 C/B-26 305 O.5 I.588
i _ j ..... i lllllI I II l II ............. + ....... + +_ --- _=_;

t:+ °'"+,_, Westinghouse Dst&.
,." * Fsiled During Testing.
+" ** Broken During Shipment To Westinghouse Or During

EvLluLtion.
" NA Not AvLilable.
_,



TABLE4.3 (Cont'd) _

POST-_ST DETERiffNATIONOF BOWALONGTHE BOTTOMPLEN3/ CANDLEFILTERS

Csndls 11) Bow, u
No. Position No. InitiLl (s) FinLl (b)

28 C/B-28 298 0.4 --
29 C/B-29 318 0.5 1.588
30 O/B-30 303 0.7 --
31 C/B-3i 311 0.8 0.794
32 0/B-32 323 0.7 --

J 33 0/B-33 301 0.7 --
34 0/B-34 313 0.4 0.794
38 C/B-35 315 0.7 3.969
38 0/B-36 293 0.5 8.35
37 0/9-37 331 0.7 5.556
38 0/B-38 317 0.8 5.556
39 0/9-39 325 0.8 8.35
40 C/B-40 299 0.5 0.794
41 C/B-41 190 1.2 0.794
42 C/B-42 328 0.7 0.794
43 C/B-43 288 0.7 --
44 C/B-44 307 0.4 --
48 C/B-48 320 0.7 --
46 C/B-46 334 0.5 2.381
47 0/B-47 340 0.8 4.783
48 0/B-48 318 0.7 5.5_8
49 0/B-49 300 0.7 0.794
50 C/B-50 292 0.5 --
51 0/B-51 259 1.8 1.588
52 C/B-52 322 1.0 1.588

--(L) $ch_LCher DZ_'s.'............... _- ' .........
(b) WestinshouseDst&.
* Fsiled DurinK Testinz.
** Broken During Shipment To WestinghouseOr During

EvLluLtion.
NA Not Available.
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4.8 POST-TUT CAIql)LBr_TlJl TIMlJ-Or-FLXaRT MIASUIBMBiqT8

Tine-o_-_ii|ht (TOF) meu_ement8 of the 32 audlo fil_ere sfter

exposure t,o t,he PFBG |u enviro_ent, ere shown in Tsble 4.4. Wit,h t,he

except,ion o! t,wo _dlee (B/B-16 #080, sad O/B-18 _097), esch c_ndle

experienced an increase in its TOF nessurenent, _t,er exposure st, Tidd.

k_ lncreue in TOF impiied a reduction in csndle !ilt,er |st,oriel

st, renK_,h.

Ali:housh sah ud eorbent, fines rensiaed sloes end t,hroujh t,he

csndle !ilter body s!t,er esch !ilt,er wu vscuun brushed, t,be presenGe of

psr_iclee did not, 8d!ect, _he TOF securement,. A8 shown in Table 4.4,

once _he cLndlee were wuhed Led dried _t,er vscuuJ brushinS, t,he TOP

me_urement,e o! t,he ecle_uede csndle8 were nesrly cottpsrsble t_o t,he TOP

me_urementa repcrt_ed a!t,er only vscuun brushins.

4.4 $_Y OY THISBOW, TOY, _ PlUSUU DIOP ___C8 Or ?Ell
CLAYBONDBD83:LXCONCAIBI)B YlLTBII8 _TB1 IUIMOYALFIOM
WBST_qOHOU$BA?IPSYSTBIfZN DBCBMB]I1190|

Tsble 4.5 8ummsri|e8 t,he bow, TOIls ud pressure drop

chsrscCerim_ice o! _he clay bonded silicon carbide csndlee s8 s functLon

+ o! plenum end Lrrz). 1cost,ion wit,his t,he West,inzhouse APIPcyst, on. There

: appeared t,o be nezlizib]e bowinS in t,he t,op plenum c_dlee (i.e., A/T

end B/T). A eliZh_ increue in bow resulted alone t,he middle plenum

candles (i.e., A/M Lud B/I/), while t,he le_'|eet, ext,ent, of bowins regult_ed

along _he bot,t,on plenum csndlee (i.e., A/B, B/B, sad C/B). The lsrseet,

extent, o! csndle bowinf_ occurred in t,he bot,t,on errs7 of Oluat,er B which

, had _he greenest, ex_en_ o! uh bridzin| bet,wen _he rensinins cudlee at

.: _.es_, _ermiaa_,ion in December 1002.
t_

The TOF measurements for _he 600 hour PFBO exposed c_ndlee
?

ranged _'om 336 _o 362 #see. Adherence _d/or inclusion of duet, fines

did noC appreciablyz_ecc the reeulClnz TO? meuurenent,s, Al_ of t:,he

U
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TABLE4.4

POST-TEST CANDLEFILTER TI_E-OF-FLIGHT_b_EMEMTS "-

TOF, _sec

Candle Position ID Initial ' V_cuume'd ATOF ....Vacuumed ATOF
No. Brushed Brushed

Washed/Dried

I .....A/T-I "_....402.....330 337 7 337 7
Z B/T-1 . 504 332 339 7 331 -1
3 B/T-23 459 336 333
4 A/M-I • 367 332 340 8 339 7
8 9/]/-I • 436 336 343 7 343 7
6 B/M-23 244 344 334
7 A/B-8 • 028 343 353 10
S A/B-6 • 065 348 362 14
9 A/B-? • 019 340 356 16

I0 A/B-8 • 083 339 342 3
!I A/B-16 • 075 343 351 8
12 A/B-17 , 172 342 349 7
13 A/B-18 , 164 338 347 9 346 8
14 A/B-19 * 002 339 353 14
15 A/B-35 * 056 346 357 11
16 A/B-36 * 071 352 351
17 B/B-1 • 193 323 335 12 334 11
18 B/B-5 • 343 345 356 11
19 B/B-6 • 297 334 341 7
20 B/B-7 • 115 335 340 5
21 B/B-8 • 238 331 330 8
22 B/B-16 • 089 350 342 -8
23 B/B-IT • 328 339 344 5
24 B/B-18 • 253 335 344 9 346 11
25 B/B-19 • 213 323 342 19
26 B/B-34 127 340
27 B/B-45 106 348
28 O/B-5 187 347
29 O/B-6 • 176 333 344 11
30 O/B-7 • 129 347 356 9
31 0/B-17 • 314 332 338 6
32 0/9-18 • 097 351 345 -6 347 -4

• Initial Surveilla_ceCandles.
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TABLE 4.5

= SUMMARYOF BOW,TOF ANDPRESSUREDROP

.... CHARACTERISTICSOF THE SCHUMACHERDIA SC_ITH F40 CANDLES

REMOVEDFROMTHE W-APF SYSTEMON 12/92

Location Bow, mm TOF, _s Ap, psi at I0 fpm (RT)*

A/T (i) ** 0.635 337 0.284
B/T (2) 0.635 337.5 " 2.121 0.274 . 0.080

A/M (1) 3. 175 340 0.45g
B/H (2) 1.905 • 1.796(a) 343.5 * 0.707 0.251 * 0.046

A/B (10) 4.191 * 2.872 352,2 * 5.554 1.013 * 0.123
B/B (g) 6.422 • 4.085(b) 342.8 * 5.474(b) 0.492 * 0.128
C/B (5) 2.6gg * O.g05 346 * 6.519 0.287 * 0.038

• Pressure Drop Across As-Fabricated,Untested Candle Filters Is
0.123 * O.OOg psi.

• * Number In Parentheses Indicate The Number Of Candles
Characterised At Each Location.

" (a) 10 Variation.

(b) Two Very Bowed Candles Were Included In The Bow And TOF
Characterisations.
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32 candle _ilters that were characterizedin this e_ort had Higher TOF "

measurements after exposure in the PFBC environment in comparison to _

their as-fabricated _OF measurement. This implied that the candles lost

strength during hot glw _tltration operation. ..

Although we had only a limited number of TOF measurements, and a

more extensive effort would be required to generate a statistically

meaninggul database, the following general observations were evident:

* The top plenum candles had the lowest TOF measurements which

implied highest strength.

• The middle plenum candles had intermediate TOF measurements

• The bottom plenum candles had the highest TOF meuurements

which implied the lowest strength.

A review o_ the pressure drop data for the 32 candles indicates

that the room temperature pressure drop at 10 ftm increases froa the top

to the bottom candle filter arrays. This was particularlyevident along

Cluster A. The increase in pressure drop was attributed to residual ash

cake _d sorbent remaining along the candle OD, as well as along the

candle ID surface (i.e., pore plugging o_ fines along the ID surgace o_

the bottom plenum filters atter the initial candle failure occurred).

Note that candles in the bottom array of Cluster A Had the highest

pressure drop of all candles characterized. This array Had the greatest

number of fractured candles at termination oF the hot gas filtration
test in December lgg2.
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5. ASH CHARACTERZZATZON

"_ A discussion of the composition and morphology of the ash that

was carried into the Westiqhouse _ system is prsnnted in Section 5,

Ash dumpling-like depositsp is well as a thin, white layer of sorbsnt

material which coated the intact ceruic candle filters were subjected

to scanning electron microscopy/energy dispersive x-ray analysis

(SEI//BDAX). Ash _d sorbent materials that resined along the candle

tilter sections that tell into the ash hopper during h_t gas filtration

testing ware also analysed. A characteristically different uh-sorbent

deposit m identified alone the D) of the fractured candle tilter

sections that remained rigidly held in the tilter holder mounts. In

sddition_ s cement-like ash-sorbant deposit was identified along the ID

ot several candles that had fallen into the ash hopper. The cement-like

characteristics ot the II) ash deposit were similar to the ash-sorbant

antarisl that was extracted from the bottom of the ash hopper. A

discussion of the SEi//BDAX analyses ot rich of these materiels follows.

* 6.1 A_H DBPOSIT8 F0tJflJn ALON0TD 0UTBI SUUa0B 0F INTACT0LN1)LBFILTBIS

A dust heavy cake surrounded each of the 384 filter mount

_ " holders in all nine Westinghouse APF candle arrays. The color of the

ash was pinkish-orange with white areas o! fines detected within thet

ash. The entire length of each intact candle appeared to have a white

layer of fines deposited along the grey candle filter membrane

_ (Figure 5 I and 5.2) Dumpling ash depositsp as well as scale-like ash

_" layers were formed intermittently along the outer surfsos of each candle

. tilter element (Figure 6.3 and S.4).
t

,. Dumplin|-like ash deposits were sully removed from the candle

(_ surface, exposing the original grey candle tilter membrane. Typically

the outer color of the thick dumpling ud scale-like deposits was s
P_

0_

v*
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F_KuJre S,I - He_v? Dust (_Lk, DopoaL_ IFozqnedAround The IFLlr,er Holders
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pinkieh-oranme. Wheathe dumplin| deposits were removed from the candle

OD, the surfaae o! _he deposit _hat contacted the candle filter retained

the contour of the csadle wall, sad appeared pinkimh-oranze in color

(ri_e 8.8). Note that a thin white layer of dust coated the surface ,

of the candle wall that wu ad|acent to the duaplin8 deposits. Since

the pinkish-stamp ash was observed aloes the surface of the dumplin|

that was In directcontactwith the candlewall,we are not certainat

this tLme whetherthe whitecandlecoatin|layerwas actuallyincluded

withinthe ash duapllaSdeposit,sad that it had been epeeledaway"

durln8removalof the ash duapllnmsfrom the candlefilterwail. _t was

Impogelbleto easilybrushaway the plak-oran|eash layerand not

disturbsay underlyingwhiteash-aorbentlayerwhichmay have been

actuallypresentin the ash duaplln|deposit. It will becomeapparent

in the followin| discussion that oharacterisin| _he actual _hickness of

the white layer o! fines along the candle ODsurface was ales extremely

difficult. Note that the thickness of the dumpling-like ash deposits

extended between 8 sad 18 am above the surface of the candle filter

w_ll.

An intact ash "_ R thick duaplia| was removed from candle

filter _195 which was located in position B/B-I, SEM/EDAX

characterisation was performed on the dunplin| in sa attempt to discern

whether there were say than|ms in the morpholof_ and/or composition

_hrou|h the -S am _hick duplAn| deposit. Analyses were performed

initially alon| the surface of the dunplin| tha_ was in contact with the

candle ODwall. Additional SEM/BDAXanalyses were then performed at

0.26 to 0.6 ms depth throush _he thickness of the duaplin|, Fiiuree S,6
throu|h 8.12 indicate the relatively open porous structure of the fines

that were contained within the -6 aa thick dumpling deposit.

Typically 3-6 #m cenosphere-like structures were present in the

ash-sorbent deposit, u well as micron sad eubmicron finer aUlomerLte8

which were interconnected, forming the poroum network of fines. From a

morpholo_ viewpoint, the duaplinze appeared to be relatively

6-0
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Piliure S.8 - YorpholOlW Of The floes Alon| The I1) Surface O! An Ash
D_plLnli Thst Wu Removedlerou CimdZe _193, This Cudle
Wu Locsted In PoeLt,ion B/B-[,
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' 0.25 as

Piz_e 5.7 - Morphololw O! The Ash Dumplinl At 0,28 And
- 0.75 an PromThe I1) Sur!sce O! The Deposit

Rk4-29820
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1.25 mm

Figure 5.8 - Morpholog7 Of The Ash Dumpling A_ t.25 And
1.75 aa From The _ Surface O! The Deposit
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2.25

'* Filiuz'e 5.g - MorphoZolWOf The Ash Duapli At, 2,28 And
2,75 u Prom The i1) Surfsm, P)TThe Deposit.
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3.25 am

3.75 ors

Figure 5.10 - MorpholoKy Of The Ash Dumpling At 3.25 And
3.75 mm From The ]3) $urlLce Of The Deposit

3-[2
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4.25 _m

4.75 ml

4
e

Figure 5.11 - _orpholoKy Of The Ash Dumpling At 4.25 And
4.75 u From The ID Surface Of The Deposit
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F_g_re 5,12 - Morpholog7 Of The OD Sur:_Lce Of The Ash Dumpling
ThLt Wu Removed From C_dle #193 (B/B-I) Prior
To CleLning



O

honolsneous throughout the 6 t thick deposit. In oontrut what wu

resdil7 evident in the |DAX snalTsi8 (Table 6.1) wu that at both the ID

ud OD8Urflm:es of the d_pltnts, a hilher _nseiu ud tlishtly

enriched celsius layer hsd been foned. TitLnium which wmJ ales present

at relatively low Gonaentrstion8 within the duplintl deposits, ns

absent alonl the IP Md ODd_plinl surft_:es. Notably the concontrstion

of iron wu also lower alone the ID ud ODdunpliq surfaces, while a

somewhat reduced potusiun concentration wu also detected. Sulfur

appe_ed to be present at relatively hLjh concentrations throullhout the

entire thickness of the ub-eorbont dwiplLnt. These prelLnini.-y

ualyses implied that the ODud _ su_fs_es were s_what enriched with

the dolonitic sorbont usterial (l.o.p Plu Run dolomite) that wu used
for Su phuo lU_fur relovl_.

in Ln attempt to resolve whether there wu & compositions!

difference is the pinkish-cruse versus white dope|it |ayere, the

pinkish-or_o uh (ri|u_e 6.6) wu further'cbsr_torimod. Fi|ure 6.i5

dotaLls the norpbolol7 of the floes that were contained Ln thLs layer.

Round sltlomerates thst eonsLmtod of micron ud subxioron fines were

evident. Compositionslly the floes consisted ofz

Atoai_ Percent

........................ _ :[ I I! IIII!1 II , [_1 [ }. Jill

...... " '!" ' '-[ 7"........................ I IIII I] I [1JillJ_ L_JJ

lO.3g 8.74' 11,80 8,81
., 8i _11.gO 18.84

9 S6.06 87.87
, K :1.3S Sl.48 ,
,, Can, 11t,_ i0._0 i
J We _,61 3.78

Ti -- O.Sl,,_

....-N-orm_ii|ati,,,on,_,,,,,,,_,_ _,,,_-,, ._ ........... _ .............................
Ps_or 0,6S9 0.607

,t
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TADLJ6.1

0LUAOTP_TLtYZ0H_ 'rllj i in ASHDBP08__T WAil

_ _ _ rXL_ WALL(D/_I, 01051, A_ia R
t

Bleaient I,o_ion
0D O.U am 0.76 Hi 1,96 am 1.76 am 3,96 am

Bl_n_ _t:Lon
9.76 man, 3.98, am $,76 u 4,36 u 4,76 am ID

1|,73 19,70 19.41 10.03 11.43 1o,?1, 0,30 i
, ill 99,?3 91.oe 99.1o lO.U 30,94 18,0o, 18,7o

| u,1o u._ u.!| 33.0? 94,_ 33,78, 31,0o
K 9,81 9.03 |, |lJ 3, ll? 9,79 3. U, I. 83
Oat, 16.00 16.M l?,|O 90,iS? 17,81 IS,iS?, 30,36
Tl 0,_ 0,44 0.94 0.09 0.30 ......
IPe 4,10 3,09 4.04 8,83 3,00 a.H, 3,39
NIP 0.04 0.04 0,03 0,67 0,66 0,04, 0,64

. HI'I Homlimt_lon IPutor,
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FLli_re 6_13 - ilorpholol;7 Of The Ash PLnee Porued AlonllOD?heDumplLnl": Surfuce Thug |ma Adluueut ?o The Cudle WmXX
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Xn asa_ru_, _he _rpholo_ sloe8 _he whL_e_es of _he d_plLn| de.eLf.

Ls s_ La IPLgure6.14 ud 6.16. The puurbLeleelse of flues Ln _:he _

_Lbe depeeLbset approved _ k emwhib sea|let (L,e,, ¢ I pro) th_ '._

bhe flues Lo hie pLnkLsh-orsaue uh deposLb _L_e 6.L|, Photo 31

IPL_e 6.16! Pho_ 0), (hsnpesLbiou_ly bhe whibe 8u,es asusLsbedors ,

A!_OBLePereen_

i

84.60
8 n,lO
Os U,n ,o
h |.88

f_bor o,e8|
I[RIKI_fi_I_II[ii -- --. -" !I!TII1[ill [ i I Sill illS i , __Jill.......................

IJued on bheee 8u_Fees, ve assailed bhsb bhe whL_eareas were enrLched

_bh bhe dribble serbeab u_erL_, while bot.hbah sad sorben_ were

preseub in bhe pLnkLeh-oru4e dueb eske layer, The serbent, layer was

bypLeally _ bhin 'elr4-eheli-like' layer in asnp_.Leou t,o bhe 6-L6 u

bhL_ dunplintl uhiah mw predouiusably a sLxbure of uh sad sorben_

flues.

fL_es 6.16 ud 6.17 illusbrube bhe vurLabion in _he

uh/eorbeub layer fumed alonll bhe dunplLa| coa_ed _dle surface, is

well as a eeebLeu of bhe esadle bhab hod fuilea La_o _he _h hopper of

_he Wesbintjhoue An vessel. Iqebsbly bhe seo_Los of osndle _hat wu

renoved free bhe bah hopper did nob have bhe duaplLn|-lLke depoeL_s

aloes L_o OOsurface, hub did oonba_La_he _hin _hL_e eorben_ layer of

fines_ as well as _he bhioker bah-eerben_ outer layer of flues, L_rse

'desesled' deposLb _reba yore evLdeub alon8 _he bah hopper candle
seedless whLoh revealed bhe nenbrLae surf_e of _he _sad_e fil_er wal_,
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FL|ur, 5.14 - Norpbolol[7 Of The Whi*.e 8orb,nt. timcerial Posted A_on The
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Pt|urt 5,18 - 8i|h,,r _MnificsCion gtcrozrsphs IllusCrscLn| Tht
llorpboloi;7 Of Th, /hie, $orben_,listertsl Forud Alons
The Dumpl/q Surfsce That WM AdJ_cen_ ?o The Cudl,
ODWsLl







AZain in these stems the white sorbent layer was not present. Dumplins

" or scale-like ash deposits were most likely present mien| the candle

nil, which upon impact with either the uh in the hopper or contact

with the filter vessel wslIp were stripped _rom the cs_dle surface,

i exposin| the candle nesbrsae.
i

Westinshouse conducted a prelinin_y analysis of the hopper ash

material ,sins emission spectroscopy techniques. These data which are

presented in Table 5.2 indicated the presence of both uh and sorbent

fines. Ri|h calcium mudms4nesiua concentrations in the uh were

con_irmed by these analyses. 81milsrlys hish sulfur concentration was

detsrninsd, ud u ash pR of 4-B was estimated. Nots that the ash had

u alkali concentration of 0,03 _K sodiun (Na) ud 2S potusiun (K). ,

The concentration of soluble alkali will be determined by quantitative

atomic absorption (AA) emalyees to reflect the concentration of sodium , ,

sad/or potsssiun that wu releued durin| coal combustion, and which had

the potential to recondense aloes entrained ash particle surfaces.

Per comparison, Table 5.2 provides the uh saLlyses that were .

determined at _. Minor variation in the Westin|house sad A_

elemental cuncentrations reflect both the analyticalprocedures that

were used in the two independent laboratories, u well ss expected

inhomo|eneity in the supled ash materials.

8.g 01fl_O_IIZATION 0P r_8 DLD08I_JDALONgTD i
+_ rlA0_D 0_LB D SUUAOS

"' After removal of the fractured candle filter sesuents that
reMinsd firmly held in the Westinzhouse APF filter holder mounts, it

", wu app_ent that the white sorbent layer coated msay of the broken

- candle ID surfaces (Fisure 8.18). _AX analyses indicated the presence

.,, of the sulfated dolomitic material which wu carried throuzh the

,_ Westinshouse AFP vessel durins system shutdown (Fizures 5.10 and S.20),
HiSh maEnification microsraphs of the csadle filter ID sulfated sorbent

deposit are shown in Fiture S.20.
a _
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T._M416.2 :'°

AN__ 01__ PlVaODI_T CO_ ZN _ _-APF _8BL _,!(12/o2) J.

Weni_ous, Zaission* _J X-RLy Mum'* _/-:
]Jlenen_ Spectroscopy Ds_s, WtS Ooncen_rstion Ds_s, S

_"A1-'L_.......................... > S....' ...... .............. LSSS." --_...............
BAs < 0.0010.02 ._
h 0.03 _
Be 0._1
Di < 0.006
OL > 8 9.87 "
Od <0.02 '
Oo 0.003
Or 0.04 187.872 ppm '-
Ou 0.01 21.823 ppa

_. re > I 3.88
(;Is --- 13.133 ppm ,.
a, 0._8
K 2 1.28 ,.

• LL 0.03

> 8 6.84' 0.02 140.078 pp8
, Me 0.004 _"

He, 0.03
b'b < 0.02
Hi 0.02 48.707 ppn '
Pb O.04 140.894 ppu
3b < 0.02
81 ) 8 8.11 ,
8n < O.O1
8r 0.04 188. g34 ppn .
TL 1 0.38
Y 0.02 48,318 ppu
Zn O.(YJ 104.284 ppm
Zr 0.08 72.233 ppu
As < 0.01 119,897 ppm _
Rb 0.03
P <0.1
0 82.17 ,
8 13.l;9 "

, Ash RemovedFrom The Surface O! A OLndl, Thab Wu
Re_rieved Prom The Ash Hopper,

• , Oh_'tct_eris_ion o! _he _,-APPHopper Ash. ,!
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Figure 5.18 Sorbent Deposit, Along "['he [D Surfzce Of '['he Pr_c_ured
Candle Filters



Atomic Percent

L _g _8.07
Si 7.79
8 28.42
Ca 34.85
Fe 2.87

No_alis_tiOn
F_ctor-_. 719

FiKure 5.19 - Morphology O! The Fine Layer Ot Sulfated Sorbent Material
That Was Removed From The ID Wall Of The Fractured Candle
Filters

5-_6
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!

_" F£gure 5.20 - Higher M_nification Microgr_phs Illustrating The
Morphology Of The Sulfated Sorbent Fines Deposited
Along The Fractured Candle Filter ID Surfaces

5-27
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Based on this in_ormstion, it sppesred thst sorbent csrryover

occurred st lent twice durtnZ the 500 hours of hot |u _tltrstton ,

testtnz-- once when the candles were intzct sad the sorbent costed the

candle OD sur_e (Fizure 8.17), sad st s lster point in tins when

sections o! the candles fsiled, resulCinz in the eorb.nt cosCinz the

candle II) sur_zces (i.e., either prior to or st teeC teruinstion).

5.3 CHAIAOTUZZATIONOF TIIBWBSTZNGHOUSBAPF HOPPBI ASH

In contrut to the relstivel7 'fluffy' or 'Celt-like'

consistency of the ash and/or sorbenC nsterisl deposited slons the ID or

OV surfsces o! the csndles, s very hard, cement-like Mh was removed

_rom the bottom of the Westinghouse APF vessel, u well u from the _)

of candles that had plumeted to the bottom of the ash hopper

(Fizure 5.21). A section of the cement-like deposit w_ removed from

one of the candle D)s, and is shown in Fibre 5.22. Hotsbly the deposit

was very dense, and had charscterisCic white striations in the pinkish-

orange ash/sorbent deposit (Figure 5.23).

SEM/F_AX analyses were performed on both the pinkish-orange and

white striated areas of the nonporous deposit. The pinkish-orange

mLtrix consisted of 45.2_ S, 21.55S Idg,II.70S Si, I0.8_ Cs, 8.01_ AI,

2.99_ K, and 1.71_ Fe (Normalisation PLctor (NF) = 0.688). Rather

uniform particle sised, spherical micron fines were evident in this

materi&l (Photo 4, Figure 5.24). In contrast, the white striated areas

contained an extremely high sulfur and magnesium concentration, with

limited concentrations of silicon and calcium (Figure 5.25 and 5.28).

X-ray diffraction O_D) analyses were also performed on select

areas that were removed from the cement-like deposit. XRDpowder "

patterns shown in Figures 5.27 through 5.30 indicated that the white

areas consisted of hydrated magnesium sulfate or kieserite. In a second

5-28
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Inch0 123456
,'.'.' STC CMO 12 345

"' FiKure 5.21 - Cement-Like Ash Deposit Formation is The ID Of
, Candles That Bad Fallen Into The Bottom Of The

Ash Hopper
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Fiture 5.22 - Cemezsi_-Like_b Depoait; ?os-medIa The I]) O! CLndle. '
ThL_ Hs_l PLIIe. la_o The Bottom Q! The ArabHopper ;:

6
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'+I

Figure 5.23 - Morpholoz7 O! Ash And $orbenc Pines Oollecced In The
Ceunc-Like l)eposiC Thzc Pormed In The 13) Of C_ndLe
Pilcer Thac Hzd Pzllen Into The Bottom O! The Ash
Hopper
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J

Figure 5.24 - Htshor Msllniticstion Hiero_rspha Illua_rLtingThe
Horpholol;7 Of The Ash And Sorbeat FLnos Collected :.
In The Cement-Like Deposit Forled In The ID Of .:
C_udles Thst Had Fsllen Into The Bottom Of The Ash "
Hopper

t
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Fiture 8_25 - Morpholol;y O! The White laclu.ione Thst Are Preeent In
The Celent-Likl A|h Hopper Deposit. Mstrix Ii
Principally Hydrsted Ma4Kneeium $u!fste

' 5-33
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FiK_e 5,2S - HiKher M&KniticLtion _icrollP'_phm IlluetrltinK Thd
Morpholos7 Of The Densely PLcked Hydr&ted Mssnesium
Sulfate-Enriched Fines In The White Isolated
Inclusions In The Bottom Hopper Ash Of The Westinghouse _
_P Vessel
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_L,_,al,ol!xm_,_ i,,__ /KX[mX ........... _ .

, l

. CN.CIUM SULFRTE / NIHYDRITEs S_!

,3?,.1496

!

FLluro 5.27 - X-Rsy DL_Iriat, Lon AnslTnLmO! Tho WhLt,o Oomont,-l,Lke
'*; 8t,rLst,ed Ifst,erLsl PoundXn The lloppor Ash
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lPL|ure 6.38 - X-lisy D/f_r_Lon Anslys/s Of The Oesen_-LLkeBopper



_IIUM _RIT __ / KIEtBIR SYM

33_

CRLCZUMSULFRT[ / NIHYDRITE

37s !496 i .
(

!ROH OX! DE /' HEMATI TE j SYH

33,664 _

i
I:1_'m

!

e?

?Llure 8.2g - JG?D8 PL_eram ?or Deo_ ?i_ Oompouade Za Eel_tioanhip To
" The Oeuen_-LLke Hopper Ash leposL_2
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_ulyses of what appeared to be s white area, we detected not only

++ kiersite, but alas calcium sulfate (anhydrite), _ well am iron oxide

(hematite). The presence of iron oxide indicated that the white

striated Lreu which were used in these Lnalysee also contained the

pinkish-orange ash material. An additional sample indicated that the

white striated region contained both kieserite and anhydrite, while the

dark pinkish-orLnge material contained kiersite, anhydrite, and

hematite.
++

What was peculiar wu that the hardened _h deposit contained a

higher concentration of aqnesium than would be expected for the typical

calcium-magnesium sulfur sorbent matrix, Note, however, that the

principal constituents of the ash -- calcium and llqnSSiUR "'- were

sulfated. At this point in time we are not able to explain why the

sorbent would selectively split into a discrete calcium and mqneaium

phase, and in particular why the hydrated mqnesium sulfate phase was

selectively enriched in comparison to what should have been an

equivalent calcium-magnesium (i.e., deism/tic) complex.

+9

• 6.4 PIt0XDfATB, ULTDfATB, ANDA_qHrUSION CL43L_CTBIIZATION

Table 5.3 presents the proximate and ultimate analysis of the

typical dust cake layer that formed along the outer surface of the

intact candle filters. As-received, the ash content of the ash/sorbent

layer was ~82S, with only 3.62_ total carbon beinl detected (i.e.,

carbon _rom both coal and eorbent materials). The duet cake layer had a

_1 relatively high sulfur content (i.e., 11_). +

_+_ Fusion temperature data presented in Table 5.4 indicated that
i;_ there were some definite differences between the various ash materlale

that were removed _rom the Westinghouse APF vessel. For example, the

::_ ash that _ormed along the fractured candle ID walls was

characteristically white in appeLrLnce. The contribution o! sorbent in

I_ the ID deposit had a tendency to increase the _usion temperatures

5-39
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TABLES. 3 "'
, :..,.

PROXIHA_ ANDULTIMATEANALYSISOF THEDUST OAKSLAYER _,_"°

FORMEDALONGTHE O_ SURFACEOF AN INTACTCANDLEFILTER

77.

As-Received Dry ....

, rll Jt IIIII I _ l .... UL I II -- _ "

Proximate_alys_s
Moisture 8.07
Ash 81.8S 88.82 :
Volatile Matter 19.19 20.87

Ultimate Analysis '
Hydrogen 1.47 0.82 _"
Carbon 3.82 3.g4
Nitro&en 0.04 0.04
Sul_ur II.00 Ii.97
Ash 81.85 88.82

.

BezCin& Value (BTU/Ib) 54 Sg

!.
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TABLE5.4

ASH FUSION T_PERATU_S, "C ('F)*

Ash Material Initial Softening Hemispherical Fluid
Location Deformation

• L ,, ,,,| t

Outside Intact 1132 1171 1177 1182
Candl, (20_0) (2140) (2150) (2160)

Outside Broken 1271 1282 1293 1304
Candle (2320) (2340) (2360) (2380)

White Deposit 1171 1182 1193 1216
Inside Candle (2140) (2160) (2180) (2220)

Ash Hopper ID 1216 1271 1293 1304
Ash,, (22_0) (_S20) (_SSo) (2SSo)

._.

Reducing Atmosphere.

** _gSO4-Hydrate (Major), CaS04, Fe203.

Tammann Temperature: 1/2 Absolute Kelting Point Where Bulk Diffusion
Begins.

Huttig Temperature: 1/3 Absolute Keltins Point Where Surface Diffusion
Begins.

.._
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slightiy above those reported for the _h that deposited along the 8D

surface of the intact _andle filters. The intact candle ash cake layer _

was predominantly ash which had a smaller contribution of sorbent in the
0

deposit in comparison to the uh fines.

The cement-like ash deposit along the ID of the broken candle

sections that had fallen into the ash hopper had an even higher ash

fusion temperature profile, while the WfluffyW ash deposit along the

broken candle sepents that had fallen into the ash hopper had s i

somewhat higher initial deformation and softening temperature. Although

all of these temperatures are well above the operating temperature of _

the _estinKhouse APF system, surface and bulk diffusion in the ash i

begins to occur at I/3 and 1/2 of the material's melting temperature.

"" Surface and bulk diffusion should therefore be expected to occur in the

ash materials at APF process operating temperatures. Whether the ash

had a sticky surface when it contacts the filter remains to be

determined.

.

8.5 FILTBi MOUNTASH

Ash that was removed from the filter mount area (i.e., area

between the gasket and metal holder) had a characteristic reddish brown

appearance. The color o_ this uh was a much deeper red than the

pinkish-orange ash found elsewhere within the Westinghouse APF vessel.

Figures 5.31 through 5.35 illustrate the morphology of the filter mount

ash. Large agglomerates of micron- and submicron-sized fines were

evident. The WfluffyW, WbillowyW agglomerates contained the sulfated

sorbent matrix (i.e., sulfur atomic percent was nearly equivalent to the

combined calcium and magnesium atomic percent, implying that both the

calcium and magnesium constituents of the dolomitic sorbent were nearly ._

completely sulfated). Aluminum and silicon (i.e., ash constituents)

were also detected in the filter mount ash. What was unique in this _

,5-42



Atomic Percent

Element _re+ 1......._r,i 2....

"8.oS 4.zg
A1 11.86 11o20
sl 2z._7 m,ss
S 20.14 25.02
C1 16.21 0.45
K 2.36 3.09
CL 13.62 19.61

,, Ti 0.60 O.78
Or O0gl 2,01

:, Pe 7o14 12.01

" Normaliza£-ion
FLctor O.620 O_882

Figure 5.31 - Large Ash AgglomerLte Formed In The Flange Mount/
" G_sket Area O_ The Candle Filter
_,
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Figure 5.32 - Higher Magnification Of The Ash AgElomerates Formed In
The FILnEe _ount/G_sketAre_ Of The Candle Filter Holder

?
5-44 '_

RM-29841



Figure 5.33 - Ash A_lomerates Formed In The Flange _ount/Gasket Holder
Area O_ The Candle Filter
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Figure 5.34 - Ash Asslomerates Formed In The Flange _/ount/GasketArea '_
Of The Candle Filter Holder

"._
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Figure 5.35 - Ash Agglomerates Formed In The Flange gount/G_sket Area
_ Of The CLndle Filter Holder
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Figure 5,38 - Ash A_lomera_es Formed In The F1Lnge Wount/Guket X_e_ "
Of The Candle Fil_er IIolder ':
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materiel was the relatively high concentrationof iron (i.e., 7 to i2

'_/ atomic percent), is well u chlorine concentration (i.e., 0.5 to 15

atomic percent). Chromium was also detected in the filter holder ash.

The high concentration o! iron, ss well as chromium implied residualJ

metallic debris (i.e., oxidation and/or erosion of the filter holders

, may have occurred). We do not suspect at thin time, that any metal

oxidation and/or erosion warrants concern for excessive filter holder

metal wastap.

What was rather unique in this ash material were several

interconnecting areas between adjacent ash particles. As shown in

Photo 14 of Figure 5.35 there appears to be a Wbond-like" channel

connecting two adjacent cenosphere uh particles. Further effort would

+ be required to verify the extent of bondinl in th£1 material, as weli as .;

to qualitatively identify the composition of the interconnecting "bond-

like" channel material.

5.6 _BMBNTALMICitOPllOBBANALTSBSOF Tn ASH DBPO$ITFOB_BD "_-
• ALONGTHBCLAYBONDBDSILICON CAilBIDBCAIql)LBFILTBI_ ._

Figure 5.37 illustrates the morphology and composition of the

ash deposit along the OD and ID surfaces of the cross-sectioned wall of

the clay bonded silicon carbide matrix after 500 hours of exposure to

the PFBC oxidizing environment at Tidd. Calcium (Ca), magnesium (Mg),

and sulfur (S) were readily detected in the PFBC deposited fines using

elemental microprobe analysis (F_) techniques, Homogeneous background

concentrations of oxygen (0), silicon (Si), aluminum (A1)_ a_d iron

,+. (Fe) were identified in the fines. ERA did not detect sodium (Na)

and/or chlorine (01) within the deposited ash-softest layer.
,,

+" ERA was also performed along an ash dumpling surface in an

+++ attempt to further support the SEM/EDAXand XRD analyses with respect to
,

the compositional variation that existed between the white versus the

.. pinkish-orange ash layers in the S to 10 nundumplings that formed along

.+. 5-49



Figure 5.37 - Elemental_icroprobe Anslysis 01 The Ash Deposit Formed
Along The Cross-SectionedClsy Bonded Silicon Carbide

Csndle Filter 3-$I) R_-29894



the csodle _ilter wall. The pinkish-or_p _h area contained hizher

ooacentra_ione o! aluminum sod silicon in comparison to the calcium- and

aqaeelum-enriched white eorbsot layer in the dumplinz deposit

Crilure 5.38).

. 6.7 qUANTITATI'_ .4.NALYBBS

_usotita_ive soslysee are currently bein| performed on the

hopper uh_ uh dumplinp_ sad sorbent-ash material removed from the _D

o! fractured candle eur&cee. These analyses wiil de_ermine _he

concentrl_ion of ai_unintm (A1), silicon (8i), cLlci_ (Ol), mllneeium

(Mt)p iron (]_e), sulfur (8)p sod potuliUm (K) thl_ il preeen_ in each
,_

uh material. In addition s ws_er sod acid leach will be conducted _o s:._

de_ermine _he concen_ration of eoluble eodium (NI) _ha_ ie preeent in _

esch maCerlal, as well as insolublesad coCzl sod!us content. The ',

results of these soalyees wili be presentedat a later date,

• i

e_
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Figure 5.38 - Elemental Microprobe Analyses Detailing The Composition_1
Y_riation Within The Ash Dumpling Deposits That Were
Formed Alon& The Candle OD Surface After 500 Hours Of +,
Hot Ga+ Filtration At Tidd
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6. MORPHOLOGYOF CLAY BONDED
" SILXCON OAEBE MATR

o

., This section details the results of the scanning electron

' microscopy/energy dispersive x-ra_ sn&lyses (SEI//EDAX) Lnd elemental

microprobe Lnalyees (El/A) that wore performed on the u-manufactured

clay bonded silicon carbide SchumLcher DiL SchumL1Lth F40 material, as

well as on the 500 hour PFBC exposed candle tilters.

6.1 _-_ACTUIBI) CLAYBONDBI)8ZLIGONGA]IB_B CA_IDLBP_TBll MATi_

Figure 6.1 illuetrLtee the morpholou o! the clay bonded silicon

" carbide matrix along L cross-sectioned ares of the u-manufactured

candle filter wall. A membrane layer is formed Llont the OD surface of

the _andle filter. The membrane consists of alumLnoeilicste fibers, L

binder phase, _ well an small trains of eilLcon carbide. Below the OD

membrane layer are 0.5 to 0.78 me silicon carbide trains which form the

structural support for the filter wLll. The coarse silicon carbide

grLinm are held tolether via the same binder phue _hLt ie used to bond

the fibers together in the membrane layer. Lares pores and pore

channels result in the coarse silicon carbide structural wail.

. High magnification micrographs shown in Figure 6.2 illustrate

, the smooth texture of the binder phase which is present along the

silicon carbide grains. Small pinholes are frequently evident along the

binder coated silicon carbide grainm (Photo 2, Figure 6.2). Areas 1 and

2 in Photo 2 (Figure 6.2) were further examined at higher magnification

to reveal the texture of the u-manufactured binder coated aL1Lcon

carbide grains, lzeL 1 of Photo 2 (Figure 6.2) is shown at 1500x and

_ 7000x in Fit'_ure 6.3, Photos 3 Lnd 4, respectively. The morphology of

the binder coa_ed ErLLns is rather featureless. Axes scan analysis of

:_ the binder phase indicated the presence of 70.093S oxysen (0), 19.084_

silicon (Si), 4.903_ sodium (NL), 4.877_ aluminum (A1), 0.89gS potassium

(v.C), and 0.364_ iron (Fe) (atomic percent basis).
/
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Fibrous Membrane Surface i

Silcon Carbide Grain Substrate

Figure 6.1 - Scanning Electron Micrographs Illustrating The _orphology
Of The Schumacher Dia Schumalith F-40 Clay Bonded Silicon
Carbide Candle Filter Watrix +-

RW-28734
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Figure 6.2 - High Magnification Microgr_phs Illustrating The Morphology
Of The Binder Coated Silicon CarSide Gr_ins In The As-
_nufactured Candle Filter _L_rix

6-3
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Figure 8.3 - _igh Magnificationl_icrographslllustr_tingThe Featureless
Morphology Of The Binder Phase Which Coats The As-
M_nufactured Clay Bonded Silicon Carbide C_ndle Filter
_atrix

6-4
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High magnification micrographs of Ares 2 (Photo 2, Figure 6.2)

" are shown in Photos B and 6 of Figure 6.4. Once again the morphology of

the binder coated grain is featureless, and the matrix was identified to

-1 contain 64.737_ O, 24.745_ Si, 5.005_ A1, 4.073_ Na, 1.Og6_ K, and

0.345_ Fe.

Figure 6.5 illustrates a cross-sectioned area along the matrix

where the i0-15 thick _m binder coatingwas evident along a silicon

carbide grain. EDAX analysis through the binder phase indicated the

presence of an enriched aluminosilicatephase at the surface of the

binder phase. Moving through the binder towards the silicon carbide

grain, the concentration of aluminum appeared to decrease, while the

concentration of silicon and sodium appeared to increase. The

concentration of potassium appeared to remain relatively constant
through the binder wall• Area 4 in Photo 8 of Figure 6.5 contained _..

• 0 •silicon, with only mzn r concentrations of carbon Note that the Link

XL EDAX system which was used in these analyses had the capabilitiesto

detect both carbon and oxygen• When low concentrations of carbon are

present in a sample, quantitative results for carbon are somewhat in

question.

@.2 SILICON ¢AkBIDBM_TRXI_TBI 500 HOURSOF BXPOSUIBAT TIDD

One 305 am (12 inch) section of the fractured Schumacher candle

filter that had falten into the Westinghouse ash hopper was selected for

$EM/EDAXcharacterization. A whitish layer of fines was evident below

the dust ca_e layer along the OD surface of this candle segment. Both

" ends of the candle were fractured and heavily caked with dust. Fines

' were visually evident along the rD surface of this candle segment. One

area of the candle appeared to contain a gouge along its membrane

; surface. The gouged area was heavily covered with packed dust. This

,_ implied that this section of candle had been chipped from impact of an

adjacent candle section during filter operation.

' A section of the broken candle was initiallyremoved, and the

exposed fresh fractured surface was carbon coated in preparation for

6-5
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Figure 6.4 - High Magnification Microgr=phs Illustrating The Featureless
Morphology Of The Binder Phsse Which Coats The As-
_nufac_ured Clay Bonded Silicon Carbide Candle Filter
_L_rix
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Atomic Percent
t

.................. : :: ....................... .,_ _ ,

Oxygen 67. 530 660694 64. 729 ....
Sodium --- 2.425 3_351 ....
Potassium O. 749 O_848 0,785 .....
Titanium 0.148 ............
Aluminum I0.596 7.700 3.370 .....
Silicon 19.259 22.332 27.765 I00.000
Iron O. 359 .........

Figure 6.5 - Micrograph And EDAX Anslysis Through The Binder Phase
That Coats A Silicon Csrbide Grain
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SEM/EDAX analysis. Figure 6.6 indicates that fines had penetrated into

the silicon carbide matrix along the candle ID wall. The depth of fines _:i
penetration into the ID matrix was ~3-4 _, representing~20_ of the 15

aa candle filter wall thickness. Accumulationof fines along the ID is :._

expected to have resulted from an initial failure of a candle(s) during ii_

hot gas filtration,which permitted dust to be carried into the various

plenum areas. Dust was then returned to the ID of candle filters that .x

remained in the various plenums during each successive pulse cleaning

event.

Figure 8.7 illustrates the morphology of the cross-sectioned

silicon carbide matrix at higher magnifications. Photo 2 in Figure 6.7 _'

illustratesthe "bonding'of aluainosilicatemembrane to the underlying

silicon carbide grains. The OD membrane layer remained virtually intact

after SO0 hours of exposure in the PFBC gas environment. No apparent ,.

penetration of fines was evident through the OD membrane. All porese

along the OD membrane appeared to be completely open. In the area that

was characterised it was difficult to determine whether the extent of

binder phase had been retained between adjacent grains. Several "patchy

or blotchy" areas were evident along the binder coated SiC grains which

may be attributed to binder "pull-away"during sample preparation,or

perhaps to isolated phase enrichment.

A higher magnificationmicrograph illustratingthe attachment of

the membrane layer to the subsurfacesilicon carbide grains is shown in

Photo 3 of Figure 8.8. Even at 300x, a somewhat mottled surface feature

was evident along the binder phase surface that coated each silicon

carbidegrain. At the membrane/graininterface,EDAX analysis indicated

the presence of 77.81_ Si, 16.63_ AI, 3.72_ K, 1.69_ S, and 0.35_ Fe

(Normaliation Factor (NF) = 0.788).

The mottling of the binder phue surface was evident in the

micrograph shown in Photo 4 of Figure 6.8. Note that the parti_le- _

laden, bumpy texture of the binder phase existed along the first grain

layer, immediately below the fibrous OD membrane. The rounded nature,

extensive quantity, as well as the micron-'andsubmicron-sizeof the

6-8
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Fisure 6.6 - Pho_osrLph Illustr_ting The See%ion Of The Filter Ma_eriLl
ThL_ Wu Removed From A CLndle Filter That Had F_llen Into

The W-APF Ash Hopper. Penetration Of Fines Along The ID
Surf=ce Is Evident.

,e
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Figure 8.7 - Microgr_phs Illustr_ting The Morphology Of The 500 _our
PFBC Exposed Clay Bonded Silicon Carbide Matrix Near The _
OD Wali _'_
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, Figure 6.8 - Morphology Of The Membrane/Grain Interface Along The Cross-
Sectioned Clay Bonded Silicon C_rbide WLII, Extensive
Aerosol Droplet Particle-Like FeLtures Are Evident In This
Axes

6-11
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"particles" implied deposition and adherence of Mserosol" droplet '

formations in this area of the filter wall. .;

A higher mqnification micrograph of the "aerosol n droplet- ,_

enriched area along the first silicon carbide grain layer in the

Schumacher Die Schumalith candle filters after exposure at Tidd is i

presented in Figure 6.9. The composition of Area 1 in Photo 5 of Figure

6.9 indicated the presence of 49.88S $i, 21.02S S, 12.70_ AI, I0.Ig_ Ca,

4.64S K, 1.00_ Ti, and 0.78_ Fe (NF = 0.678). The underlying substrate

(Area 2, Photo 5, Figure 6.9) below the micron- and submicron-sise

particles consisted of 68.42_ Si, 18.60_ AI, 6.12S K, 5.47_ S, 0.78_ Ti,

and 0.62_ Fe (NF = 0.688). The relative sulfur to calcium atomic

percent ratio implied that in addition to a "sorbent-enrichedphases

(i.e., CaSO4) which was attached to the binder coated silicon carbide
grain surface, sulfur was also sorbed into the binder phase coating.

Note that the binder phase also appeared to be mottled, no longer having

the smooth, featureless texture shown in Figures 6.3 and 6.4.

The high magnification micrographs shown in Figure 6.10

illustrate the morphology of a grain in the upper right section of Photo

2, Figure 6.7. Area 1 in Photo 7, Figure 6.10, is silicon-enriched

(i.e., SiC or $i02). In this effort we utilized an gEM which did not
have the capabilities for detecting oxygen or carbon. At the second

grain layer from the OD surface, extensive changes along the binder

surface of the silicon carbide grains were evident.

Figures 6.11 through 6.13 detail the morphology of the binder

coating along the second grain layer in the clay bonded silicon carbide

matrix. Crystalline-like particles were evident. Based on the

characteristic morphology of these particles, bonding or an attachment

of these particles to the underlying binder phase was implied. In

several locations below the attached particles, deterioration of the

binder was evident, as well as the formationof rod-like features. The

formation of the rod-like phase was considered to result from

mullitisation of the binder phase, i

6-12



Figure 6.g - Micrograph Illustrating The _orphology Of The Sulfur-- And
C&Icium-Enriched Micron And Submicron Fines Along The
Sulfur-Containing Binder CoL_ing

6-13
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Figure 6.10 - Morphology/Of The Binder Co,ted Silicon Carbide Gr_ins At
The Second Gr_in L&yer From The OD WLtt Of The PFBC
Exposed Schumacher D£a Schuma!ith C_ndle Filters
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F_gure 8,11 - Adherence Of A Crystalline-Like Phase Along The Binder
Coating Of The Second Silicon Carbide Grain Layer,
Deterioration Of The Binder Coating BeneLth The Adhering,
Deposited Phase Is Evident.
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Figure 6.12 - Mullitization Of The Binder Phase Beneath The Surface

Deposited Phase

6-].6 "
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_' Figure 6.13 - Mullitization Of The Binder Phase Beneath The Surface
Deposited Phase

°.
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Another series of micrographs (Figures 6.14 through 8.18) detail

the morphology of the third and fourth grain layers in the silicon .....

carbide matrix (upper left side of Photo 2, Figure 8.7). The "aerosol" i_!

droplet phase formation was evident along the surface of the binder _i

interconnecting channels which bonded adjacent silicon carbide grains '_

together. The flattened surface where the particles were attached to

the binder phase implied either bonding of the particles, or the result

of a gas phase reaction (i.e., sulfur oxides) with the binder substrate

which then led to the production of the mottled surface. _

Photo 15 in Figure 6.15 illustrates an area which was initially _'_

considered to have a crack at the base of the binder interconnect _'"

channel, near lm adjacent silicon carbide grain. This area did not _;_;

contain a detectable opening between the interconnecting channel and the ..

silicon carbide grain. Therefore, if this were indeed a crack at one

point in time, dislocation, followed by "healing" would most likely have

occurred.

Figure 8.16 (Photo 18) attempts to detail the morphology of the

binder phase along two adjacent silicon carbide grains (approximately at

the center o_ Photo 13, Figure 8.14). Once again surface mottling was

apparent along the binder phase. The somewhat smoother areas of the

grain surface were apparently areas where the binder interconnect ._

channel had been fractured during sample preparation.

Figure 6.17 presents higher magnification micrographs of the

"patchy", fractured, binder interconnect areas along the silicon carbide

grain shown in Photo 13 and 14, Figure 6.14. The surface mottling

effect of the binder phase is evident in these micrographs. Area 1 in

Photo 19 of Figure 6.18 was determined to contain aluminum, silicon,

potassium, and titanium, indicative of the binder phase which had

fractured between two adjoining grains. _

Figure 6.19 illustrates the morphology of the binder coated _

silicon carbide grains at another location near the OD surface of the

clay bonded silicon carbide candle filter wall. '_

l
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Figure 8.14 - Morphology Of The Third And Fourth Grain Layers In The
Silicon Carbide Matrix. Surface Binder Phase Changes
Are Evident.
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Figure 6.15 - High Magnification Micrograph Illustrating h Crack-Like
Feature, As Well As Surface Adhering Ur Binder Phase

Change Along The Binder Interconnect Areas Between Two

Adjoining Silicon Carbide Grains
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FiEure 6.16 - _orphology Of The Interconnecting Binder Phase Between
Adjoining Silicon Carbide Grains

.
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Figure 6.17 - _icrographs Illustrating That The Binder Phase Change
That Results In The Clay Bonded Silicon CarSide Candle
Filters Is Limited To The Surface Of The Binder Coatinz
And Interconnect Areas
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Figure 6.18 -Micrograph Illustr_tes The Morphology Of A Cross-
Sectioned Binder Interconnect Channel
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Figure 6.19 - Microgr_ph Illustr_ting The Morphology Of The Binder
Coated Silicon Carbide Grains At An Alternate Location
Near The OD Candle Filter Surface

6-24
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Moving inward from the OD, extensive mottling of the binder

_I surface wu evident _ shown in Figures 8.20 through 8.22. Photo 23 in

Figure 6.21 illustrates that mottling was a surface feature of the

-_ binder phase. Along the binder interconnect areu, the mottled area was

~5 _m thick. Area 1 of Photo 23 in Figure 6.21 was identified to

. c_nsiet solely of silicon (i.e., SIC), while Area 2 was identified to be

enriched with sulfur in the binder coating surface (71.04_ Si, 13.47_ S,

g.43_ A1, 3.73_ K, 2.33_ Na; h_ = 0.727). Calcium was not detected in
i

those analyses.

Figure 6.22 shows another _ea along the silicon carbide matrix

where the nettled sulfur-enriched alum_nosilicate binder phase existed

-. extensively along the binder coated grain surface, as well as along the

• surface of the binder interconnect channel areu. Note the fracture

along the binder interconnect area at the base of an adjoining silicon

carbide grain. Once again the phase change that had occurred within the

binder was a surface effect, which was supported by negligible change in

the binder interconnect channels.

Figures 6.23 through 6.28 illustrate the morphology of the

..... silicon carbide matrix at approximately 5 grain layers from the candle

• ' filter OD surface. Once again the binder coating along the silicon

.... carbide grains contained extensive mottled surface features. The rather

rounded, crystalline-like phase appeared as discrete agglomerates, which

" had grown into an extensive mat that completely covered the binder

surface layer (Figure 6.24).

EDAX analyses of Area I in Photo 5 of Figure 6.2S indicated _he

presence of 83.86_ Si, 8.80_ A1, 5.18_ K, 1.66_ S, and 0.50_ Na (h_ =

_. 0.824). Area 1 was considered to represent the binder surface phase

_ that coated the silicon carbide grain, and whi,:h also served as the

. substrate layer for the formation of the sulfur-enriched crystalline

_:i' phase. The extensive phase that formed along the binder surface (Ares 2

in Photo 5 of Figure 6.25) was identified to contain 83.77_ Si, g.38_ 5,

"_' 4.67_ A1, 1.85_ K, and 0.54_ Na (_F = 0.825). The smaller particles

that formed on the binder substrate (Area 3, Photo 5, Figure 8.25)

j_
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Figure 8.20 - Micrographslllus_ra_inEThe UorpholoL_vOf The B_nder .
Phue Along The Clay Bo.ded SiliconC=b_de Grsins
Ne=r The OD Surface
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Figure 6.21 - High Magnification Micrographs Illu
Morphology Of The Sulfur-Enriched B
The Sulfur-Enriched Phase Is -5 _m
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Figure 8.22 - Microgrxphs Illustrate That The Sulfur-Enriched Phas
' Is A Surface Effect Which Extends -5 _m Into The

Binder Interconnect Are_
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Figure 6.23 - Micrographs Illustrating The Morphology Of The Binder
• Coated Silicon Carbide Grains At -5 Grain Layers From

OD Surface Of The Candle Filter
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Figure 6.24 - High Magnification Micrographs Illustrating The Extensive
Binder Surface Phase Formation Along The Silicon Carbide ..
Grains That Are ~5 Grain Layers Below The OD Membrane
Surface .
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_' Figure 6.25 - High Magnification Micrographs D-_tailingThe Morphology
• Of The Binder Phase Along The Silicon Carbide Grains That

Are ~5 Grain Layers Below The OD Membrane Surface
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Figure 8.28 - Mlcrographs Illustrating The Morpholo_/ O_ The Sulfur- ,..'
Enriched Binder Phase And D_posited Fly Ash Particles _-
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'" Figure 6.27 - High Magnification Micrographs Illustrating The Morphology
Of The Binder Interconnect Channels Which Bond The Silicon

' Carbide Grains Together At "5 Grain Layers Below The
_embrane Coa_ed OD Surface
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. - t 'Figure 8 28 Additional Microgr'_phIllus ratlng The Complex _orphoiogy
Of The Binder Phase That Coats The Silicon Carbide Cra_ns

At "5 Grain Layers Below The Membrane Coated OD Surface

L:
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contained 82.83_ Si, i0.31_ AI, 3.44_ K, and 3.42_ S (NF = 0.817). Note

i*_ the relatively low concentration of sodium detected in the binder phase,

: as well as the absence of calcium in this area.

The rather globular, 2-3 _m particle shown in Photo 8, Figure

. 6.25, was a randomly occurring feature which contained 34.13_ S, 31.g?_

Si, 23.5g_ Ca, 9.98_ AI, and 0.33_ Fe (NF = 0.884). The composition of

this particle was representative of a fly ash fine that had been carried

over and deposited within the silicon carbide matrix.

Figure 8.28 (Photo 7) is a high magnification micrograph which

details the morphology of the surface phase which had formed along the

binder coated grains. Note the rather crystalline-like appearance of

the agglomerates which appeared to contain submicron, rounded surface'

features.

At another location along the silicon carbide grain (Photo 2 of

Figure 8.23), we encountered surface features which indicated the

attachment of 2-5 _m fines along the binder phase. Area 1 in Photo 8,

Figure 6.26, was identified to consist of 38.06_ Si, 28.86_ S, 16.g8_

Ca, 12.18_ A1, 2.60_ K, o.go_ Fe, and 0.44_ Ti (NF = 0.861). The

underlying binder phase beneath the ash fines was seen to coalesce,

, deteriorating the binder layer in many areas, as well u tending to

. enhance the formation of the mullite rod-like features. ,

. High magnification micrographs were taken and EDAX analyses were

._' performed on several grains along the lower, central section of the

matrix shown in Photo 1 of Figure 8.23. The interconnect binder phase

between two adjoining grains is shown in Figure 8.27. Area 1 in Photo

10 of Figure 6.27 was near the binder substrate layer, and was

_ identified by EDAX to contain 68.48_ Si, i4.48_ A1, 11.82_ S, 3.80_ K,

ii: 3.29_ Ca, and 0.87_ Fe (NF = 0.875). The 3 pm cenosphere particle shown

, in Area 2 of Photo 10, Figure 6.27, appeared to be attached to the
",le

_ binder substrate (as seen by the _latness of the bottom of the particle,

as well as its "tailing" features), and consisted of 41.78_ 8i, 25.1g_

'* S, 13.22_ AI, I0.07_ Ca, 8.59_ Mg, 2.41_ K, and 0.75_ Fe (NF = 0.820).

* Figure 8.28 illustrates the morphology of the binder coated grain at an

r_
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LlternLte locLtion Llong the s_e grLin. Note the adherence of micron _

and subaicron nMrosoll or fly ash particles, the mottling of the binder _i;_
surface, as well as the t=ount&ins, valleys, and holes I thLt had formed r._:
st this location.

Figures 8.29 through 6.32 illustrate the morpholosy of the _

silicon carbide Krsine st approximately 5 mm from the membrane coated

candle filter OD surface. Fine particle agglomerLtes were seen to _

accumulate along the crevices between two adjacent grains (Photo 13,

Figure 6.29). EDAX analysis of the fines indicated the presence of '
,1;

38.72_ Si, 31.13_ S, 10.54_ Ca, 10.01_ ]fg, 6.79_ A1, 1.67_ K, and 1.14_ . :'

Fe (NF = 0.632), representing ash and sorbent constituents. The .

composition of Area 2 in Photo 14 o! Figure 8.30 was princip_lly a ,_

silicon-containing phase. $urf_e mottling was also apparent in this

are&.

Figures 8.31 and 8.32 illustrate the morphology of additional

gr_ins that were -5 am from the cLndle filter OD will. EDAX analysis of "'

the mottled phase shown in AreL 1 of Photo 18 in Figure 6.32 indicated

the presence of 79.85_ Si, 10.79_ S, 5.45_ A1, 2.35_ K, and 1.78_ Na (_lr

= 0.785). Once s4sin cllcium was absent in this area.

" At 10 an from the membrane costed OD wall, we saw evidence of

even more extensive binder phase surface changes. Figures 8.33 and 8.34

show that the sulfur-enriched phase for=ed a continuous layer along the

binder coated silicon carbide grain. Note the disconnected (i.e.,

deteriorated) aress of the binder substrate areas below the sulfur-

enriched phase (Photo 21, Figure 6.34). Area scan analyses of the

binder substrate indicated the presence of 95.45_ A1 and 4.SS_ AI (_ =

0.956), while the _lomerated phase consisted of 87.06t Si, 4.73_ S,

4.86 kl, and 3.01S K = 0.869).
Figures 6.35 through 8.39 illustrate the morpholosy of the clay

bonded silicon carbide grains at ~10 ma from the membrane coated OD :,!
surface (i.e., 5 mmfrom the ZD). Zsolated areas of fines were detected

along the binder, not only in crevices that formed between two adjoining i_
e'

grains, but were also deposited along the surface of the silicon carbide

t.
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Figure 8.2g - Micrographs Illustr_ting The Morphology Of The Silicon
C_rbide Grains At ~5 zm Below TH_ Membrane Coated OD

Surface



[ I

,I

Figure 6.30 - High Magnification_icrograph lllustrstingThe Retention
Of Fines BetweenTwo Adjacent Silicon Carbide Grains At
"5 u Below The OD Membrane Costed Surface
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_; Figure 8.31 - MicrographsIllustratingThe MorphologyOf The Silicon
., Carbide Grains A_ -5 mm Below The Membrane Coated OD

Surface
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Figure 8.32 - Micrographs Illustrating The gorphology Of The SL_con
C_rbide Gr_ins At _5 _ Below The Membrane Coated OD
Surface
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Figure 8.33 - Microgr_phs Illustr_ting The Morphology Of The Silicon
Carbide Gr_ins At ~i0 mm From The Membrane Co.ted OD

Surface

6-41

RM-29557



i'

. i
J

r_

J

/

J

L

Figure 6.34 - High Magnification _icrograph Illustrating The Extensive
Formation Of The Sulfur-Enriched Silicon-Containing

Binder Phase Along Grains That Are ~i0 mm From The
Membrsme Coated OD Wall
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" Figure 6.35 - _icrographs Illustrating The Morphology Of The Clay
• Bonded Silicon Carbide Grains At ~i0 mm From The _embrane

Coated OD Surface
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Figure 8.38 - Higher Magnification Micrographs Illustrating The
Morphology Of The Binder Coating Along The Silicon
Carbide Grains And Binder Interconnec_ Channels At
"I0 mm From The Membrane OD Covered Wall
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Filure 5.37 - High UmsniKicm_ionUicrogrmphsIllustrating The Ex_.ens_v_
Binder Surface Phase Chanles Tha_ Occurred Alonl The
Silicon Carbide Grains That Are LocatedA_ ~I0 mm From
The Membrane Coated OD Candle Surface
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F£8_ws 6,38 - M£=re_ph ZllueCrLCin| The ChLngs Zn The gorphololry
Of The Binder Phus Thm_ CoLts The Silicon Os_bids
Orsins Of The Schumscher Dis $chumslLch F-40 gscr_x
AiCer 600 Hours O! Exposure To PFBCOu Conditions.
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Figure 6.39 - ELgh MaEnification _icroEraphs At An A!ternate Location
Illustrating The Eorpholog7 Of The Silicon Carbide Grains

' At "I0 mm From TBe MembraneCovered OV Surface

f_-47

RU_9S63



I

l

sralns, lsaLn extensive mottllns wu evident in the binder phase "-

surface that coated the silicon oarblde Stains, u well u alone the _t

interconnect binder chsanels (Photos 3 end 4 in Fisure 6.36). _;_

HLzh Bgni_ication microlrraphs shown in Photos 5 Led 6 of Pizure ,_
6.37 indicated that the surface phase effect no lesser supported _,"_bJ'

indiY_dua_ a_ollratld Cr_ltillinl-likl pK_tiolti. The binder lUre&co

phase had |town and appeared to have formed a more or lees continuous

mat. In several areu, the subsurface binder phase coalesced, forming

the sullies rod-like structure. Fi|ure 6.38 illustrates a section o!

the binder interconnect/ms channel which fractured duties nmp!e

preparation. Area 1 in Photo 7 of P/sure 8.38 consisted of 60.02S Si, ,

28.32S A1, 2.88S K, 1.34S Pc, sad 0.44S TL (NIP= 0.879) which wu

typical of the binder phase. Zn contrut the mottled surface features

of the binder shown in Area 2 of Photo 7 in P/sure 6.38 consisted of

72.97N Si, 17.93S A1, 3.82S K, 3.22S S, 1.78S Fe, sad 0.59S Ti (_F =

0.707). Pizure 6.39 provides additional microsraphe of the silicon

c_bide zrsLns that were ~10 m from the membrane coated, candle filter

0D surface. AisLe extensive phue chLnse hid occurred aloes the binder
surface.

" Piiures 6.40 sad 6.41 present the microiraphe that were taken at

"12 mmfrom the 0D membrane covered wall (i.e., 3 u from ID).

Deposition and collection of fines were evident in this rezion as a

result of particulates bein| blown back into the matrix durinz pulse

clesninZ, hteneive mottlinz of the binder surface phase was evident at

this location, u well as developmentof the rod-like muliite phase
alone the binder teatime surface.

PL|ure 8.42 illustrates the extensive deposition of ash fines

within the pores near the candle filter ZDwall. P/sure 6.43

illustra_ea that pores along the ID wall were neLrly completely plugged.
0

Extensive mottling o_ the binder phase was evident along the binder

coated grains. Area 1 in Photo 18 of Figure 6.44 consisted of 76.8S_

Si, 14.22S A1, 6.86_ K, 1,48S Na, sad 0.79S Ti (NF = 0.749). This area ,"
was expected to be within _he binder interconnect area that bonded two

• ,
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" FiEure 6.40 - Microgr=phs Illustrating The Collection Of Dust Fines
Within The Silicon C_rbide U_trix ThLt Is -12 mm From The

' Wembr=ne Covered OD WLII (~3 ms From The ID WLII),
Deposition And Collection Of Fines At This 5oc_tion
Resulted DurinK Pulse CleLninE Of The C_ndlem, Prior To

' Filter T_ilure,
6-49

RU-_g564



Figure 8,41 - Ex_ensive Phase Change Along The Binder Surface Of The _"
Silicon Carbide Gr_ins Tha_ Are Located A_ -12 _ From
The Membrane Coated OD Wall (-3 u From The ID Surtace)

!
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Figure 8,42 - _licrogrLph Illus_rLt,_nB The AccumulLt, ion Of Fines WithJ.n
ID Pores Of The CILy Bonded Silicon C&rbids Candle Filter
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Figure @.43 - Micrographs Indicate That Nearly Complete Plugging i
BM Resulted In The Pores That Are Present Along The
ID Section Of The Cl_y Bonded S£1icon Carbide Candle
FilLers
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Figure 6.44 - High Magnification Microgr_phs Illustrate The Enhanced
.' Surface Mottling Along The Sulfur-Enriched Silicon-

Cont=ining Binder Phase Neax The ID Candle Wallt'
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sdJoLnLnZ silicon carbide grains to|ether. Area g in Photo 18 of ri|ure -'

8.44 illustrates an area where extensive uottlin| hid occurred ales| the _/

binder phase. ZDAXsnalTsi8 of Ares g indicated the presence of 87.19S ,./

$i, 9.22S $, 1.91S K, _d 1.67S Oa (_ = 0.890). kteaslve crack p_

formations were evident aloha the surface enriched silicon-containinG 'r

binder phase. Note the relatively hi|h concentrs_ion of sulfur _hat was

retained in the silicon-rich binder ph_e aloni the ID surface of the

candle filter.

FiSure 0.45 (Photos 27 and 28) illustrates the accumulation of

lines at another location ales| _he I1) surface of _he silicon carbide

matrix. BDAXanalysis of the fines indicated the presence of 34.361 S,

24.90S 8i, 16.11S On, 13.25_ At, Y.20S MS, 2.17_ Pe, and 1.96S K (I_ m

0.682). Hish mqnification sicro|raphs of the fines thut were entrapped

in the ID pores are shown in FiZures 8.48 and 8.47. _AX analyses of

the fines shown in Fizure 6.47 indicated the presence of 30.07_I $i,

26.95S $, 16.06N AI, 14.04S Ca, 8.13S M|, g. IOS Pc, end 1.97S K (ITle-

o.641).
Although _inee tha_ were deposited in the pores ales| the ID

surface of the cudle filter durin| pulse cleaning frequently filled _he

pore cavities and channels, the collected fines tTpically formed a

porous uni_. Two questions arise u a result of detectins fines ales|

the ID surface. These include:

• To what extent does the accumulation of fines increue las

flow resistance throuEh the ceramic filter matrix?

. Will the accumulated fines be released back into the clean

sas stream durinE the course of normal hot |u filtration?

Bued on the above concerns, removal of the candles from plenums that

contain failed candles, and therefore planed ID pores, was rscouended.

Similarly the incorporation of a mombrLno alone the ID surface of the

candle _ilter would limit fines penetration into the porous clay bonded ;_

silicon carbide matrix in the event of filter failure.

t
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_' Figure 6.45 - Micrographs Illustrating The Accumulation Of Fines
In The Pores Of The Clay Bonded Silicon Carbide _atrix

" Along The Candle ID Surface. Fines Penetration In
This Area Resulted During Pulse Cleaning.
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Figure 8.48 - High Magnification Micrograph Of The F_nes Collected
In The Candle ID Pores
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FiEure 6.47 - _icrograph Illustr_tinE The Morphology Of The F_nes
; That Collected Alone The Silicon Carbmde Grains And
' Pores Alone The ID Surface Of The CIay Bonded Silicon

CLrbide Candle Filters

Q.
i

• !
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8.8 OXTQINANALYSISOf TMI CLAYBONDBD8_ICON C_BXDB SBODNT
LBIfOYBDFIOMTMi _TXNGHOUSBAPt ASHHOPPBI

The Link _ BDAXsystem wu once s4ala u_ilised _o detail the _i
eoneen_ration of o_8en within _he bander phue _hat coated the silicon

carbide _aias in _he 5chuacher Dim 5chuuXith candle filters that

' experienced _ hours o! exposure An the A/_ PFBOSu environment. A

section wu 84iaia reboved !rob the silicon carbide candle filter segment

_hat had fallen into the uh bopper. Note that this section o! the

candle had a heavy depoei_ of !inee alone its ID, u well as on its OD
our!see. Peae_ration of fanes into _he IX)_X1 wM evident.

Figure 8.48 indicates the ex_ensive surface nettling th&_

resulted alone the binder coated siXicon carbide 8rains. EDAXanalysis

of the area shown in Pho_o g of Figure 8.48 indicated the presence of

69.0218 O, 26.7671 5i, g.8128 Na, 2.0878 AI, 0.42es 5, and 0.I17; K. A

hASher nqni!iea_ion nicrol;raph of _hi8 area is shown in Figure 0.49

(Pho_o 3). Oharacterination of the -6 gn crystalline-like phues that

!stud alone the bander set!ace indicated the presence of 69.3488 O_

27.8878 5i, 1.3101 Naj 1.g028 A1, and 0.185S 5 (Area 1p Photo 3, Figure
' 8.40). Area g of Photo 3 in Fif_re 6.49 represents the bander sur!ace

which consisted o! 72.147_ O, 20.61_ 5i, 3.7_7_ _a, g.3778 At, 0.667_

5, 0.218_ _e, 0.1328 K, and 0.127_ Ca. _ote that the eul!ur-enriched

848iOberate| extend &hove the binder surface u shown aloe| the

!ractured interconnecting channel (i.e., le!t aide o! Photo 3).

In an attempt to discern whether there wu a silica layer (i,e,,

510g) !orbed alone the binder/stain interface, BDAXanalyses were
attempted along the cross-sectioned sur!ace shown in _i|ure 8.80 (Photo

4). The dashed line barks the binder/stain inter!ace u determined by

the BDAXanaZyses tha_ were per!orbed An this area. In this location we

were not able to ideati!y the !orbation o! an oxysen-enriched silicon
phaseat the binder/graininter!see.

In an attempt_o _urtherdemonstratewhethertherewas an

additionaloxidephase!orbedat the bAnder/grainInter!ace_the c!ay

bonded silicon carbide matrix was cross-sectioned and polished, prior _o



I

. Figure S.48 - Microgr_phs lllustrsting The Sulfur-Enriched Silicon-

Contsining PhHe The Forms Along The Silicon C_rbide
0rains After Exposure In The PFBC O_s Environment
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FiEure 6.49 - Hizh Ma&nificstion Microgrsph Illustrating The Sulfur-
Enriched Silicon-Containing B_nder Phsse In The Clay
Bonded Silicon Carbide Candle Filter Mat,rix
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F!lure 8,50 - UicroIrLpb VelineL_ea The Binder/GrLin Inner,Lee
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8H sad OryleU saulyIii. Pllur. 8,5! i11us+rt+es +he lold :ou+ed _'+

polished section with the dashed lines msrkinl the locution between the -:

binder/grain interface. 8Lees the suple was sold cos_ed, we 5sve v.

elinLns_ed Jay espsbility for de_eo_in8 sulfur usiq BDAXtechniques.

As shown in _he echeu_ic below Pho_o 1 in Fi|ure 6.61, silicon sad i:

aiuminum were iden_ified sC the interface, Carbon sad oxy|es were noc

present in Chin ares. A silicon-sluminum-pocsasium-enriched lever ".'

(sulfur uy be present) formed u the next layer, prior Co contscCLns

the binder phue which consiseed of oxyzes, silicon, tlumLnu, sod/us,
sad potassium. Further saaiyseo are required to verify _hese results uc _

ai_erns_e loestione nice| the o/l/con carbide ns_rix. ,.

0,4 SlBI/IIDAXOEA/LACnlZ|ATZONOr AN _TAOT _kT BONDDDa_ZCON CAJLIDIDB
OtNDIJ rlL_l _"o

The candle which was desi|nsted u _198 was peeLCLosed is "

loose/on C/B-g1 durin| _he 600 hour exposure CO AZPPFBC|u "

environnen_. This csadle was sectioned for unslyais is order to provide ..

a comparison between am inCsc_ csadle ucrix which experienced lens-term
exposure, sad nsteriai from t candle section ChsC had Sullen is_o the

uh hopper which presumsbly experienced fewer hours of scout1 hoC Sue

fil_rs_ios opersCion. FiZure 6.$3 illusCrtCe8 the morpholol_ of the

intact csadle _ilCer clsy bonded eLl/cos curb/de mtCrix sour the OD

menbrsae costed suffice. Bxtensive suffice mocClin| resulted sloes the
binder coated iLl/con curbide Steins, Zn addition, rezions within the
mottled _eas sppeared to be raised tbove the binder costed surfzce

(Photos 3 sad 4, _izure 0.53). Anslysis of the mottled eurfuce

indic&ted the presence of 73.36N O, 18.867N eL, 4.017S Hs, 2.023_ AI,

0.725S 8, sad 0.217S K (Ares 1, Photo 3, _izure 6.53). The thickness of

the surfsce enriched phue wu -5 #u.
Ares 2 in Photo 3 of FiZure 0.53 illusCrsCes the smoo_h resource

%

of the fractured binder interconnect chsanel. EDAXanalysis of _hls '_

sres indictCed the presence of 40.778S O, 38.099S $i, 5.753S A1, 4.995S ,,
K, sad 1.476S Nu. From Chess saalyees LCsppeared Ch&ceither: ,_
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Grain

-- GrLin --):<-- Inter_ace ---)'<--- Binder ..-
..... II I IL IHII .._3I l[l_ilill " II - [--.._. ]-

SiO ' Si - AI : Si ' Sl
: : AI : AI
: : K : 0
: : : Na,

' Fizure 6.51 - gicrozrsph Of The Polished Oross-Sectioned Clsy Bonded
Silicon OLrbide gstrlx A_ter SO0 Hours Of Bxposure Zn
The PFBC Gas Bnvironment. Dsshed Lines Delineste The
Binder/Orsin Interface
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_i&ure 8.52 - Micro&r_phs Illu.tratiniE The Morphology Of The Silicon
Carbido Gr_ine Near The OOSurface Of The C}ay Bonded
Silicon Carbide CLndle Filter _fhich Bad Renined Intac_
Ourlnl;The Entire SOU Bouts Of OperationIn The PFBC C_s
Environment
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' Figure 8.83 - _igh Magnification Micrographs Illus_rL_ing The SurfLce
.... Uorphology Of The Binder CoatingAlong Silicon Carbide

Grains Near The OD Wall Of The Candle Filter That
Remained In_act During The Entire 500 Hours Of Hot Gas
Filtration In The PFBC Gas Environaen_
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. Sodium h_ mlgrsted to _he surface of _he binder ph_e which

wu somewha_ sul_ur-enriched, while poceslua appeared to be *_

retained wi_hlu the matrix,

5

. That sodiu sad sulfur frou the gas phase had been sorbed _.

into the binder surface which then accelerated production of

the crystalline phee along the binder surface.

At _his pointin timewe are not able _o di_eren_iatebetween_hesetwo

scenarios.

Figure 8.64 (Photo 64) illustrates the extensive nettling thac _ ,

resulted along the binder e_face that costed the silicon carbide ',

I_ains, sad the binder phue along the interconnecting channels. Higher

ui;nifioation microl_aph8 of this ares _rs shown in Photon 6 and 7 o!

Figure 6.66. The rather irrei_la_ly shaped particle in Area 1 o! Photo

' 8, Fi|ure 4.68, consisted of 71.?09S O, 10.23eS S, 8.0115 Ca, 4.788S Si,

1.647]; Ha, 1.639S AI, l.g30N ME, sad O.IOOSK, ladlcaclve of a _ly ash-

sorbent particle. Alternately, the globular deposit shown in Area 1 of

Photo ? CFigure 6.56) consisted of 79.737t O, 7.941S On, 6.423S $,

4.533S $i, 1.212S A1, and 0.184S K -- s4ain a _ly ash-sorbeut particle.

Aloes the silicon carbide grain, the binder phase appeared Co

coalesce, particularly in the areas where the fly ash-sorbeat particles

were attached to the grain (Photos 8 and 9 in Figure 6.56). BDAX

analysis of the particle shown in Ares i of Photo 8 (Figure 6.56)

indicated the presence of 73.261S O, 7.704S $I, 0.306S $, 4.984S AI,

3.907S _a, 2.068S Ha, 1.222S MS, 0.308S K, and 0.25_ Fe. Hot;ethat; the
rod-likemulllteformationswere detectedIn the areaswherefines

adheredto the bindersurface.

e.s aaM/apAx(OITQN)CSAIAOTIIIXSATXONOFTn CLAYBOHDIilD9ZLICON
(_AILBDBMATIXXArTBI _OSU]LR A_ TIP]) ANDlOOMTBMPBLA_ C-liNG
8TIIINGTRTISTXNG .-

Initially the clay bondedsiliconcarbidecandlethatwas t.

exposed to the PFBCgas environment we sectioned _or C-ring strength

I
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. Figure 6,54 - HicrogrLph Iilus_rL_eeThe Ex_ensive Binder SurfLce PhLse
ChLnEes ThL_ Resul_cd Along The Silicon CLrbide GrLine In
The S=huucher DiL $=hunlith C_dle Filter MLtrix After

kpoeure In The PFBC Gu Environment
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FiEure 6.5S - Eigh _agnificatio, Eicrographs Zllustrat_n| The Adher,nc,
,_d Possible Bonding Of The Ash-Sorbsnt Fines Alon| The
Sillcon Carbide B_nder Phase Surface



. Figure 6.56 - Mullitization Of The Binder Phase Beneath Adhering Ash-
Sorbent Fines
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determination. During sample preparation the C-rings were cut wet. A _i

C-ring section that was strength tested at room temperature was

subjected to SEM/BDAX characterization using the Link XL EDAX system.

The morphology of the silicon carbide matrix adjacent to the

aluminosilicate fibrous membrane is shown in Figure 6.57. At high _,

magnification the morphology of the binder phase appeared to be mottled

(Figure 6.58). EDAX analysis of Area I in Photo 3 of Figure 6.58 :'I
,i

indicated the presence of 73.049_ O, 20.401_ Si, 3.081_ AI, 2.781_ Na,

and 0.687_ K, indicative of a thin b_nder phase coating along the _i1debindered silicon carbide grain. Area 1 shown in Photo 4 of Figure _

4.58 contained 71.966_ O, 19.820_ Si, 4.030; A1, 2.977; Na, and 1.207_ .,

K, also representative of the binder phase that costed the underlying ,_ii

silicon carbide grain. Area 2 in Photo 4 of Figure 8.58 appeared to

" consist of the raised agglomerate phase which was previously described. _.i
In this sample, the agglomerate consisted of 73.434_ O, 18.036_ Si,

3.701_ Na, 3.257_ A1, 0.902_ K, and 0.669_ gg. Note the absence of 5oth "_

sulfur and calcium in this area. "....

Figure 6.59 indicates that the thickness of the binder phase ....

which coated the silicon carbide grains was -10-20 pm. Note the mottled

surface features along the binder coating surface and the ragsed edge of

the binder at the binder/grain interface. The thick hinder'coating

contained 76.243S O, 18.100S Si, 2.897_ Na, 2.249_ AI, and 0.511S K

(Area 1, Photo 5, Figure 4.59).

At another location along the clay bonded silicon carbide

matrix, we attempted to discern whether there was an oxide-silicon-

containing phase (i.e., Si02) at the binder/grain interface. As shown

in Figure 6.60, the grain was oriented in such a manner to clearly ,-

analyze the composition in the binder, binder/grain interface, and _..

grain. Area 1 in Photo 6, Figure 6.60, contained both silicon and

carbon (i.e., SiC grain). Area I in Photo 7, Figure 6.60 attempted to

locate the interface. EDAX analysis of Area I indicated the presence of

63.718_ O, 25.890_ Si, 6.240_ AI, 2.190_ K, 1.597_ Na, and 0.366S Ti. _
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. Figure 6,57 - Micrographs Illustrating The Morphology Of The Silicon
Carbide Grains Within The Filter Material That _ad Been

C-Ring Sectioned For Strength Analysis, This Section
. Was Cut Wet During Sample Preparation,
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Figure 8.58 - Micrographs Illustrating The Mottling Surface Effect
That Results Alone The Binder Coating Near The 0D Wall "'
Of The Filter Matrix
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Figure 8.59 - Micrograph Illustrated The Thickness Of The Binder Phase

Along The Silicon Carbide Grain, As Well As The Mottled

.. Surface Features Of The Binder Coating
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Figure 6.60 - High Magnification Microgr_phs Illustr_ting The Binder
Coating Thickness Along A Silicon Carbide Or_in
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Carbon was also detected in this area. Area 1 therefore contained both

the binder and SiC matrix.

Area 2 in Photo 7 of Figure 6.60 consisted solely of silicon and

carbon, and represented the SiC matrix. Area 3 in Photo 7 of Figure

6.60 contained the binder phase (70.341_ Oj 21.018_ Si, 3.707% Al,

3.288_ NL, 1.135_ K, 0.219_ Ti, 0.182_ Fe, and 0.140_ S). Once again

calcium was not detected in the area analysed. A dashed line was added

to Photo 7 (Figure 6.60) to designate the binder/grain interface as

determined by EDAXanalysis.

Moving toward the center of the cross-sectioned silicon carbide

wall, we noted that the binder phase which coated the grains was not

only mottled, but also contained wpittedW areas (Figures 8.81 and 8.82).

Area 1 in Figure 6.62 contained the raised agglomerated surface features

of the binder phue which consisted of 70.380_ O, 21.407_ Si, 3.760_ A1,

3.318_ NL, and 1.164_ K. The WpittedW regions shown in Area 2 of Photo

11 in Figure 6.62 were identified to consist of 74.457_ O, 16.832_ Si,

4.126_ Na, 3.571_ A1, 0.763_ K, 0.134_ Fe, 0.070_ S, and 0.048_ Ti.

What was striking to note was the relatively high sodium concentration,

but conversely lo, sulfur content in the pitted areas, as ,ell as the

absence of calcium. Perhaps deposition of high sulfur, calcium-

containing WaerosolW droplets formed along the binder coated grain

surface, but while the samples were being prepared for C-ring strength

determinations, this phase was leached from the clay bonded silicon
carbide matrix.

Figure 6.63 illustrates the silicon carbide matrix at another

location along the cross-sectioned candle filter wall. Note the

extensive formation of the mottled binder surface features A high.

_:" magnification micrograph of the binder coating is shown in Photo 14 of

_. Figure 6.64. The agglomerates consisted of 71.639_ O, 18.988_ Si,

:_ 5.293_ Na, 3 268_ AI, 0 478_ K, 0 272_ S, and 0.162_ Fe. Again note the

high sodium concentration,low sulfur content, and absence of c_Icium.

_ Figures 6.65 and 8.86 again illustratethe extensive formation of

the binder coating agglomeratesalong a silicon carbide grain, as well
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Figure 6.81 - Micrographs Illustrating The Raised Agglomerates Along _
The Silicon Carbide Binder Phase. Pitted Areas Are Also _
Evident.
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FiKure 8.82 - Higher _agnification MicroKrsph Illustrating The Raised
Aulomerates And Pitted Areas Along The S_licon Carbide
Binder Coating

6-77

RM..29586



t *

Figure 8,83 - Extensive For=_tion Of The Surface Agglomerates Along
The Silicon Carbide Gr_in Binder Co_ing --.



t

f

Fisure 6.64 - High M&inifLoLtion tdicroir&ph ZlluftrLting The Uorphology
•. Of The R&ind Aulomerates In The Binder Phue ThLt Coats

The Silicon C&rbide Ortine

o#

_0
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Figure 8.8S - Micrcgraphs Detailing The Mottled AgglomerLte Formations ,.
In The Binder Coating And FrLctured Binder Interconnect .,
Ares
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Figure 6,66 - Microgrsphs Detailing The Morphology Of The Agglomerate_
Binder SurfLce Phsse Along Both The Gr_ins And

Interconnect Chsnnel Aze_s

6-81

RM-295gO



as along the surface o! the binder interconnect areu. The auiomerates

were a surface phenomena which extended to depths of -5 _m into the binder

interconnect areM. _ea 1 of Photo 18 in Figure 0.88 consisted of ,_

oxygen, silicon, aluiaum, sodium, potMsiua, and sulfur. Alternately
Area 2 in Photo 18 of Figure 6.80 consisted of oxygen, silicon, aluminum,

sodium, and potassium. Sulfur wu absent in the interior of the binder

interconnect material. Again note the absence of calcium, and the low

sulfur concentration in these areas. Water leschin6 o! the calcium

sulfate phase may have resulted during C-ring sample preparation.
,e

8.8 BL_NTAL _CIOPIOBB ANALYSZSOF TB 600 HOUI PYOC_OSBD

CLAYBONDBDSILICONC_BIDB_TIIZ _.
Elemental microprobe analysis (D/A) wM performed along a

fractured cross-section of the clay bonded silicon carbide matrix that

had been exposed for 500 hours to the PFBC oxidising environment.

Figure 0.07 shows the morpholof_ of the mounted, polished, and gold

coated cross-section of material that wM used in this effort. Note the

variation in the thickness of the clay binder ph_e that coated the

+ silicon carbide grains (i.e., _B (back-scatter electron) micro|raph,

silicon-, aluminum-, and oxygen-enriched areas).

We attempted to qualitatively track the presence of silicon,

carbon, aluminum, oxygen, and sulfur throuRh _. binder interconnect area

(i.e., between two adjacent grains) in the PFBC exposed clay bonded

silicon carbide matrix. As shown in Figure 8.68, oxygen, aluminum, and

silicon were present in the binder interconnect area, while silicon and

carbon were present in the adjoiningsilicon carbidegrains. Line

traces across the area indicated An the upper right micro|raph detail

the relative concentration of each element. The concentration of

aluminum significantly increMed near the mid-section of the binder

interconnect phase, and wM depleted close to each adjoining silicon

carbide grain. At this magnification, the presence of an oxide

formation along the silicon carbide grains, at the grain-binder

interface wM not apparent. Higher resolution micrographs and line
traces are needed to resolve this concern.
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Figure 6.67 - Elemental Microprobe Analysis Across A Polished Section
, Of The 500 Hour PFBC Exposed Clay Bonded Silicon Carbide

Matrix
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Figure 8.68 - Elemental Microprobe Analysis And Line Traces Across A '_.
Polished Section Of The 500 Hour Exposed PFBC Clay Bonded
Silicon Carbide Matrix
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"' 7. CLAY BONDED SILICON CARBIDE
MATERIAL OHARACTERIZATION

f_

In this section we will discuss several aspects of the as-

manufactured material properties of the clay bonded silicon carbide

filter matrix. We will also identify whether changes in the hot

strength of the filter matrix resulted after 500 hours of operation in

the high temperature oxidizing environment. Data will be presented

which detail the hot strength C-ring compression results for failed

candle sections, as well as intact candle filters that survived 500

hours of operation at Tidd. Room temperature burst strength data are

also presented for sections of material that were removed from actual

intact candle filters, t

7.1 AS-MANUFACTUEEDSTRENGTHOF THE OLAY BONDEDSILICON CARBIDE MATRIX

A full length candle filter was sectioned for C-ring compression

strength analysis. Typically the 9 to 10 mm thick C-ring sections were

prepared without chamfering along the edge of the coarse clay bonded

silicon carbide struc@ure. Between 5 and i0 C-rings were tested at i

temperatures ranging between 25 and 1000"C. As shown in Table 7.1 and

Figure 7.1, strength appears to increase between room temperature and

400"C (70 and 752"F). Thereafter, the strength o_ the clay bonded

silicon carbide matrix decreases as temperature increases. Note that an

• ~10_ 1_ variation results in the reported strength values.
'i

:,. The operating temperature of the Westinghouse APF system was

_+: between 730 and 850*C (1346°F and 1562"F; Table 3.4). Notice that the

hot strength of the clay bonded silicon carbide matrix at 800"C (1472"F)

is nearly comparable to the as-manufactured room temperature strength of

/ the material. During relatively short operating periods of time when
'

the Westinghouse APF system was operated at higher temperatures, the

i candles would be expected to be somewhat weaker in their overall
u,
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TABLE 7.I :_J

O-RING COMPRESSIONSTRENGTH OF THE AS-MANUFACTURED

FILTER MATRIX AS A FUNCTION OF TEMPERA_

Temperature, S_r ength,
*O (*F) psi :_.,

).

R'O_OmTemperature ....1285._7 i 197 (i0);
r':

200 (392) 12s_.o2, li_.ss (5) :
400 (_52) 14_s._s • s4._9 (s) ' -
CO0 (1112) 1443.85 • 2_1.25 (5) ""

700 (1292) 1385.93 • 139.01 (S)

_30(134s) 13s_.09,i20.03(s)
soo (14_.) 124s.9_ • isi.34 (s) _
850 (1862) 1139.66 * 105.45 (5)

900 (1652) 1093.84 ,,, 174.45 (5)
4

1000 (1832) 517.77 • 51.73 (5)

- i,,i ,,,,, ,,,i , , . , ,,,,,, L

* Nuaber In Parentheses Indicate The Number
Of O-Rings Test_ed.
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_." Figure 7.1 - O-Ring Compression Strength Of An As-_anufactured Clay
;_ Bonded Silicon Carbide Schumacher Dia Schumalith F40
= Candle As A Function Of Temperature
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material strength in comparison to their as-manufactured room

temperature strength. As shown in Figure 7.2, the brittle

characteristics of the clay bonded silicon carbide matrix are retained _:

to temperatures of gO0*C. The material exhibits a plastic ,-

characteristic at temperatures between gO0*C (1882"F) and IO00*C (1652"F

and 1832'F).

7.2 STEBNGTH OF A FBACTU_D CLAY BONDEDSILICON CARBIDE FILTER SEGMENT

J

A section of the clay bonded silicon carbide filter that had

been removed from the Westinghouse APF ash hopper was subjected to _

strength characterisation. We are not able to identify the total length

of operating time that the -305 mm (-12 inch) candle filter segment had

experienced, prior to the candle breaking. Table 7.2 and Figure 7.3

present the room temperature and hot strength (730"C; 1348"F) data for

the as-manufactured matrix, as well as comparable strength data for the

fractured candle filter segment. After 500 hours of exposure in the

PFBC gas environment, a 25-27_ reduction in strength of the candle

filter matrix was observed at both room temperature and at process

operating temperatures of 730"0 (1346"F).

Note in Table 7.2 and Figure 7.3 that the strengths of the as-

memufactured and failed candle section at 730"C (1348"F) were somewhat

higher than their corresponding room temperature strengths. We suspect

that the phue changes and/or crystallization which occurred along the

pore cavity wall (Discuss in Section 6) enhanced the hot strength of the

PFBC exposed filter material over its room temperature strength. Figure

7.4 provides the load versus deflection curves for the clay bonded

silicon carbide matrix after exposure in the PFBC gas environment. _.

Brittle fracture characteristics of the exposed matrix resulted during

C-ring compression testing.

i
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' DEFLECTION, in ......

Figure 7.2 - C-Ring Compression Lo_d Yersus Deflection Curves For The
;,' SchumLcher Di_ Schum_lith As-_nufLctured M_trix As A,t

' Function Of TemperAture
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TABLE 7.2 ""

COMPARISON OF AS-_AG_D AND 500 HOUR PFBC F.YPOSED ".

CLAYBONDEDSILICON CARBIDEMATERIALSTRENGTH _-

As-ganuILcturedClay Bonded Silicon Carbide Matrix

¢

Temperature Strength, psi Fracture Charscteristics

Room TemperL_ure 1285,87""_ 197,20 ' Br'ittle _.

730"C (1348"P) 1387.09 * i20.03 Brittle
_.

Prscture Candle Sepent Removed Prom The Ash Hopper
i r"

Temperature Strength, psi Fracture Characteristics

-Room TemperatUre 985.7. i_0.0 ........ Brt_tle ..........

730"C (1348"P) 1018.1 * 113.7 Brittle

Percent Strength Loss **

*' _oOmTemperature 2_S

730"C (1348"F) 27_ *

I,

.................. ............................_............ ......... ,_=__=_ _ ,:_._ _
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Figure 7.3 - Comparison Of The As-Manufactured And 500 Hour PFBC Gas
2_

.: Exposed Clay Bonded Silicon Carbide Filger _agerial
.Jl ;
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DEFLECTION, in ..

)

!+

Figure 7.4 - Load Versus Deflection Curves For The Clay Bonded
Silicon C_rbide Matrix That Was Removed From The ,
Ash Hopper ,_
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7.8 STRENGTHOF INTACTCLAYBONDEDSILICON CAIBIDB C_Jql)LBFILTH$ AFTER
_i 600 HOURSOF _OSUIB IN TI[B PFBC GAS EN_RONMBNT

• Five candles were selected for C-ring compression and burst

strength characterisation. These included _our surveillance candles

(B/T-1 #504; B/M-1 #436; B/B-1 #193; and A/B-8 #085), &nd one additional

candle that was visibly bowed (A/B-O #066; 8.38 mm bow). Table 7.3

summ&rimes the C-ring compression results for each of these candle

filters at room temperature, 732"C (1350'F), and 843'0 (iSbO'F).

" Between nine and eleven C-rings were tested at each temperature. The lo

variation of the reported C-ring compression data is -105.

Strength data for the intact candle filters are presented in '

Table 7 3 Note that the strength o_ the intact candle filters was
%

higher both st room temperature, u well as at 7320C (13500F) in

comparison to candle filter segment that had fallen into the ash hopper.

The strength of the candle filters appeared to be uniform throughout the

top, middle, and bottom plenums, as shown by the data presented in

•" Table 7.3 for Cluster B. The bottom plenum candle #08S in Cluster A _

_. (A/B-8) had a strength comparable to that of the fractured candle filter

' section that had fallen into the ash hopper. This candle was in close

proximity to the section o_ candles that had fractured during hot gas

filtration testing.

What was surprising in the data presented in Table 7,3 was that

the room temperature strength o! the bowed candle was higher than any

•,_ other room temperature C-ring compression strength value. The bowed

• ' candle also exhibited the smallest increase in strength from room

temperature to 7320C (1350"F) in comparison to the tstraighter n candle

! filters The bowed candle also exhibiteda relatively large loss in

strength between 732"0 (1350"F) and 843'C (15SO'F) in compffirison to the
_,, other candle filters.



t,l'_,

J .

O-R_(] C0MPP_$SlON8TRBN(]THOF I_rI'ACTCA/4DLIBFILTZRS, psi :_'

T_

OLudle Oi,ndle Room 732'C 843"C _.
Locstion Ii) Te=perL_ure (1380'F) (1580'1_)

i ............. , •

B/T-1 504 1120,23 * 123.13 1226.11 * 115,88 1013.4g * g8.48

B/M-1 438 1098,30 * 118,17 1172,01 • 133.8T 1041,gl • 135.17

B/B-1 lg3 1147.21 * 111.82 1245.11 * 107.78 1044.23 * 108.80 .
t

A/B-6 088 g40.84 * 5g.48 1088.27 * 130.82 89g.08 * g8.04

B/B-45 * 108 1180,42 * g8.04 1229.$8 * 127.05 1075.27 * g4.13

---- . _'7 _._ ..... I[I IlllO II _ I IlIII . - _ illll i Jl_ -"_ __ ,l III - I I]1 ................ __ -- _ I

• _owed Osmdle.
_Ts lS Smplea; 1380"1_: 10-11 Smplea; 1580*F: 9-10 Ssaplee.
lqote All Brittle l_rscturee Resulted Under Losd.
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Burst strength measurements were performed at 8chum&cher on the

, 264 ua (12 inch) sections o! candle filter that were removed from each

" of the five intact candles (Table 7.4). Znitially testing at Schumacher

T_ indicated a buret strength of 103B • 83 psi C28 candle filters) for the

• 450 clay bonded silicon carbide candle filter production lot. The buret

. strength for the clay bonded silicon carbide production lot exceeded the

original manufacturing speci_ication o_ >870 psi C>60 bar) _or the

individual candle filter elements. The reported buret etrenith _or the

_ive candles that were exposed 'to the PFBC gas environ=ent ranged

between 988 sad 1261 psi (1128.1 * 116.7 psi) which is clearly greater

thah the original buret strength specification, sad generally comparable

to the initial buret strength of the as-manufactured candle filters.

A direct correlation between room temperature C-ring compression .

and buret strength of the 800 hours PFBC exposed clay bonded silicon

carbide matrix was indicated for candles that were located in a cones

cluster or locution within the Westinghouse APF vessel CFigure 7.5).

What was also interesting to note wL8 that a8 the candle TOF value

increued_ the room temperature C-ring compression strength of the clay

bonded silicon carbide matrix decreased, again for candle filters that

were located within a common cluster or location within the Westinghouse

. APF vessel. Cluster A candles and the bowed Cluster B candle tended to

deviate from the TOF/C-ring compression and burst strength/C-ring

compression relati_nship.

Note that the C-rinK compression strength tests detail any changes

or _lsws that have been introduced along the candle OD furnace during

'. process operation. In contrast the burst strength data provide information

, with regard to more typically macroscopic chanses that have occurred along

,_/. the candle ID surface. Based on the limited strength data that have been

generated to date, Ls well as the physical characteristics o! the primary,!

' _rac_ure along each _ailed candle filter element, thermal fatigue due to

pulse cycling does not appear to significantly contributed to changes

.. within the clay bonded silicon carbide candle _ilter matrix. C-ring
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800 !I0_ PFBC_OSSD }/ATI_ItlALPROPERTIESFORT_ _',

(JIAYBONDBD$_ICON CARBIDEC_._DLBFIL_RS ._
t_

Candle Candle TOF_gmee RoomTemperature Burst $Crenzth, .
Location ID Initial Final C-Rim| Compression psi ,

8trensth, psi

"B/T-1 ...._' 8_ ....................332 ''_ 339 ............1120.23""* 123.113.... ...... i087.8 ....... '

B/M-1 430 336 343 1096,30 * 116.17 i073.0

B/B-1 193 323 338 i147.21 * 111,82 1281.8

A/B-6 088 348 38= g40.84 • S0,48 088.0 ,

B/B-48 108 331.. 348 1180.41 * 98.04 1232.8

......... Ill, __ I till II /l ill I II "7"7 _L ....... i Ill, Illl I ......... []]___ Illllll I " ILL ...... ?- _:-. ---

, 8ehuascher Burst 8trensth Date; Averm4e Burst 8trenzth O!
!035 , 83 pal Deters/ned For g8 Candle Filters,

• . Schumseher TOF Date.

........................................... : ...................... __.__,:_. _._,_._ ...... _.._ __ ....... _ _. _,_
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• 370 - - 1300

OluJterB

II Oluater A / 00luster B_wed -,1200 '
• 360 - / O,.sdle

// ,* _

/
350 - - II00

0/4) • 01.._er BBowed

- / Candle - "

i'"'lt.
340 - < .........i,... - 1000 _i

0 Cluster A

, Olust;er a

' 330 ,,, I I ! J.....l,, l J J J J J ,, 900
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' RT C-Ring Compression Strength, psi

._?

Figure 7.5 - Correlation Of TOF And Burst Strength Data With Room
'": Temperature C-Ring Compression Strength DLtL For Candle
'._, Filters That Have Been Exposed To 500 Hours Of PFBC
" Gas Environment
r,
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tension strength testing will be performed to identify whether change h_s , _....

occurred within the matri_i along the candle ID, which may be indicative of _

thermal fatigue, i_._I

7.4 HY DISSOLUTIONOF THB CLAYBONDEDSILICON CAItBIDBMATIIX _::

An attempt was made to acid leach a section of the as- _

manufactured clay bonded silicon carbide candle filter material, as well

as a section from a candle that experienced SO0 hours of operation in "
J

the PFBC gas environment. This approach was expected to provide insight .

into the possible oxidation that may have resulted along the silicon :-

carbide grains _ter long-term exposure in the oxidizing flue gas _i:

slipstrew. Initially each sample was crushed and weighed in a platinum .

crucible. A dilute HY solution was added to both samples. Each were

then heated on a hot plate for three days until they were completely
[-

dry. As a result of this procedure, all SiO2 that is present in the
,+.

matrix is expected to react with HF and form volatile SiF4, leaving the

residual silicon carbide grain intact. A_ter HY dissolution and drying,
a

each sample was reweighed, washed to remove any residual soluble _

fluoride compounds, and then once again reweighed. The total silicate

content was based on the change in material weight that resulted from

this procedure.

Note that the filter membrane had not been removed from either

the as-manufactured or from the 500 hour PFBC exposed candle matrix.

The filter membrane consists predominantly.of an aluminosilicate fibrous

layer and the silicon-rich binder phase which is typically used

throughout the coarse grain structure. The total silicate content in

the as-manufacture candle filter matrix was determined to be 13.07_,

while the 500 hour PFBC sample contained a total silicate content o! _,-

13.25_. Based on these data, negligible oxidation was expected to have
_j

resulted along the silicon carbide grains in the Schuaacher Dis

Schnmalith F40 matrix after 500 hours of exposure in the PFBC gas

environment.
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7.5 AUGER_qALYSIS OF THB CLAYBONDEDSILICON CARBIDEIL_Tg31 ,.

i ;!

_' Auger analysis was performed along the section of the candle

_ filter matrix that had fallen into the ash hopper. Table 7.8 and

Figure 7.6 detail the results of the Auger analysis along the binder

.- coated silicon carbide grains that experienced PFBC gas conditions.

..... Through a depth of ~4000A (~4 _m) we noted that considerable change had

occurred within the binder phase. Along the external binder surface

! (i.e., pore cavity wall), oxygen (0), silicon (Si), and aluminum (A1)

were detected. Along this axes sulfur (S) was not detected until 880A

(0.880 pro) had been sputtered away. Carbon (C) wu also detected in

' this layer, while the concentration of silicon and oxygen decreased, and

aluminum became virtually absent in the binder m_trix. The carbon and '

!_ sulfur content continued to increase as the sputtering depth increased,

..... while the oxygen and silicon concentration continued to decrease.

, Deeper into the binder coated grains, the concentration of carbon

increased in parallel with silicon, implying that the silicon carbide

I grain had been located. Note the low concentration of oxygen which also '
i

'" existed in this axes (2060A or 2 _m). Further sputtering slightly

i"_' enhanced the carbon and silicon atomic concentration, while oxygen was

present at ~6 _tomic percent. The low concentration of oxygen in the

. silicon- and c_rbon-enriched matrix'implied that a very thin oxide

_:l'_ coating existed between the binder and the silicon carbide grain

Additional analyses axe needed to further substantiate these results.
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8. CONCLUSIONS

J

• in the initial surveillance effort, general agreement resulted

., between the Westinghouse and Schumacher time-of-flight (TOF) data

_or the as-manufactured candle filters. Westinghouse continuously

recalibrated the Ultran equipment during conduct of the TOF

measurements, while Schumacher calibrated their Pundit TOF equipment

on a daily basis. Any discrepancy between the Westinghouse and

Schumacher data is considered to result primarily from equipment +

recalibration frequency.

• The majority of the failed candles were fractured near or below the

fine-to-coarse transition section in the clay bonded silicon carbide

candle filter elements. Each primary fracture contained a shear

lip, typical of a bean breaking in a bending mode. There was no

evidence of longitudinal cracks in the clay bonded silicon carbide

matrix. Secondary gractures consisted of virtually all transverse

breaks.

* Bowing was evident along the remaining intact bottom plenum candles t

as well as along candle filters that were reconstructed from

sections that had fallen into the uh hopper. Bowing was tenerally

in the appropriate direction relative to the shear lip. This

supported the conjecture that a sustained load wan applied to the I

bottom of the candle(s) causing it to bend under load at

temparaturet and finally to gracture below or near the _ine-to-

.... coarse lrain transition section.
+

' Post-tent measurements of the candle filter indicated that within

experimental tolerances (*1 nm) all candles retained their initial

+ length after 600 hours of operation in the PFBC tas environment.

Within the bottom plenums, a 1.3 to 2S-fold increase in bow resulted
++
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t,

over the initial candle bow. Out of the original 27 surveillance

candles that were located in the bottom plenums, 18 were out-of-bow __/,

tolerance (>3 am) after exposure to the PFBC environment. Post-test _

characterisation of the remaining bottom plenum candles indicated

that a maximum bow of 23.8 mmwas detected along an inner ring ._

candle filter (B/B-28) The influence of ash bridging at• p_,

temperature produced significant load on the candles to deform the , i

clay bonded silicon carbide filter elements•

• A negligible increase in bow was detected along the candle filters

located in the top plenum arrays. A slight increase in bow was '

observed along the candles in the middle plenum a-rays, while the

largest increase in bow was observed for candles located in the

bottom plenum arrays. The greatest extent of bowing resulted in the

bottom arrays which had significant uh bridges formed between

adjacent candle filters.

* The adherence or inclusion of fines along the clay bonded silicon

carbide candle filters did not influence the time-of-flight

measurements. In other words, the strength of the candles can be

measured directly in the as-received candle state, with or without

dust cake removal, provided adequate contact is available for both

TOF transducers.

• Post-test TOF characterisation of the surveillance filters indicated

that the candles lost strength after 500 hours of exposure in the

PFBC gas environment in comparison to their as-manufactured state.

• The as-manufacturedclay bonded silicon carbide $chumacher Din

Schumslith F40 matrix retain its initial strength up to temperatures

of -750-800"C. Thereafter a reduction in the as-fabricated strength

of the matrix resulted. A brittle fracture characteristic of the

L
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matrix results during C-ring compression strength testing up to 4'

temperatures of 900"C. Between go0 and IO00*C, the matrix undergoes

plastic deformation.

• C-ring strength analysis of the candle filter segments removed from

the ash hopper indicated that the matrix retained 75_ of its

as-fabricated strength at room temperature test conditions. At

process temperatures of 730"C, the failed filter segments retained

73_ o_ their as-fabricated hot strength. A 10_ io value was typical

for all room temperature and hot strength C-ring compression

strength meuurements performed to date.

* Alter 500 hours of exposure in the PFBC gas environment, the intact

candle filters ha_i a somewhat higher room temperature and hot :_

strength in compa_ison to _ilter segments that were removed _rom the

uh hopper (retention of ~8S-90_ versus ~75_ o_ the original as-

manufactured strength, respectively).

* Uniform strength o_ the filter elements was Ldenti_ied throughout a

common cluster o_ three candle arrays in the Westinghouse APF vessel

after 500 hours o_ hot gu _iltration.

* The minor variations in the TOF data directly corresponded to the

C-ring compression strength for candles within a common cluster.

Burst strength data similarly correlated with C-ring compression

strength for these filters.

' Characterisation of the candles removed for post-test analysis

indicated that the pressure drop in the candles Lncreued from the_b

" top to the bottom clusters, particularly along Cluster A. Bottom

plenum Cluster A candles had the highest pressure drop og all

candles. This plenum also had the greatest number of broken candles

" after 500 hours of hot gas filtration.
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* After 500 hours of operation in the PFBC gas environment, the OD ..

membrane of the Schumacher Dim Schumalith candle remained intact. •

The OD membrane did not permit penetration of fines into the filter _

wall. ._

_p

* ExMination of the clay bonded silicon carbide microstructure

indicated that sulfur and calcium-enriched micron and submicron

aerosol droplets/particles were evident along the binder phase of

the grains that were directly below the OD fibrous membrane. Phase _.

changes (i.e., mullitimation) in the binder coating along the grains . '

beneath the silicon-, sulfur- and calcium-enriched aerosol _.

droplets/particles were evident. .

* Sulfur appeared to be sorbed into the binder matrix of the 500 hour

PI_C exposed clay bonded silicon carbide candle filter. The

resulting sulfur-enriched phue appeared to be limited to a depth of

5 _m along the binder surface. Minimal influence through the binder

interconnecting channels resulted after 500 hours of hot gas "
filtration.

* In the absence of calcium, a sulfur gradient was established along

the cross-sectioned candle filter wall. The highest concentration

of sulfur appeared along the silicon carbide binder phase near the

candle ID surface. Complete pore plu_Eing was evident along the ID

wall of the clay bonded silicon carbide matrix, Ls a result of fines

penetration during pulse cleaning adter an initial candle failure.

* Auger analysis h_ the capabilities to determine the location of the

binder and subsurface silicon carbide grain. The outer surface of

the Schumacher Dim Schumalith clay bonded binder phase consisted of

oxygen (0), silicon (Si), and aluminum (A1). Beneath the binder
*a

surface phase, an oxygen, sulfur (S), carbon (O), and silicon layer '"

formed. As oxygen was depleted a_ the binder/grain interface, the

\
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atomic percent of sulfur and carbon increased. Silicon and carbon

, were not in a 1:1 atomic percent ratio which indicated that a layer

formed above the silicon carbide grain. Sublayers contained low

_ concentrations of oxyEen LIons the silicon carbide lrsin.

• NegliEible oxidation o! the silicon carbide matrix was detected over

backsround in an acid leach of the 500 hour PFBC exposed filter

matrix. Although extensive changes in the matrix were not evident

via this test, Auger analysis indicated thLt subtle oxidative

changes may have actually occurred.

* Post-test examination of the candle segments which were removed from

the ash hopper indicated that a white layer of sulfated dolomite

coated the candle OD surface, below the ash cake layer. To date we

have not been able to confirm whether & thin ash/dust cake layer was

initially deposited uniformly below the sulfated sorbent layer

(i.e., conditioned layer).

* Thick ssh-sorbent dumpling-like deposits, s8 well Ls an uh-scLle

layer remained along the 500 hour PFBC exposed intact candle
e

filters. The dumpling-like deposits extended between 5 and 15 mm

above the candle OD surface, while the scale-like deposits were

_5 _ thick. Both dumplings and scale were easily removed, and

virtually retained the contour of the candle wall. Both materials

consisted of PFBC ash and sulfated dolomitic fines. The dumplings

' and scale-like deposits were relatively porous, Sulfated dolomitic

fines were somewhat smaller in comparison to the particle sime of
"_ the ash f ines_

5

_,i_ * Fractured candle filter sepents typically contained L layer of

sulfated dolomitic sorbent material along their ID surface. This

,i implied that at test termination, sorbent from the primary cyclone

was carried through the Westinghouse _F system.
i

8-5



,J

4

• A very hard, white cement-llkea_h w_ removed from the bottom of

the uh hopper, as well u from the ID of the candles that were _,

found in this area. The cement-likedeposit wu extremely dense _

(i.e.,ne|lisible porosity), and consisted of either isolated

islandsof mqnesium sulfate hydrate (kiersite),or w_ a ,

combinationof kiersite and anhydrite (calciumsulfate).

Alternatelythe pinkish-orangedense areas of ash included both of

these constituents,as well as hematite (iron oxide). The white

area_ were identified by EDAX analysis to be enriched with

aagneslum.
i

• At lest three candle failure events transpired during the SO0 hours ..

of hot gN filtration in the WestinghouseAPF system. These

included:

- An initial candle(s)failure which released dust into the various

plenums. Dust wa4 then redistributedalong the ID surface of

intact candles during pulse cleaning.

- Sections from the intact candles then fell into the dust hopper

at various times. The location iu the hopper and contents in

their IO may track the coarse of failure during hot gas

filtration. For example, early on, candle sections may have

fallen into the bottom of the hopper which ultimately contained

the cement-like sorbent/uh deposit. Alternately, candle

sections may have fallen into the uh hopper but had not dropped

to the depth of the resulting cement-like sorbent/ash deposit.

One fractured surface of the candle segment would have been

heavily coated with ash which accumulated on this surface while

the candle section remained rigidly supported in the filter

holder. Ash then packed along the second fractured surface of

these candle segments during continued ash accuaulation in the f:_'

filter vessel. Additional failure continuedas candles continued

to sever and _.
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drop into the hopper ash. in this cue L caked frLctured end and

a somewhat fresh fractured surface would have resulted either

above or slightly below the ash hopper level (i.e., near test

' termination).

- Failure of candles at test termination cmusinE L fresh fracture

along the candle orou-sectioned wall that was virtually free of

dust.

- Failure of the candles durinl removal of the cluster arrays from

the Westinlhouse APF vessel Lud transport to its structural

holder. These fractures ms7 have already occurred_ hut due to

_h bridlint, the fractures were tilhtly held in position.

Vibration, etc., durinl the lift and transport of the array may

have ultimately CLused separation of the fractured sections.

SimilLriy contact of the bottom plenum candles (i.e., outer rin!

candles) with the filter vessel may be responsible for the two

fresh fractured, lonl candles that remained in the filter holders

Lt test termination, f
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9. RECOMKEATIONS

, In the event o! candle _ailure(e) within the hot Ins _iltration

systemp incorporation o! a membrane along the ID wall o! the coarse

Stained candle _ilters would prevent penetration o_ _ines into the

ceramic matrix during pulse Sas cleaning.

, Development of an initially higher strenEth clay bonded siliconJ

carbide matrix is recommended in order to mttiEate candle failure

under sustained load in the event that ash bridEinE or cascadinE

results,
0

' Development of a more stable, chemically inert binder phase would

mitiEate loss o_ material strength in the matrix during long-term

exposure to PFBO gas conditions, Alternately process modi_ications

during _ilter production may also minimise the typical initial loss

o_ material strength which resultad within the _iret several hundred

hours o! exposure to advanced coal _ired process environments.

• Identi_y the role o:t sulfur and various trace contaminant phases in

the actual PFBC gas environment that are in contact with the clay

hinder and ceramic _ilter matrix. Assess actual concentrations o_

these species within the Eae phase, and the resulting phases in the

ceramic filter matrix a_ter lonE-term exposure.

. Replace and/or omit _ull lenEth candles in position that are closest

to the vessel wall. This would prevent bowing and/or _racturing o!

these candles in the event that amh accumulates at these locations

•., durinE _ilter operation.

9-1



lO, AOlr_OItl.mDOnNTB _ tko art|t_t ,udlt IHton, _ Hli u nplmet lk, tie.tti d,_tj

jtittitN bt d,ithet|gl Ida|ill, A ill|||| _ttmkO |i ittli_N _Q

k, JMee rrokui** it. imt| |LtktN, s_i it, hlm_d ||tl fit tit

hbift Pl_li_|et |or _lf|eNlllt _bi Otilmill e|tlti_In tte_eliulpy/etetl_ i_i. _lttid tilter II #|l_led |er pmtdill tile bidet tttetttk

d|ipefotte t-rtf ill|yell (Ili_ID_I_ lad el•lied|i| t|uepfebo ut|yeei L_ellilt|o| it ki_et |et to|eli eild|e |||tel lilt|Oil.

(_) ot tie eeridlLe |||lit Md i_i i_te_s||. Toe _eiv|_O e| _iek_
it|it| Ldltt_|_ed itll_|Lellt philo ekqit tit| esel_rod t|oAi the i_, _l_li _&eeie lid _, tilele tleitiir l_e uiiN|ldiid |=r

e_fMe o| tie t_sder _e _ttr etude e| tke elsF _ed e_||ue _OLr i/forte || _r|e_ iko t_d|e _4iil||tl teet_, _d

_blde M_ _ _0 b_ e| proiJutl_ |leid|i_-b_ _bvetleJ l_ oU_IuI_ b. ll_-W t_l* .-" _. _.n b_oe tat u_iNiuq_ lee

_itiou, I_lul_ Nt_ _** ee_ ve_i t4 del|le the detl_lst_ US lit•St of _q ,| _ko f_| le_ _ddle f|liore tf_.

_|_D _ _l_ttioM_ _e| Ls _ke _k u_ft_o _kst Nro ,t_i_, II t_ preoe_||d f|eid|J_ b_ _tlo: _ *|vl_mt

|*_0d _ut tie Irlti_Ui* _ |yebil,
kpriee_ thai _e tile ,|te_ _ _ P_oet gt|iir tt th,

_le ,||orte el _, II_ ?*looter tt re_ |tit* _* bo_ ?_tl_ _etJ_rJie |e_ _rfe_ the Mk |isles, _4

_U_I_ for u_vetl_ tit |r_ti_e _u_poe _ tit f&l|od e_dlo p_t_it, ._d fittest• _iA_OOe, _ te _, _ti_ _lt* _ _, It_s_

fill•re, u *,11 N e,o_ootq the _i_se_y _,d lou_ etl_ttg, _1o fer _*t_ ee-pl_ ,t_orto tm det_|lq t_ o_eets_

_it|_ of We ,eri_e MWtI ti _ itte_ _ de|Lit tie et_t||ty e| ii_elltLell 0| tk* Mk liti_t_lO_

_* OliVe wilde F_U s_e_ pr_il_til_ |letdle_-k_ oellv0tLoi
ildit|eM, it, gtlli _._ Oll_tt to iskie_,dled fee p_gtdlte tim dirt1|,4

_llter i_sitet d_tetqe ekl_k ue _eefletil tn _ttti_u|_ tr_t|_l

09, _rtku i_ore ud _r. DJ,td htl_ m_e _|,d|ed for the |o_lttem e| |l_i |||tit i|tNJt (i l_ie |iet_eut _ eei||l_ u

_rJemq 4it _qtr uslyele ehJ_ p_vtd_ • _l_ tus_t _l_ tl, mJi _ tiilittt_ _e oplel|t• titert_ 4i_Mtirt|&ttoS re|viii tk|_

_lttll el piol_k_t k|ldi_-t_i|m l|te_ftel pkilu te_h Or_ t_ere _r* It|mrtt_d fir *lei filter l|lMit

i _ hi i_l I|tO kSiJli|ld-lod |i_ _lir ,lle_ Li _rlo_ tie

t*rt/ 4k|lrutiot _U} lUtylU ghleh |diettl|ld tkt _lt|m• of tie LI Idllltlol, tie l_|ertl i| i_ li|||ll il_kJ, ii_ ltlpitt
• llo|lild lli_illt/Idll td_ltt-[|kl pliitt t_t ti_ll_ il ill lltttll l| tit _Wi_tl, lid il, I011 Ilili i_I Idltdtli|l_lld |if tlt|r idtlltltlt |i

ill 14t_i_, il ||l&l _Idt•t|il i| till _llmPt

i. lIitM Attt&r, I_r. E_ldl I_idi_, lid i_r. hi |Ilk& _l
ilidlli_Idlld |iF titiF I||!ttl ti _lldt|il tli tl|tti_ i_ pot_tllt
ntdllUlitill tIM'e|'f[ilit (_P) llui_roltltl_ _• tlli_tl I| tillt

' Itl_llll ellp|!li•t tbl dit& |kit etrt |iltiJ|_F llilrltid it hivti_ber

i0- i i0-i


