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SUMMARY

In this project, a computational modding goproach for andyzing flow and ash trangport and
depogtion in filter vessds was devdoped. An Euleian-Largrangian formulation for sudying hot-ges
filtration process was established. The gpproach uses an Eulerian andyss of gasflowsin thefilter vessd,
and makes use of the Lagrangian trgectory andysis for the partide trangport and deposition. Particular
atention was given to the Semens'Wedtinghouse filter vessd a Power Sysem Devdopment Fadllity in
Wilsonville in Aldbama  Detalls of hot-gas flow in this tangentid flow filter vessd are evduated. The
smulaion results show that the rapidly rotation flow in the gpacing between the shroud and the vesH
refractory acts as cycdone that leads to the remova of alarge fraction of the larger partides from the ges
dream.

Severd dternate desgns for thefilter vessd are conddered. These indude avessd with ashort
shroud, afilter vessd with no shroud and avessd with a deflector plate. The hat-gas flow and patide
trangport and depogtion in various vessals are evduated. The depogtion patternsin various vessds ae
compared. It isshown that certain filter vessd desgnsdlow for the large partidesto remain suspended in
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the gas stream and to deposit on thefilters. The presence of the larger partidesin thefilter cake leedsto
lower mechanica srength thus dlowing for the back-pulse process to more eaally remove thefilter cake

A laboraory-scdefilter vessd for testing the cold flow condition was designed and fabricated. A
laser-besed flow visudization technigue is used and the gas flow condition in the laboratory-scae vessd was
experimentd udied. A computer modd for the experimentd vessd was dso devd oped and the gas flow
and partidle trangport patterns are evaduated.

SCOPE OF WORK

The man objective of this project is to provide a fundamentd undersanding of trangport and
Oepadition of patidesin hot-gas deanup filter vessdls The generd god isto deve op the needed toolsfor
optima design of hat-gasfiltration sysemsto avaid filter-ash bridging. The spedific objectives arel

) To provide afundamentd undersanding of partide trangport and deposition mechaniams in hat-gas
deanup filter vesds

) To provide a comprehensve st of experimentd deta for the detalls of the gas flow and patide
trangport in alaboratory-scdefiltration system.

1) To devdop asdentific basisfor the mechaniams for ash bridging in hat-gasfiltration sysems This
will be accomplished through a comprehensive st of Iaboratory-scae expariments in addition to
extendve computer modding.

V) To provide extendve st of computer Smulaions for pilot- and demongrationscae hot gasfilter

g/dems

V) To devdop guiddinesfor paformance improvement of hat-gasfilter sysems and for avaiding ash
bridging.

SUMMARY OF PROJECT TAXKS

Task 1 - Upgrade of Computational Modd for Ash Trangport and Depodtion

This task upgraded the computationd modd for trangport and deposition of ash partidesin the
hot-gas deanup filter vessdls and induded dl the rdevant forces. For submicron patides, the Brownian
diffuson effect was induded in the modd.

Task 2 - Smulation of Ash Trangport and Depostion in Filter Vesds
4



Thistask performed anumber of digital Imulaionsfor trangport and depostion of ash partidesin
different hot-gas deanup filter vessdls Vaious patide szesin the range of 0.1 to 30 Omwasused inthe
amulaion, and the efedts of variaionsin dengty ratio, turbulence intenaty, thermd condition, and geomedric
fegture of thefilter vessd were sudied. Uniform inlet concentrations, aswel as different sources of partide
were usd in these Smulations

Task 3 - Experimental Study of GasFlowsin Laboratory-Scale Filter Vesse

This task performed an experimenta dudy of the gas flow pettern in the laboratory-scde filter
vesd. A flow visudization technigue was usad. Uniform inlet concentration of glycerin droplet was usd
in the flow visudization gudy. The experimentation was under cold flow conditions.

Task 4 - Filter-Ash Bridging

Thistask Imulated the hot-gas flow and partide trangport near solid surfacesin the filter vessd.
The god was to provide ingght into the potentid for ash bridging under various conditions. Paticular
attention was given to underganding the fundamental physcsof theprocess Theimportance of deposition
on solid surfacesin initiating ash bridging was pointed out.

Task 5.0 - Design Guiddine

Thistask provided design guiddine for reduding the patentid for agh bridging in the hat-gasfiltration
gydems  This was done through a series of computer Smulaions and dudying the effects of design
dteraions for the Partide Control Device (PCD) a Power Sysem Deveopment Fadilities (PSDF) a
Wilsonville AL.

Task 6.0 - Smulation of Filter Sysem Back-Pulse Cleaning

Thistask amulated the (fagt trandent) pulsejet reverse flow pattern in afilter vessd, and assessed
its effectiveness for thefilter cakeremovd. The effect of gas compressihility and rgpid changein pressure
and temperaturewasinduded. The detalls of the gas flow ingde the candlefilters were andyzed, and the
efficdency of the cake deaning process examined.

Scope of Additional Work for 2001

Inthelatter part of 2000 the projected was amended for performing additiond work. Earlier sudy
showed thet the tangentid inlet on the Semens Wedinghouse filter vessd a the Power Sydem
Devdopment Fadllity (PSDF) resulted in ahighly swirling flow inthevessd. The cydonic neture of thisflow
led to the separdtion of larger partides (of the order of 30 microns or larger). These rdativdy large
particles ether deposited on the nonHfiltering surfaces (mainly in the shroud) or dropped directly to the
battom of thevessd. Thiswas an undesrable Stuation. Exdusion of larger patides resulted in filter cakes
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of low permestility and high srength. Also, in many dtuaions it was desirable to add particulate metter
to the gas Sream as sorbent or filter cake conditioner up sream of the filter vessd. But because thee
additiond particulate matters with effective diameterslarger than (30 microns) never reeched thefilter cake,
it was suggested to evauate the redesign thefilter vessd such that dl partides entering the vessd inlet could
reach thefilter cake.

Additional TasksPerformed in 2001-2002

The plan was to introduce design modifications for the Semens Wesinghouse filter vessd a the
PDF to ensure that partides of dl Szesentering thefilter vessd reech the candlefilter dements Thetasks
lised beow were expanded form of Task 5.0 ADesgn Guiddinel of the Statement of Work of the origind
project.

Task 5- Desgn Guiddine

Thistask provided design guiddine for reduding the patentia for agh bridging in the hat-gasfiltration
gydems Thiswasto be done through asaries of computer Imulations and Sudying the effects of desgn
dterdtions.

Task 5.1 - Desgn modifications

Thistask deveoped design modifications for the Semens Wedtinghousefilter vesd a the PSDF
in order to reduce the particle sgparation due the cydonic actions. The following options were examined.

- Flter Vesd with Partidly Blocked Shroud
- Filter VesH with aMini-Shroud

- FHlter VesH with no Shroud

- Flter VesH with aDeflector Vane

Task 5.2 - Up Grade of Computational M odd

This task performed an important upgrade of the computationa modd for the hot-gas flow and
trangport and depogtion of ash partidesin the Semens Westinghouse filter vessds The earlier deve oped
modd usad sx effective filters for the upper tier and one large effective filter for the lower tier. The
upgraded computationd modd usad seven dfective filters for the lower tier and more accuratdy
represented the hot-gas flow and particle trangport paternsin the vess.

Task 5.3 - GasFlow and Ash Trangport and Depostion in Semens'Wesinghouse Filter Vessal
with Modified Design



This performed a number of computer smulaions for gas flow and ash trangport and deposition
in the Semens Westinghouse filter vessds a PSDF with different desgn modifications  Various patide
Szeswere usd in these Smulaions, and the effects of design madifications on the reduction of the cydonic
action in the vesd were sudied. The sudy provided different options for desgn maodifications of the
SemensWestinghouse filter vessd to be implemented a the PSDF. The pedific cases Sudied were

Sub-Task 5.3.1 - Filter Vesse with Partially Blocked Shroud
Sub-Task 5.3.2 - Filter Vesd with a Mini-Shroud

Sub-Task 5.3.3 - Filter Vesd with no Shroud
Sub-Task 5.34 - Filter VesH with a Deflector Vane

Tak 54 - Fina Report Preparation

Thistask prepared thefind report.



TECHNICAL REPORT

GENERAL

All tasks of the research project were completed.  The description of the technicd findings
concerning the hot-gas flow and agh trangport in the Semens Westinghouse filter vessd and its dternate
Oesgnsarepresated. Thisisfadlowed by adiscusson of the exparimentd sudy. Oneimportant additiond
accomplishment of the project is the computer Smulation of the temperature vaigion in thefilter vessd with
without the presence of ash bridging. Thisadditiond effort was undertaken to provide additiond important
informetion for the operation of thefilter ves.

HOT-GASFLOW AND PARTICLE TRANSPORT AND DEPOSTION IN THE SEMENS
WESTINGHOUSE FILTER VESSEL

In this section, hot-gas flow and partide trangport and deposition in the Semens Westinghouse filter
vesH a Power Sysem Devdopment Fedllity in Wilsonvillein Alabamaare sudied. Thistangentid flow
filter vessd contains dudters of 91 candle filters, which are aranged in two tiers. The upper tier that
contains 36 candle filters is modded by 9x equivdent filters. Seven equivdent filters are used in the
computational modd to represent the 55 candefiltersin the lower tiers. The Reynolds stress turbulent
modd of FLUENT™ ™ codeis used and the gas mean veladity and root meen souare fluctuation velodities
inthefilter vessd are evduated. The partide equation of mation used indudes drag and gravitationd forces

The mean patide depodtion pettens are evduaed and the effect of partide Sze is dudied. The
computationd resultsindicates that the large partides of the order of 10 nm or larger are removed from the

gas dueto the centrifugd forces exerted by rotating flow between the shroud and the refractory.
Introduction

Deveoping advanced deaen cod technalogy for dedtric power generation with high effidency and low
pallutants has seen condderable interest in the recent years: Asarealt, the advanced pressurized fluidized
bed combustion (PFBC) and integrated gesification combined cydes (IGCC) are developed and are being
tested as part of the Cleen Cod Technology Program of the US Department of Energy. These highly
effident advanced cod energy systems requiire effective removad of ash and unreected and reected sulfur
sorbent from the hot gases.

The procedure for deaning hot gases has been focusad on the use of ceramic candle filters In
practice, an indudtrid filter vessd contains aseverd hundred candefilters. Dust cake builds up on thefilters
during the operation of the sysem. Groups of candle filters are periodicdly deaned by a back pulse
procedure. In the past decade, anumber of pilot and demondration scae hot-gasfiltration sysems were
developed and tested.



Inthiswork, particle trangport and depogtion in atangentid flow hot-gasfiltration device is Sudied.
Paticular atention is given to the SemensWedinghouse Patticulaie Control Device (PCD) a the
demondration-scae Power Sysem Deve opment Fadility in Wilsonville, Aldbama To be dileto assess
the effect of srong tangentid flow in the vessd on deposition peattern of different Sze partides arefined grid
was generated and used in the andlysis. The Reynolds stress turbulence modd of the FLUENT™™ code
isusad for evaduaing the gas meen vd odity and the root mean-souare fluctuation vel oty in thefilter vessd.
The depogtion patterns of ash partides of different Szes are evduated. The partide equation of mation
induding the drag and the gravitationd forces are usad in the Smulaion. The results show that the
centrifugdl foroes generated by the rotationd mation sgnificantly affect the trangport and depogtion of large
patides. Inpaticular, alargefraction of 10nm partides (or larger) deposit in the region between the
shroud and the ves refractory.

Hot-GasFilter VesHd

The specid case sudied isthat of the Semens’ Westinghouse tangentia flow hot-gesfilter vessd thet
is currently being tested a the Southen Research Company Fadlity (PSDF) a Wilsonville near
Birmingham, Alabama. ThisPatide Contral Device (PCD) is1.6 m (63in) in dameter and 827 m (325.7
in) long. The vessd accommodates 91 candlefilters aranged in two dudters. The upper and lower tiers
have, respectively, 36 and 55 candlefilters. The ceramic candlefilters are about 6 cm (2.36 in) in outer
diameter and 1.5m (4.92 ft) long. A gpedid feature of PCD a Wilsonwille is that the hot-gas enters the
vesH tangentidly intothevessd. Thereisalarge oylindricd shroud in the vessd and theinlet hot-ges flows
in the ggp between the vesH refractory and the shroud. The purpose of the shroud is to didribute the
incoming gas in the body of the filter vessd, and dso to avoid impingement of the high-speed inlet ges
directly on the ceramic candlefilters. Figure 1 shows a schemdic of the Semens'Westinghouse Patide
Control Device (PCD).

The average gas mass flow rate into the filter vessd is 2.95 kg/s (23,500 Ib/hr), with the PCD
operaing a a pressure of 1344 kPa (195 psa), and a temperature 1033 K (760 °C). Under these
operaing conditions, the corresponding inlet flow velodity is 9.8 s, the air density is4.53 kg/n? and the
arvisoosty is 3.7° 10° kg/ms The solid volume fraction at the inlet is typicaly about 0.005 to 0.025.

Therefore, the flow in bulk of thefilter vessd israther dilute



Large Particle
Separation

FHgure 1. Schematic of the Semens'Wedtinghouse Patide
Control Device ( PCD) a PSDF.

Equivalent Filter

To kesp the computationd effort managegble, the group of 36 candle filters in the upper tier is
modded by Sx eguivdent filters and the 55 lower filters are replaced by seven equivdent cylindricd filters
The lengths of the eguivdeat filters are dl identicd to that of the actud candle filters  All equivdent
cylindricd filters, except for the one a the center of the lower dudter, have an outer diameter of 289 cm
(11 in) and inner diameter of 239 cm (9.4 in). The one a center of the lower tier has an outer diameter
of 40.6 cm (16 in) and an inner diameter of 34.5 cm (13,6 in). Fgure 2 shows the schemtics of the

equivadent filtersin the upper and lower tiersthat usad in the computation.

The eguivdent filter diameters are sdlected in such away to maintain the Sze and symmetry of the
arangement of groups of Sx ceramicfilters: The permedhility and the thickness of the effective cylindricd
filters are adjusted 0 thet they have the same pressure drop as the actud candle filters: The use of the
seven equivdent filters in the lower tiers and Sx in the upper tier mantain the proper flow didribution
between thesefilter dusters Assuming that the candefilters have aparmeshility of 10 *m?, the effetive
permeehility of the upper and lower 289 cm equivaent filters is 2.033" 10 2ny and of the 40.6 cm
equivaent cylindricd filter a the center of the lower tier is 3.05° 10 n7.
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O Tubesheets
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Fgure2. Schemaicsof the efective candlefilters usad in the amulation.

It should be noted here thet the use of 9x equivdent filtersin the upper tier and seven equivdent filters
in the lower tier is an important improvement over the earlier work of Zhang and Ahmeadi (2001). The
present modd provides for a proper didribution of the availablefiltration surface area between the upper
and lower tiers. Thus it is expected that the computed flow paiterns provide for a more redistic
representetion of the condition in the Semens'Westinghouse PCD.

FHgure 3 identifies various surfaces of the PCD ves for future referencein thetext. The outer wals
of the sysem are divided into four parts, the “ upper wdl,” the“vessd sdewadl”, the“conewdl” and the
“lower wal.” The“vesd sdewdl” denatesthe Sraight part of the outer walls, which is about the length
of theshroud. The*“upper wal” denatesthe part of the vessd wall, which is aove the “vessd sdewal.”

The“conewadl” denates the conicd section of the wal bdow the “vessd sdewadl.” The “ash outlet
wal” isthewdl of the ash collection passage a the bottom of thevessd. The“shroud wal” denotesthe
shroud surface. The “tubeshedts,” are the partsto which the candlefilters are atached. The " connecting
pogt” connects the upper and the lower tubeshedts.

Smulation Procedure

Gas Flow Smulation
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The smulation makes use of the Reynolds sress trangport modd of FLUENT'™ version 5
(FLUENT User's Guide 1998 Vdl. 2) for evaduating the turbulent gas flow condition in the filter vessd.
Inan earlier work, Ahmedi and Smith (19984) showed that the temperature and dengity of gas do not vary
gopreciably inthe NETL hot-gasfiltration vessd. Smilar to Zhang and Ahmeadi (2001), for the presant
Partide Control Device, we assume thet the varigtions of gas dendty and temperature to be comparaively
gmdl, and theincompressible fluid option with a condant dengity and temperature is ussd in the Smulation.

Outlet
R=9.4"

Shroud
R=28.65"

_|

N & Vessel SideWall
& R=315"
Upper Filters @ / e
R=55" ~| g
Sl
Inlet
R=8— |
R=20.75"
I
R=5.5" —_|
M T—al
Lower Filters
R=8"
Cone Wall
Ash Outlet Wall
R=6"

Hgure 3. Schematic of the modded filter ves.

It should be emphesized the entire filter vessd from the inlet to the gas exhaust a the top of the
vesd aesmulated. In paticular, the caramic filters are treated as porous mediawith agiven permedhility,
and the pendration of the gas through the filter wall is computed as part of solution. (Thet isthere was no
imposad boundary condition at the filter surface)
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Lagrangian Particle Trajectory

We used the partide equation of mation of the code induding drag and gravitetiond forcesin the
andyss Itisknown tha the drag forceis genaraly dominant and the effect of lift forceissmdl (Zhang and
Ahmedi, 2001). Asnaoted before, the mean gas v odity in the Patide Contral Deviceisfirg evduated with
the use of the Reynolds stresstrangport modd.  The resulting meen flow fidd was then used for the mean
patidetrgectory andyds A gick boundary condition for the ash partide-surface contact isassumed. Thet
iswhen apaticde touchesawal, it is assumed thet it will stick to the surface

Smulation Results

The gas flow and ash particle trangport and deposition in the SemensWestinghouse filter vessd
a Power Sysem Devdopment Fadlity at Wilsonville, Alabamaare described in this section. The smulated
turbulent gesflow fidd isfirg discussed. Thisisfalowed by andyds of different Sze ash partidesthat enter
thevesd a theinlet.

Computational Grid

Due the rather complex geometry of the PCD an undgructured grid of 1,371,162 cdls generated
by GAMBIT code is usad in the amulaions. To dlow a more accurate andyd's of ash trangport and
depaodtion in the spacing between the shroud and vessd wl, the grid is further refined in these regions

Fgure 4 shows the surface grid of the equivdent filters and at the mid-section of the vesd. In the
computational modd, the origin of the coordinate sysem is set in the center of the top of thevessd. The
z-axisisinthe vatica direction pointing downward (dong the gravitationd direction) and the x-axisisdong
theinlet flow direction.

Gas Flow

Fgure 5 showsthe veodity vector plat in aplane a the mid-section of the vessd. Thisfigure shows
thet about hdf of the inlet gas moves upward in the shroud and the other haf moves downward. Thus, the
hot-gas enters the body of the vessd both from the top and the bottom of the shroud.  The flow velocity
is downward and somewhat larger in the region between the upper filter and the droud. Near the top of
the vesH, the upward gas flow in the shroud turns sharply downward to enter the mean body of the vessd.
Also the downward gas flow near the outlet of the shroud a the bottom turns upward to enter the main
body of thevessd. Redirculating flow regionsin the lower conicd part are dearly seen from Fgure 5.
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Houre4. Grid schematic of the modded filter vesd.

FHgure 5. Veocity vector plot a the vessd mid-section.

FHgure 6 shows the mean vd odty megnitude contours in aplane & the mid-ssction of the PCD vesd.
It is obsarved that the gas vdodity indde the vessd is quite low, about 0.3-3 Vs whileis generdly high,
about 5-10 nV/s; in the region between the vessd wall and the shroud.

Hgure 7 shows the meaen vd oaty magnitude in the plane thet passesthrough theinlet a the x-y plane.
As expected, thereis a srong rotating flow condition through the shroud. Thisfigure dso showswhenthe
gas enters the body of the filter vessd from the shroud passage, it carries suffident angular moment to
sudan anaticegble rotational motion.
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Fgure 6. Mean vdodty magnitude contours at the vessd mid-section.

Hgure 7. Mean ve odity magnitude contoursin aplane across
the vessd and through theinlet.

The mean vdoaty megnitudes a the sactions across the upper and lower tier filters are shown in Hgure
8. Thisfigure showsthet the velodity of the gas decreases across the candlefilters The gas then penetrates
into the cand efilters and the gas vd odity somehow increesesingde of the filters and especidly indde the
tube sheet.

Fgure 9 showsthe contour plotsfor variaions of the gatic pressurein aplane a the mid-section of
the PCD vesd. Thisfigure shows that the pressure remains dmost condant indde the shroud and inthe
main body of thevesH. It isaso shown thet the main pressure drop occurs acrossthefilter wall, and the
pressure decreases indde thefilter cavity. Thear pressureindde thefilter cavity and connecting pipesis
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roughly congtant with a dight decrease toward the vessd outlet. 1t isaso dearly seen the sharp pressure
drop acrossthefilter wdl. 1t should be noted thet in the body of thefilter vessd the pressureis high and
roughly uniform and reduces Sgnificantly as the ges passes through ceramic filter wal and entersthe cande
filter cavity.

(@) Upper Tier

Fgure 8. Mean veodity magnitude contoursin aplane
across the upper and lower tier filters

Fgure 9. Contour plot for variaions of the Satic pressure
a the vessd mid-section.
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Vaiation of the turbulence kingtic energy in aplane a the midksection of thefilter vessd isshowniin
FHgure 10. Theturbulence kingtic energy is generdly quite low in the vessd except for the cartain regions
indde the connecting tube.

Fgure 10. Turbulence kinetic energy contours a
the vessdl mid-section.

Particle Trajectory Analysis

Partide trangport and depogtion in the Wilsonwillefiltration syslem are gudied usng the FLUENT
code Partideswith diametersof 1 and 10 nm with aconstant density of 2700 kg/n? are used in these
computer Smulations, and 348 partides of different Szes are uniformly rdessed a the inlet with the same
velodty as the gas flow. The uniform partide source is a ressonadle assumption for the patide
concentraion condition in the inlet during the operation of thefilter vessd. In these Smulaions, the sick
boundary condition is assumed for dl surfaces For each partide Sze, ensembles of trgectories ae
evauated and the partide deposition petterns on the different tier filters and various surfaces are andyzed.

Deposition Rate

Tables 1 shows the percentages of depodted 1 nm partides on various surfeces. Thistable shows
that about 8% of the partides are deposited on the upper filters, while about 40% of the partides are
depodited on the lower filters: More importantly, about 38% of partides are deposited on the vessd wal
and on the outer surface of shroud. Furthermore, it is olbserved that the total depodition rate on the lower
filters is higher then that on the upper filters. While the partide Sze is amdl, the results show that the
centrifugd force affects Sgnificantly the partide deposition rates on the areas between the vessd wal and
the shroud.

Table 2 showsthesmulation resultsfor 10nm partides. It is seen that about 7% of particles deposit

on the upper filters and about 20% depost on the lower filters. These results dso show that, the totd
percentages of the deposited partides on the vessd wal and the outer surface of the shroud are about 60%
due to the rotational motion and the importance of the centrifugdl forces. It isdso observed from Tables

17



1 and 2 that the percentages of depodited particles on the upper and lower filters decrease as partide Sze
increeses. In addition, when partide 9ze increases the depogdtion on the vessd wadl increases, while
depogition on the outer surface of shroud decreases.

Table 1. Percentage of the deposited 1nm particles on different surfaces.

1 nmParticle Percentage of Deposited
(FULL SHROUD) Particles

Aborted 0.6
Upper Filter 8.1
Lower Filters (Perimeter) 35.6
Lower Filter (Central) 4.6
Vessd Wall 25.9
Cone 2.9
Insde of Shroud 1.2
Outsde of Shroud 12.6
Centrd Pipe 8.6
Top of Casing 0

Table 2. Percentage of the deposited 10 nm particles on different surfaces.

10 nm Particle Percentage of Deposited
(FULL SHROUD) Particles

Aborted 0
Upper Filter 6.9
Lower Filters (Perimeter) 17.8
Lower Flter (Centrd) 35
Vesd Wall 48.3
Cone 8.2
Insde of Shroud 1.2
Outsde of Shroud 10.9
Centra Pipe 3.5
Top of Casing 0.6
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Condudons

In this part of the project, partide trangport and depogtion in the hot-ges filter vessd & Power
Systems Devd opment Fedlity (PSDF) in Wilsonwille, Alabamais sudied. The FLUENT codeis used to
smulate the meen turbulent flow field and the corregponding partide trgectories. On the basis on the
presented results, the following condusions are drawn:

The gas vdodity megnitude indde the shroud is generdly high, while it is rdaivey low ingde the
vesH.

The main pressure drop occurs across the filter wall.

Theturbulent kinetic energy is generdly quite low in the vessd, exoept for cartain regionsingde the
connecting tube.

Patides are trangported by the highly swirling flows from the inlet moving bath in upward and
downward directions through the shroud, and then enter the main body of the vessd.

The rotationd mation and centrifugdl forces are quite important for particle depogtion ratesin the
filter vesd.

Thetotd number of partides that depost on the filters, and on the centrd pogt including the tube
sheet decreases as particle diameter increases.

For gartup condition (Clean filters with a congant permestillity), the particle depogtion rate on the
lower tier filtersislarger than thet on the upper tier filters.

Sncethe centrd post and the tube sheet surfaces have no deaning mechanism, thereis a potentia
for ash buildup and initiation of ash bridging due to the particle deposition in these regions

The amulaion showsthat asmdl fraction of partidles could penetrate the filter duster and deposit
on the centrd pogt during the seady Saefiltration process.

Practical Applications
The practicd gpplication of the findings of this saction for desgn and operdtion of filter vessdsae

= Thereisthe posshility of initigtion of ash bridging due to partide deposition on the solid surfaces thet
have no deaning mechanics

=  Thetangentid flow inlet leedsto acydone action thet removes mogt of the large partides from the ges
dream in the passage between the shroud and the vesse refractory.  The filter cake that will be
composad of andl ash patide will have high drength and may not be effectivey deaned by the
backpulse process. Thus, the potentid for ash bridging due to incomplete deaning increases.

= Computer modding may be usad to provide ingght into the processes involved.

HOT-GASFLOW AND PARTICLE TRANSPORT AND DEPOSTION IN THE SEMENS
WESTINGHOUSE FILTER VESSEL - ALTERNATE DESGNS
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In this section the effect of design dternaion on the partide trangport and depogtion in the
SeamensWestinghousefilter vessd a Power Devdopment Fadlity in Wilsonvillein Alabamais Sudied. As
noted before for the present tangentid flow vessd, modding shows the mgority of large partides (larger
than 10 mm ) impact the shroud or the vessd wal surfaces and are removed from the gas Stream. Three
dternaive filter vessd desgns induding usng a short shroud, one with no shroud and a vesd with a
Oeflector plate are conddered. The effect of desgn dternaions on the gas flow and trangport and
depogtion of partides of different 9zesare evduated. The Smulaion results suggest thet it ispossbleto
modify the shroud in away to dlow large partidesto degpost on thefilters: Thus, the back-pulse process
could more easlly remove thefilter cake.

Alternate Designs

On occasons for cartain cods, operaiond dataa PSDF indicated thet the filter deaning by the
back-pulse does not work effectively and ash bridging occurs. From the earlier dudies, it is know that
when the large 9ze partides are removed from the gas stream, the drength of thefilter cake mede of smdl
particles increases to the extent that the back-pulse deaening may not be effective. To increase the
concentration of large Sze patidesin thefilter cake, in this Sudy severd modified desgns are proposed.

Theseindude using ashort shroud in the vessd, operating with out the shroud, and replacing the shroud
with a deflector blade.

Hgure 11 shows the schematics of the vessd and its dternate desgns. Fgure 11a shows the
schemdic of the equivdent candefiltersin the current vessd. Thisarigind design which containsalong
shroud isrefarred to as“full droud” in the subsequent discussons. FHgure 11b shows an dternate design
for thefilter vessd in which the dhroud is shortened. This case will be referred to as the “ short shroud”
desgn. The“No droud” desgnisshownin FHgure 11c. Inthis case the shroud istotaly removed from
thevessd. FHgure 11d, shows the combingtion of the “no shroud” design with adeflector blade in front
of theinlel. This caseis refared to as the “deflector blade’ design. The deflector blade used in the
andydsisan arfail shepeplae

Smulation Results

In this section, the gas flow fidd and trangport and depogtion of different 9ze ash partides thet enter
the PCD a PSDF a Wilsonville, Alabama are sudied. The performances of different designs are then
evauated.
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(a) Full Shroud (b) Short Shroud
[] 1/
(c) No Shroud (d) Deflector Blade

FHgure 11. Schematic of thefilter vessd with dternate desgns.
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Computational Grid

Foure 12 showsthe surface grid of the different designsin the plane tha pessesthroughtheinlet. The
highly resolved nature of the grid near the solid wals can be dearly seen in thisfigure. Hgure 12c dso
showsthe arfail shgpe of the deflector blade used in this design.

(a) Full and Short Shroud (b) No Shroud

=X

(c) Deflector Blade

Hgure 12. Grid schemdtics of thefilter vessd with dternate desgns. @) Full and short shroud. b) No
shroud. ) Deflector blade.

22



Gas Flow

FHgure 13 showsthe veodty vettor platsin the plane thet passes through the inlet and across thefilter
vesH for different cases. The present desgn with full shroud and the dternate designs with short dhroud,
and when the shroud is removed in addition to the case that a deflector blade is added to the vessd are
shownin thisfigure. Fgures 13aand 13b show thet for the full and short shroud cases there is a strong
rotating flow condition through the ggp between the shroud and the vessd wal. The tangentid velocity
ingdethe vesd, however, isquitelow in these cases. In the case with no shroud, Fgure 13c showsthat
the pesk tangentia velocity near the vessdl wall decreases compared to the case that the shroud is present.
Theregion that contains high speed rotating flow ingde the vessd, however, islarger and the gas vdodity
indde the body of the vessd isdso higher then those for the full and short dhroud cases Figure 13d showss
thet the deflector blade changes the direction of theflow away fromthewall. Asareaut, for the desgn with
the deflector blade, the gas near the vessd wall has the lowest tangentia veocity when compare to other
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Haure 13. Vdoaty vector plat in a plane that passes through the inlet for different desgns
The mean ve ocdity megnitude contoursin the plane that pesses through the inlet for different cases are
shownin Fgure 14. The gas vdodty magnitudesin this section for the cases with full and short shroud are
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quite Smilar; therefore, only one contour plat is shown. Fgure 14a for the full and short shroud cases
showsthat the gas vd odity in the shroud passage israther high, whileingde of the body of the vessd isquite
low. For the casethat dhroud is aosent, Figure 14b shows that gas velodity isrddively high indde of the
body of the vessd, but its magnitude islower near the vessdl wal when compared with the casesthet the
shroud is presant. For the vessd with the deflector blade, Figure 14c shows that the gas velocity neer the
vesd wall is quite low and biade deflects the high pead inlet gas away from the vessd wall.
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Fgure 14. Mean veodity megnitude contoursin a plane that passes through the inlet for different
designs (8) with full and short shroud, () with no shroud,
and (c) with deflector blade.

The veodity vector plots at the sections across the upper tier filters for various vessd designs are
shownin FHgures 15. Thisfigure showsthet the high-goead tangentid veloaity of the gasindde the shroud
perdg in the entire length of the shroud. The tangentia gas velocity in body of the vessd islarger for the
caze with short shroud as compared with those with the full shroud. Thetangentid gas velodity in body of
the vesd islarger for the case with short shroud as compared with those with the full shroud. Smilarly,
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the gas velodity in the body of the vessdl increases in the dosence of the shroud.  The vessd with the
Oeflector blade gppears to have the lowest mean veloaity fidd.
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(a) Full Shroud
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(c) No Shroud (d) Deflector Blade

Hgure 15. Mean vdoadty vector plotsin aplane across the upper filters
for different designs; (a) with full shroud, b) with short shroud, ©) with no shroud,
and d) with deflector blade.

Fgure 16 show the velodity vector plots a the sections across the lower tier filters for various vessd
desgns Thevaidionsof the mean vdoaty fidd are comparable to thase shown in Hgure 15 for the upper
tiers Thetangentid gas veodity in vessd body as the shroud becomes shorter or removed. The vessd
with the deflector blade again leads to the lowest mean velodity fidd.
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(& Full Shroud (b) Short Shroud
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Fgure 15. Mean veodity vector field (colored with megnitude) in a plane across the lower filters for
different desgns, (8) with full shroud, (b) with short shroud, ¢) with no shroud, and (d) with deflector
blade.

Fgure 16 show the mean velocity megnitude contours for the vessd with the deflector blade casein
aplane a the mid-section of the vessd and & sactions acrass the upper and lower filters: Thisfigure dearly
shows thet the deflector blade turns the high-speed inlet gas from the wdl. It is aso seen thet the gas
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velodity isrdatively high near the caramic filters a thelevd of deflector blade, while the velodity becomes
comparativey low indde the body of the vessd away from the blade.
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FHgure 16. Mean vdoaty magnitude contours for the vessd with the deflector blade.

Hgure 17 shows the pressure drop contours in a plane thet passes through the inlet for different
filter vesd desgns FHgure 17ashowsthet in the full-shroud case, the pressure drop is 33528 Pa, while for
the short shroud case the pressure drop decreases by about 200 Pato 33331 Pa For the caseswith no
shroud and with deflector blade, Figures 9c and 9d show that the maximum pressure drop are 33177 and
33300 Pa  Thesetrends are as expected Snce the resstance of the flow fidd isthe leest for the vessd
with no shroud and highest for the case with full svoud. The vessdswith the short shroud and the deflector
blade generate about the same pressure drops with about 30 Pa difference.
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(& Full Shroud (b) Short Shroud

(c) No Shroud (d) Deflector Blade

Fgure 17. Pressure drop contour in a plane that passes through the inlet for different designs (a) with
full shroud, (b) with short shroud, ¢) with no shroud, and (d) with deflector blade.

Particle Trajectory Analysis

Partidle trangport and depostion in the Wilsonville filtration system with severd modified designs
aedudied usngthe FLUENT code. Patideswith diametersof 1 and 10 nm with acondant dengty of
2700 kg/n are usad in these computer Smuldions. Partides of different Szes are uniformly relessed a the
inlet with the same velocity asthe gas flow. In these smulations, the sick boundary condition is assumed
for dl surfaces. For each partide Sze, ensembles of trgectories are evduated and the particle deposition
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petterns on the different tier filters and various surfaces are andyzed. Parformances of thefilter vessd with
different desgns are andyzed.

Deposition Rate

Tables 3 showsthe percentage of depodted 1 nm partides on various surfecesfor different filter vessd

desdgns This table shows tha for the full shroud design (the current vessd), about 38% of the 1
nm partides are depodgited on the vessd wal and the outer surface of the shroud, while for the vessd with

the deflector blade only about 9% of the particles are deposited on these surfaces. It isdso obsarved that
in the deflector blade case, the totdl depogtion rate on the lower and upper filtersis higher than the other
cases. Furthermore, whilein the full shroud case, the totd deposition rate on the lower tier is much higher
then thet on the upper filters for the deflector blade case they are dmod the same. For the vessd with short
shroud, the didribution of the depogition on the upper and lower tier filters are more uniform, but the amount
of the deposition is comparable to that for the full dhroud case The performance of vessd with no shroud
is somewhere between the full shroud case and the vessd with the deflector blade.  In the case the
depogtion on thefiltersincreases and the wall deposition is reduced.

Table 3. Per centage of the deposited 1 nm particles on different surfaces
for different cases.

Specific Area BLADE SHORT Shroud No-Shroud Full-Shroud
Upper Filters 36.11 20.90 29.31 8.06
Lower Filters 35.00 26.62 24.71 40.23
Vess Wall 9.44 29.60 14.94 25.86
Outside of Shroud N/A 7.21 N/A 12.64
Insde of Shroud N/A 1.24 N/A 1.15
Vessd Cone 3.33 5.72 12.64 2.87
Centrd Pipe 3.33 3.23 6.9 8.62
Blade 9.44 N/A N/A N/A
Remain Suspended 3.33 5.47 11.49 0.57

Table 4 showsthe amulation reultsfor 10nm partides. It is seen that in the full shroud case, about

60% of 10 nm partides deposit on the vessd wall and the outer surface of the shroud, and only about
28% of the partide get to thefilters On the other hand, for the vessd with the deflector blade only about
12% of partides depost on the vessd solid surfaces, while more that 64% of the 10 nm particles are
Oepadited on the caramicfilters: The parformance of the vessd with the short shroud is quite Smiilar to theat
with the full shroud. In gppearsthat the centrifugd force generate in the shroud leads to the deposition of
large partides neax theinlet. Thus, the length of the shroud (in range congdered in this Sudy doe not affect
the depogtion rate to a dgnificant extend. The case with no shroud, however, improves the depogtion
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pettern in repect to increesing the amount of large Sze partidesin thefilter cake compogtion.  Here about
41% of 10 nm patidesreach the candlefilters It isdso obsarved from Tables3and 4 thet indl the

cases, the percentages of deposited particles on the candlefilter decrease as particle Sze increases

To fully undergand the performance of the different desgnsin the nature of filter case produced we
need to compare the composition of the resulting filter cake  Assuming tha the inlet ash has equd
concentrations of 1 and 10 nm partides, Tables 5 shows the compostion of the filter case for different
desgns It isseen that the current vessd with full shroud and the one with a short shroud generate filter
cakeswheretheamount of 1 nm partidesis about twice that of 10 nm partides. For the case with no
shroud thefilter cake is composad of about 47% 1 nm partidesand 53% 10 nm patides Thedesgn
with the deflector blade has the highest percentage of large partide (about 47%). Thus the present
comparison of various desgns, in Tables 3 - 5 suggest that the use of the deflector blade ingteed of the
shroud will hep to increase the concentration of larger partides in the filter cake and thus improve the
effectiveness of back-pulse deaning.

Table 4. Per centage of the deposited 10 nm particles on different surfaces

for different cases.

Specific Area BLADE SHORT Shroud No-Shroud Full-Shroud
Upper Filters 36.11 16.17 25.86 6.90
Lower Filters 27.78 6.72 15.51 21.27
Vessd Wl 12.22 46.77 39.66 48.28
Outsde of Shroud N/A 9.45 N/A 10.92
Inside of Shroud N/A 1.0 N/A 1.15
Vess Cone 6.67 6.47 19.54 8.05
Centrd Pipe 3.33 1.99 0 3.45
Blade 11.67 N/A N/A N/A
Remain Suspended 2.23 1.00 7.47 0

Table5. Filter cake compostion for the case of a uniform inlet concentration

of 1and 10nm particlesfor different desgns.

1 nmParticles

10 nm Particles
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Full Shroud 63.3% 36.7%

Short Shroud 67.5% 32.5%

No Shroud 56.8% 43.2%

Deflector Blade 52.7% 47.3%
Condusons

In this section, performances of the hot-gas flow and partidle trangport and depostion in the
Semens\Westinghouse filter vessd with dtermate desgns are sudied. The mean turbulent flow fidd inthe
vesH isnumericaly evauated and the corresponding ash partide trgectoriesare Smulatied. On the begs
on the results presented, the following condusons are drawn:

The current design with tangentid flow and full or short droud generate large centrifugd forces thet
remove alarge fraction of large partides from the gas dream.

Removing the shroud will increase the depogtion rate of larger partides on the candlefilters

The new proposed design where a deflector blade in the front of the inlet replaces the shroud
producesfilter cakes with largest percentages of larger partides

The gas spead near the vessd wdll islargest for the vessdls with a droud and lowest in the design
with the deflector blade.

The gas veloaity indde the body of the vess islowedt for the vessd with the full shroud (current
design).

The gas spead is rddivdy high indde the vesd for the vessd with the deflector blade when
compared with the other cases.

The rotationad motion and centrifugd forces sgnificantly affect the ash deposition rates in the filter
vesHswith atangentid inlet.

Percentages of the ash partide deposited on the upper and lower tier filters are dmogt equd for the
deflector blade desgn, whilein full and short shroud cases the partide depodition rates on the lower
filtersis higher then thet on the upper filters

Practical Applications

The practicd gpplication of the findings of this saction for desgn improvement of indudtrid filter
vesdsae

= Alternate desgnsfor reduding therotationd flow in the vessd due to the presence of the tangentia flow
inlet are provided. Deflector blade gppears to be most effect for this purpose. Removing the shroud

31



isdso patidly effective. These design modifications are expected to introduce additiona amount of
large partides in the gas sream. As reault, the filter cake will have alower drength and be more
effectively deaned by the backpulse process. Thiswill then reduce the potentia for ash bridging due
to incomplete deaning.

= Computer smulations could be used to test the performance of various design dterations.

EXPERIMENTAL STUDY

A laboratory-scde modd of ahot-gesfilter vessd for cold flow testing was daigned and fabricated.
A picture of the laboratory-scae vess that using three half-meter long slicon carbide candle filtersis
shown in Figure 18. Themodd usesthree candefilters, arranged in atriangular pattern around a center
post that supports thetubeshests Themain body of the experimentd vessd isa 12-inch diameter Flexiglas
cylinder to dlow for visud ingoection of the gasflow conditions The support column, the base plate, and
the top endosure induding the inlet pipe are made of sed. While the operationd temperature of the
|aboratory scale modd is quite different from those of the demongtration-scale vessds it is expected thet
the geneard features of the gas flow and ash partidle trangport processesto be
quitegmilar.

Theflow visudization is achieved usng glyoarin patidesfrom a
Rosoo fogger machine This machine heats the glycerin until it vgporizes
and formsafog of amdl droplets Thefog isfed into amixing chamber 0
thet controlled amount of the fog entersthefilter vessd. The exhaust ges
of the filter ves is passed though a water filter to removd any remaining
droplets.

Tovisudize theflow patternsin thefilter vessd, alaser et isareded

in aplane acrossthefilters or dong thefilters, through the Alexiglas cylinder.

Fictures of the flow peattern generated by the laser shet illuminaion acrossthe
filtersin the experimenta stup are shown in FHgures 19 and 20. [llumination
of the glyoerin droplets dlows the flow petternsto be seen. Additiond detalls
canbeseninthemovies a
http:/Avww.darkson.edu/projectsndrewwhitetk/horiz.html and
http:/Avww.darkson.edu/projectsndreuwhitetk/vert.html
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FHgure 20. Laser shet illuminaion of flow petternsin aplane dong the candlefilters

TEMPERATURE DISTRIBUTION IN SEEMENSWESTINGHOUSE FILTER VESSEL
WITH ASH BRIDGING

In this section, variation of temperature digtribution in the Semens Wedtinghouse filter vesd a
Power Devdopment Fedility in Wilsonvillein Alabamais sudied as an example. Particular atention was
given to the effects of ash bridging on the temperature variation in the vessd. The gas mean velodity, root
meen quare fluctuation velodties and the temperature digtribution in the filter vessas with and without ash
bridging are evduated. The computationd result suggests thet ash-bridging lead to a nonruniform
temperature digribution dong the ceramic candefiltersin the bridging region.

In a recent experimentation (Foote, 2002) agh bridging in the lower tiers of the Semens:
Wedtinghousefilter vessd isobsarved. The schamdics of the obsarved ash bridging and the equivdent filter
modd are shown in Fgure 21.
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Fgure21. Schematics of the ash bridging as olboserved during the operation
of SemensWestinghousefilter vessd (Foote, 2002).
Computational Grid
An undructured grid of about 700,000 cdlls generated by GAMBIT code was usd in these
amulaions FHgures 22 and 23 show the sSchematic of the grids of the equivaent filter modd in the presence
of the ash bridging, and the corresponding computationd grid used.




Fgure 22. Schemdtics of the computationd modd of the ash bridging
and the effectivefilters

kg

Fgure 23. Schemdtic grids of the equivaent filters modd and the ash bridging region.

FHgure 24 shows the contour plotsfor variations of datic pressure at a section acrossthe lower tier
filters of the PCD vessd with and without ash bridging. It is seen thet in both cases the pressure remains
dmogt congtant and rdativey high inside the shroud and in the main body of thevessd. Inthe body of the
filter vessd the pressureis quite high and roughly uniform and reduces Sgnificantly as the gas passes through
ceramic filter wal and enters the candefilter cavity. Figure 24 dso shows that the ash bridging does not
have anaticegble effect on the pressure digribution in the vessd.
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a) Without Ash Bridging b) With Ash Bridging
Fgure 24. Vaiaion of the datic pressure a the section acrossthe lower tiers

Vaiations of the temperature contours at asection acrossthe lower filter duders of the PCD vesH
with and without ash bridging are shown in Fgure 25. Fgure 25a shows thet in the absence of ash bridging
the temperaure is rdaively high and roughly uniform around thefilters However, when the ash bridging
occurs, FHgure 25b shows that the temperature in the body of the vessd decreases somewhd, but remains
reman roughly uniform.
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a) Without Ash Bridging b) With Ash Bridging

Hgure 25. Vaiationsof the temperature didribution a a section across
the lower tier filters.
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FHgure 26 shows the variaion of the temperature contours a a section across the upper filter
dudersfor the case that ash bridging is aosent or presant. 1t is seen that in the temperature in upper
pat of thefilter is generdly higher than that inthe low part. This

I b 23e+02

5180402
5130402
5.00402
5086402

a) Without Ash Bridging b) With Ash Bridging

Hgure 26. Vaiations of the temperature didribution & a section across
the upper tier filters.

is because there is comparatively more surface areafor heat trandfer in the lower part of thefilter. The
temperaure difference betwean the upper and lower filters for the case with ash bridging is higher thet then
in the absence of agh bridging. When agh bridging occurs in the lower tier filters there will be more
ressance to the gasflow, and the flow rate through the upper tier filtersincreases accordingly. Thisresults
in the dightly higher temperature in the upper region of the vessd.

a) Without Ash Bridging b) With Ash Bridging
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Hgure 27. Vaiations of the temperature didribution & a section across
thefilter vess.

Temperaure varigions a asection dong the PCD vessd with and without ash bridging are hownin
FHgure 27. It is seen thet thet in the absence of ash bridging the temperature is more uniform dong the
vesd, while it becomes more nonuniform when ash bridging in the lower tier occurs

Temperaure vaiaions in the region containing agh bridging is shown in Fgure 28. Here the refine
temperature scde used shows thet the lower part of the ash-bridging regionisabout 10 K cooler thanits
top pat. In addition, temperature decreases dightly to due the ash bridging in the lower tier of the filter
vesH
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Hgure 28. Vaiaion of the temperature digtribution dong the ash bridging.

During the operation of the Partidle Contral Device (PCD) a Power Sysem Devdopment Fadllities,
temperaure variaions dong anumber of candefilterswere measured (Foate, 2002).  In the casethat ash
bridging shown in Fgure 21 occurs, the corresponding measured temperature variaion reported by Foote

39



(2002) isshownin Hgure29.  The computer Smulation result is aso platted in this figure for comperison.

Herethe digance is measured from the top of the candlefilter. 1t is seen that the temperature decreases
dong the candlefilter toward the battom of thevessd. Thetemperature variaion is more pronounced when
agh bridging inthe lower tier oocurs. The presence of ash bridging leadsto lower temperaturein the lower
region of thevessd. The computational modd predictions gppear to be in reasonable agreement with the
messurements.
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Fgure 29. Comparison of the experimentd and the Imulaion results
for the temperature variation dong the ash bridging region.

FHgure 30 showsthe vaiations of gas vdodty magnitude a a ssction acrossthe vessd with and without
ashbridging. Thisfigure showsthet the veodity fied in the vessals with and without ash bridging is roughly
thesame A careful examination, however, indicates thet the velodity in the lower part of the vessd with
ach bridging is dightly lower than the case in the absence of ash bridging.

Contour plotsfor variaions of gas velodty megnitude a a section acrossthe lower tier filters with and
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without ash bridging are shown in Figure 31. Hereamorerefine scaeisusad. Thisfigure showsthét the
vdodity israther high in the goacing between the shroud and the vessd wal. In the body of the vesd, the
veodty islow ismarkedly reduced due to the presence of ash bridging.
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FHgure 30. Vaiaionsof the vdodty didribution acrossthe vess.
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Fgure 31. Vaidionsof the vdodty didribution at a section across
the lower tier filters
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Vdodity vector plots a a section across the lower tier filterswith and without ash bridging are shown
inHgure 32. 1t should be emphasized the grid usad for the case without ash bridging was much denser near
the vessd wdl and the sroud.  The rotating flow pettern can be dearing seen form thisfigure. Careful

examination of the figure shows that the presence of ash bridging reduces the velodity in the lower part of
the vesd.

I 1.58e+01

1.36e+01
1.13e+01
9.07e+00
6.80e+00
4.53e+00

227e400

0.00e+00

a) Without Ash Bridging b) With Ash Bridging

Hgure 31 Vaiations of the velodity vector fidd a a section across
the lower tier filters.

Condusons

In this ssction, effects of ash bridging on the temperature distribution in the Samens Wedinghouse filter
vesd a Power Devdopment Fadility in Wilsonville, Alabamaare sudied. The Reynolds stressturbulent
modd of FLUENT™™ code is used and the gas meen velocity and temperature digtribution in the filter
vesH aeevduaed. On the bags on the presented reaults, the fallowing condusions are drawn:
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The presence of ash bridging in the lower tier filters reduces the gas velodity magnitude in the lower
region of thefilter vessd.

Temperature reducesin the lower part of the vessd due to ash bridging.

Temperature digtribution is somewhat nonuniform in thefilter vessd with upper part being somewhat
hotter than the lower part.

The presence of ash bridging increases the temperature varidion in the vesd.

Temperature decreases dong the ash bridging region from top to bottom and there is about 10 K
temperature difference dong this region.
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