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PREFACE

This 17thQuarterlyTechnical ProgressReport presents the results of work

accomplishedduring the period June 28, 1993 through September 26, 1993 under

Contract No. DE-AC21-88MC26288entitled "Sonic Enhanced Ash Agglomeration and

Sulfur Capture." The fundamentalstudiesconducted by West Virginia University

and Penn State University are provided in Subsections2.2 and 2.3.

The system modifications for continuous feed and long duration testing were

completed. Several modifications to the existing PAFBCsystem were made so that

the calcination of sorbents for the test program can be readily accomplished.

West Virginia University has completedthe Analysis and Design techniques

for determiningaerovalvegeometry and performanceand initiatedwork on design

optimization prior to the fabrication and testing of an aerovalve for

verificationof the design analysis.

PSU - The modificationsto the EntrainedFlow Reactor, EFR, were completed

and calcinationtests to determinethe effectof size on the rate and temperature

of calcinationwithoutacousticswere completedand showeda significantincrease

in sorbentsurfacearea and pore volumewith the extentof calcination. A series

of test runs were also conducted in the EFR to measure particle concentrations

and size distributionsof ash with and without an acoustic field.
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SECTION 1.0

INTRODUCTION

1.1 PROJECT DESCRIPTIONAND WORK STATUS

A major concernwith the utilizationof coal in directly fired gas turbines

is the control of particulate emissions and reduction of sulfur dioxide, and

alkali vapor from combustionof coal, upstreamof the gas turbine. Much research
i

and developmenthas been sponsoredon methods for particulateemissionscontrol

and the direct injectionof calcium-basedsorbentsto reduceSO2 emissionlevels.

The resultsof this researchand developmentindicatethat both acousticagglom-

eration of particulatesand direct injectionof sorbents have the potential to

become a significantemissions control strategy.

The Sonic EnhancedAsh Agglomerationand SulfurCaptureprogramfocusesupon

the application of an MTCI proprietary invention (Patent No. 5,197,399) for

simultaneouslyenhancing sulfur capture and particulate agglomerationof the

combustoreffluent. This applicationcan be adapted as either a "hot flue gas

cleanup" subsystem for the current concepts for combustor islands or as an

alternativeprimary pulse combustor island in which slagging, sulfur capture,

particulate agglomeration and control, and alkali gettering as well as NOX

control processes become an integral part of the pulse combustionprocess.

The goal of the program is to supportthe DOE mission in developing coal-

fired combustiongas turbines. In particular,the MTCI proprietaryprocess for

bimodal ash agglomerationand simultaneoussulfurcapture will be evaluatedand

developed. The technologyembodiment of the inventionprovides for the use of

standardgrind, moderately beneficiatedcoal and WEM for firing the gas turbine

with efficient sulfur capture and particulateemission control upstream of the

turbine. The process also accommodatesinjectionof alkali getteringmaterial

if necessary. This is aimed at utilizationof relativelyinexpensivecoal fuels,

thus realizingthe primary benefitbeing sought by direct firing of coal in such

gas turbinesystems. The proposed technologyprovides for practical,reliable,
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and capital (andO&M) cost-effectivemeans of protectionfor the gas turbinefrom

impurities in the coal combustoreffluent.

1.2 PROGRAM OB,IECTIVES

The major objective of the Phase I test program is to confirm the feasi-

bilityof the MTCI bimodalparticle size approachto enhanceparticulatecontrol

by acoustic ash agglomeration. An ancillaryobjectiveof the Phase I effort is

to demonstrateand confirmthe feasibilityof an acousticfieldto enhance sulfur

capture by increasingsorbent reactivity. Phase I tests are designed to cover

the frequencyrange between50 and 1400 Hz, establishmonomodalbaselineperform-

ance as a benchmarkfrom which to measurethe degreeof enhancementexpectedfrom

the bimodalapproach,and,finally,to confirmthe effectivenessof low-frequency

fields over high-frequencyfields for realisticparticulatestreams.

The program will demonstratethe effectivenessof a unique approach which

uses a bimodaldistributioncomposedof large sorbentparticlesand fine fly ash

particlesto enhanceash agglomerationand sulfurcaptureat conditionsfound in

direct coal-fired turbines. Under the impact of high-intensitysound waves,

sorbentreactivityand utilization,it is theorized,will increasewhile agglom-

erates of fly ash and sorbents are formed which are readily collected in

commercialcyclones. The work will extend the conceptfrom the demonstrationof

feasibility (Phase I), through proof-of-concept(Phase II) to the construction

(Phase Ill) of a coal-firedpulsed combustorwith in-furnacesorbent injection.

For Phase I, PennsylvaniaState University will conduct studies for enhanced

sulfur capture in The CombustionLaboratoryand agglomerationtests in the High

IntensityAcoustic Laboratory.

1.3 SUMMARY STATUS FOR THE PERIOD

The systemmodificationsfor continuousfeed and long duration testingwere

completed. Severalmodificationsto the existingPAFBC systemwere made so that

the calcinationof sorbents for the test program can be readily accomplished.

West Virginia Universityhas completed the Analysis and Design techniques

for determiningaerovalvegeometryand performanceand initiatedwork on design

m
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optimization prior to the fabrication and testing of an aerovalve for

verificationof the design analysis.

PSU - The modificationsto the EntrainedFlow Reactor, EFR, were completed

and calcinationtests to determinethe effect of size on the rate and temperature

of calcinationwithout acousticswere completed. The data was consistentwith

previous studies that show a significantincrease in sorbent surface area and

pore volume with the extent of calcination. A series of test runs were also

conducted in the EFR to measure particle concentrationsand size distributions

of ash with and without an acoustic field.

The sulfationmodel was used to simulatesulfationof carbonateand calcium

hydroxideparticles. The results of the simulationwill be compared with the

experimentalobservationsduring the next period.
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SECTION 2.0
i

TECHNICAL DISCUSSION OF THE WORK
.,,ACCOMPLISHEDDURING THE REPORTING PERIOD

2.1 TASK 1: SHAKEDOWNTESTING

SCREENINGTESTS

The sorbentfeed system was modified for continuousfeed and long duration

testing (see Figures I and 2). The system consists of a K-Tron screw feeder

installedinside the primary injectorvessel,a storageinjectorinstalledabove

the primary injector vessel, and a sorbent loading cone above the storage

injector. There are two ball valves in the loadingline: one at the bottom (VI)

and one at the top (V2) of the storage injector. The primary injectorvessel is

under pressure all the time during the test and the screw feeder is running.

Valve VI is closed and valve V2 is open. Sorbent from the loading cone drops

into the storage injectorvessel. When the sorbent level in the feeder inside

the primary injectorvessel is low, the level sensorsends a signal about the low

level of sorbent. At that time, valve V2 on the top of the storage injector is

closed and the vessel is pressurizedto e_ualize the pressure with primary in-

jector vessel pressure. Then, valve VI is opened and sorbent drops from the

storage vessel to the feeder hopper inside the primary injector vessel. Valve

VI is then closed and the storage vessel is depressurizedthrough a denim bag.

After depressurization,ball valve V2 is opened and sorbent is fed through a

loading cone into the storage vessel. This process is repeated to maintain

sorbent level in the primary injectorand to enable continuous feed of sorbent.

It was found during our tests that solids (agglomeratedash and sorbent)

accumulatedon the reflectioncone in the agglomerationchamber,overfilled it,

and dropped onto the bottom flange of the agglomerationchamber. The included

angle of the existing reflectioncone is 120° and is greater than that required

based on solids repose angle. Itwas thereforedecidedto replacethis cone with

a 60° angle reflection cone and install above it a collection cone that will

overlap with the reflectioncone to preventsolids bypass to the bottom of the

4 ERNQ-38Q.17
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FIGURE2: P&IDOF CONTINUOUSSORBENTFEED
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agglomerationchamber (seeFiqure 3). It was also found during inspectionof the

agglomerationchambercatch sectionthat the 2-inch solids drain pipe has a dent

and caused flow obstruction. Unlike the original reflection shield which was

designed to traverse/telescope,the new cone is not required to be mobile.

Therefore, to facilitate improved solids flow into the catch pot and provide

pressureseal, it was also decidedto replacethe existingdrain line by a 3-inch

line with one pressure sealingunion. The vacuum pump had difficultyproviding

suctionat high velocityto generatean isokineticsample over a significanttime

interval (20 to 30 minutes). This was attributedto the 3-inch line downstream

of the pressureletdownvalve and pump operatingcharacteristicsand limitations

includingoverheating. To reducesolidsloadingand increaseisokineticsampling

duration and reliability,it was decidedto replacethe 3-inchpipe with a 6-inch

pipe and substitutean eductor arrangementfor the vacuum pump.

The reflectioncone was installedon the drain pipe and a collectionconical

ring was welded to the wall of the chamber. The drain line now comprises a 3-

inch pipe with one pressuresealingunion (F.iqure4) for inspectionpurposesand

to vacuum out any solids which collect during the test to verify mass balance.

For calcinationand classificationof the sorbents, it was decided to use

the existing PAFBC pulse combustorfacility (see Fiqure 5). Sorbentwill be fed

into the pulse combustion chamber fired with natural gas. The pulse combustor

will be maintained in the 1800 - 2000°F temperaturerange and the very shallow

(2 - 6" bed depth) fluidized bed and freeboard in the 1500 to 1600°F range to

maximize calcination and minimize sintering. Big size particulateswill be

accumulated in the bed and will be drained. Classified lime (preferablybox 10

microns)will be collectedin the cyclonecatch and will be used later as sorbent

in the bimodaltests. The PAFBC pulse combustorneeds some repairwork. It will

be taken off the facility, repaired and re-installed. After preparation of

classified lime, the bimodal tests will be continued.

The MTCI PAFBC system underwentsome repairwork in preparationfor sorbent

calcinationand classification. The bed was drainedand the bed door was opened.

Damagedrefractoryon the door was removedand new refractorywas cast and cured.

The bed area and freeboardburnersand their controlswere inspectedand tested.

7 ERNQ-38Q.!7
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FIGURE 4: MODIFIED AGGLOMERATIONCHAMBER BOTTOM SECTION
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FIGURE 5: PAFBC FACILITY FOR CALCINATION
AND CLASSIFICATIONOF SORBENT
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The pulse combustor needs some repair; before attempting this repair, it was

decided to evaluate the suitabilityof the PAFBC system for sorbentcalcination

and classificationby firing gas in the bed and freeboard area to check the

temperatureprofile in the systemand the abilityto reach temperaturesof 1500 -

1600°F.

The MTCI PAFBC systemwas tested (withoutpulse combustor)by firinggas in

the bed windbox and freeboardareato check temperatureprofilealong the system.

Temperaturesin excess of 1400°Fwere reachedin the bed area. Therefore,repair

of the pulse combustorwas accomplishedand the combustorwas installedinto the

system. A limestone feeder with a feed rate controller and a feed line with

eductor were installed. A test with 0.7 MMBtu/hr gas firing rate in the pulse

combustor and an 0.8 MMBtu/hr in the bed windbox was performed with 40 Ib/hr

limestonefeed rate into the pulse combustor. A temperaturein the bed area of

1450°Fwas achievedbut limitationsin coolingwater supplydid not allow further

increase in firing rate and temperature. A new water line, separate from the

pulse combustorwater jacket line,was installedfor coolingthe bed distributor

plate, solids separatorand cyclone. Inspectionof the cyclone catch pot after

the test showed that the cyclonewas pluggedby limestone. The solids separator

and the cyclone coolingwater systems,therefore,were connectedin serieswith

the exit from the solids separatorconnectedto the inlet of the cyclone to keep

the temperatureof the bottom of the cyclone above the dew point of flue gas.

Also, two sloped drain pipes from the bottom of the cyclone were cut off and

replaced by one vertical pipe to facilitateease of solids flow into the catch

pot.
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Z.Z AEROVALVE TEST (WEST VIRGINIA UNZVERSZTY)

Z.Z.1 VORTEX AEROVALVE GEOMETRY

is a drawing of a typical vortex-type aerovalve, and Figures 7

through _9are the sketches used to derive the geometry relations for the valve.

The graphs shown in Figures 10 through 13 are the results of the QuickBasic com-

puter program. Figure 10 is a plot of the area ratio Ar versus the diffuser

throat width Sth/r o, in this case for N = 8 throats. Figure 11 is the samegraph

for N = 12 throats. Notice that in both cases for 0 = 15o there is a maximumAr

of - 2.25 and 2.75, respectively. Figures 12 and 13 are plots of the area ratio

versus the total nondimensionalthroat area.

2.Z.Z VORTEX AEROVALVE, DESIGN

To limit the valve design to reasonable vane passage area ratios and to

achieve a significant increase in angular velocity of the reverse flow, the

independentprogram parameters were modified. The following independent

parameters control the geometry of the aerovalve.

• To bring the vortex cross-sectionalarea in line with that of the vane

passages,one needs a large number of vanes, say N = 8 or 12, which is

selected as an input parameter.

• The parameter0 controls the vane offset from the radial direction

(0 - 0° for a radial blade) and is usually in the range 5° < 0 < 25°.

• To achievea significantincreasein angularmomentum one must keep the

vanecurvatureradiusrc/rowithinreasonablegeometrylimits,typically

0.5< rc< 1.0.

The performanceof the aerovalve is calculated for a specificgeometry.

12 ERNQ-38Q.17
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FIGURE7: AEROVALVE5 GEOMETRY
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VORTEX AEROVALVE
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FIGURE 10: PLOT OF AREA RATIO vs. DIFFUSER
THROAT WIDTH FOR N = 8
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FIGURE 11: PLOT OF AREA RATIO vs. DIFFUSER
THROATWIDTH FOR N = 12
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VORTEX AEROVALVE
4

N-8

kn = I/3

0 - 25°

3

O :

20 °

2

1 , I II I I i_ I , I iiI Ii

0.3 0.74 1.18 1.62 2.06 2.5

N(sJro) 2

FIGURE 12: PLOT OF AREA RATIO vs. NON-DIMENSIONAL
THROAT AREA FOR N = 8
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FIGURE 13: PLOT OF AREA RATIO vs. NON-DIMENSIONAL
THROAT AREA FOR N = 12
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Several modifications to the theory presented in the June report are

described next. Recall that the diodicity of the aerovalvewas defined as the

ratio of forward to reverse mass flow rates, so

APr " A Pr (2.1)

The expression for the forward flow pressure loss Apf is given by

iv., (Ap,- _p I/,,- At)

where Vth f is the forward flow throat velocity and Ar is the vane area ratio.

The mass flow rate in forward flow is given by

rh,- N s==pV=, (2.3)

Recall that the vane area ratio in Equation 2.2 was given by the expression

Ar . 4)+0 -y (2.4)
s=

21 ERNQ-3BQ.17



The forward flow pressure loss becomes

rvo,l
T- "L-X/) (2._
-ip

The reverse flow pressure loss Apt is given by

l Vo2" (2.6)Ap,- _p

The reverse flow exit velocityVe r is composed of two terms: Vri and V#+. The

relationshipis

2 (2._Vo;-v,;.K,v.,

The term Kr is set equal to I. The effect of Kr will be investigatedlater; it

includes the viscous losses in the valve. The radial component Vriwas

determined using two differentmethods"

• Case i" The pressure on the cylindrical surface of revolution with

radius ri which extends from the inlet to the back face of the valve

was assumed to be the ambientpressure (p : PAMB)'

• Case 2" Vri was replaced by a uniform axial component Vz such that

Vz_Iri2 = NVthSth2, where Vz is uniformover the opening.

22 ERNQ-38Q.17



For case I, Vri was determined from the mass flow rate

rhr /2V,,- p2_r,s=) where rh,- VmNsm2p . (2.8)

For case 2, Vz was determined from

Vzx_. NVta,$_ (2.9)

Using the conservationof angularmomentum the expressionfor V# i was found to
be

Ve,..rm- VerI where Ve,,_- Via,COS5
(2.10)

r= cos8-

Substitutingthe expressionsfor Vr i and V0 _ from Equs. 2.8 and 2.10 and the

expression for the reverse flow mass flow rate from Equation 2.8 into Equation

2.7, the expression for Vet for case I was obtained:

Vo,_- vm'IvsmP + K_ rm Vm,cos8 (2.11)
p2= ris_ "_ rI

23 ERNQ-38Q.17



I
Similarly,for case 2, the substitutionof the expressionfor Vz (replacingVr

i)from Equation2.9 intoEquation2.7 yielded

Ve_'ms_2+ K,_ V_cosb (2.12)v.;._,f, _,,

A designconditionfor the aerovalvewas that

2=rls _ - KNs_, (2.13)

whereK is the area ratioof the entireaerovalve.The diodicityDv, assuming

incompressibleflow,was obtainedby equatingthe forwardand reverseflow

pressureloss expressionsand solvingfor the ratioof forwardto reverseflow

throatvelocities.Aftersome algebraicmanipulation,two slightlydifferent

expressionswere obtained:

Case I"

I 121IINsol
D v- ArKv,, where Kv,- _2xI.1)+ _,rI
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Case 2:

Dv- A,Kv_, where Kv2- L_,Xr/)

These modificationswere added to the existing programand the resultsare

shown in Fiqures ]4 to ]9. Figures2 to 4 were used in the derivation of the

geometry of the valve. Figures 14 and 15 are plots of the vane area ratio Ar

versus the vane inlet radius rv/ro for N = 8 and N = 12 throats, respectively.

From these two figures it is seen that for decreasirg rc/ro and an area ratio

restricted to the range of 1.5 < Ar < 2.5, rv/ro increases. Figures 16 and 17

show the graphs of multiplier Kv versus rv/ro for N = 8 and N = 12 throats. It

is seen here that for increasing rv/ro and decreasing rv/ro the values of KV

decrease. The major difference between 8 and ]2 throats is shown by the fact

that the highest value of Kv for 8 throats is - 0.95, while for 12 throats and

the same value of rc/ro the highest value is -5.5, almost 5.5 times greater.

Figures 18 and 19 show the diodicity Dv versus rv/ro and, of course, the

diodicity is seen to be higher for 12 throats than for 8.

Fiqure 20 is a drawing of the valve with the geometry indicated on

Figures 15, 17 and 19 by a "." on the curve.
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FIGURE 16: PLOT OF MULTIPLIER Kv vs. VANE
INLET RADIUS FOR N --"8 THROATS
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FIGURE 17: PLOT OF MULTIPLIER Kv vs. VANE
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2.3 FUNCAMENTALSORBENTSTUDIES (PENN STATE UNIVERSITY)

The objectiveof the PennStateTask ] isto conducta fundamentalstudyof

the physicaland chemicalchangesthat calcium-basedsorbentsundergowhen

subjectedtohighheatingratesforshortresidencetimestodetermineifa flash

calcinationphenomenonoccursproducinga highlyreactivecalcine. Subsequent

sulfationof the calcinewill also be studied.

InTask 2, PennStatewillconducta fundamentalstudyof bimodalacoustic

agglomerationintwo stages. Inthefirststage,an entrained-flowreactor(EFR)

will be used to optimizethe frequencyand soundpressurelevelfor a rangeof

flyash andsorbentmassloadings,particlesizesandreactortemperatures.The

focusof theexperimentsin the secondstageof the agglomerationinvestigation

will be to identifyexperimentallythe mechanismsthat controlthe bimodal

agglomerationand cohesionof fly ashand sorbentparticlesunderthe influence

of a high-intensityacousticfield.

In Task3, Penn Statewill combinethe resultsfrom the two fundamental

studiesabove into one modelto predictsulfurcaptureand bimodalacoustic

agglomerationunderpulsecombustionconditions.As experimentaldata become

availablefromTasksI and 2, progresson Task 3 will be reported.

2.3.1 .FUNDAMENTALSTUDY OF SORBENTBEHAVIOR

Preliminary pulse combustion tests by MTCI using a dolomite for sulfur

capture showedthat four times (i.e., 400 phmw)the acceptable level of fines

were present in the exit gas stream. The level of sulfur capture wasconsidered

acceptable (> 90%). MTCI concluded that the fines were generated by the frag-

mentation ofthedolomiteduringcalcination.PennStaterecommendedthata test

usinga limestonebe conductedbasedon the knownfragmentingbehaviorof lime-

stonesversusdolomitesuponcalcination.Testsconductedat Penn Statehave

shownthatdolomitesaremore susceptiblethan limestonesto breakagewhen sub-

jectedto high heatingrates. Dolomitescontaincalciumand magnesiumcar-

bonates. The mechanismof the fragmentationinvolvesthe decompositionof the

calciummagnesiumcarbonate(CaMg(C03)2)into CaCO3 and MgCO3. The magnesium

carbonaterapidlydecomposesintomagnesiareleasingcarbondioxide.Thecalcite
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subsequentlydecomposesto lime and carbondioxide. The high CO2 pressurewithin

the particles is sufficient to overcome their mechanical strength. The de-

compositionof the magnesium carbonateis much more rapid than that of calcium

carbonaL.e. This two-stage evolution of carbon dioxide contributesto the ex-

tensive fragmentationof dolomite particles.

Penn State suggestedusing the Linden Hall limestone in a combustion test

at MTCI. The Linden Hall limestonehas a calcium carbonatecontentof approxi-

mately 99.5 percent.

MTCI testedthe LindenHall limestonein the pulsecombustor. The limestone

produced approximatelyone-half of the concentrationof fines (i.e., 200 ppmw)

produced during tests using dolomite as a sulfur capture agent. This was in

direct agreement with the experimental work using laser heating techniques

conducted at Penn State. The sulfur removal by the limestonewas greater than

90 percent.

Concern for the concentrationof fine particles in the gas stream prompted

MTCI to investigatethe use of lime as a sulfur captureagent. A sampleof lime

that will be tested in the MTCI pulsecombustorwas receivedfromMTCI. Particle

size and chemical analysis of the lime will be conducted.

The chemical analysis of the lime provided by MTCl is given in .Table1.

It was necessaryto determinethe particlesize distributionof the lime by

using sonic sieving in combinationwith a Malvern Particle Size Analyzer since

the particleswere too coarse to be sized by Malvern alone. Particle size data

determined by sonic sieving is given in Table 2. A cumulative frequencycurve

is given in Figure 21.
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TABLE 1:

LZME COMPOSITION

OXIDE WEIGHT %

SiO2 2.10

A1203 O.90

TiO2 O.04

Fe203 0.28
MnO O.01

CaO 89.00

MgO I.25

Na20 <0.05

KzO O.16

PzOs <0.02

503 <0.02
BaO <0.02

SrO <0.02

LOI 7.0}
TOTAL ]00.80

TABLE Z:

PARTICLE SIZE DISTRIBUTION OF
LIME DETERMINED BY SONIC SIEVING

CUMULATIVE

SIZE (_m) WEIGHT %

45 14.63

75 23.89

106 29.49

150 33.72

212 38.24

355 45.77

500 52.80

710 60.26

1180 76.6]

1700 90.17

2800 100.00
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The material is quite coarse. The top size of the material is between1,700

and 2,800 #m. The largestparticle size that can be measured by the Malvern at

Penn State is 564 #m. A dso of 442 #m can be interpolatedfrom the curve in

Figure I. This material was chosen by MTCI to be tested in their pulse com-

bustor. The decisionto test the lime was based on MTCI's concernwith the pro-

duction of fines during calcinationof limestoneand dolomite. The intent of

MTCI is to reduce the concentrationof fines produced in the gas streambecause

of the coarse particle size distributionof the material.

The material that passed throughthe 45 #m screen was collectedand sized

by the Malvern. The particle size distributionis given in Table 3. The cumu-

lative weight percent curve is shown in Figure 22.
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TABLE 3:

PARTICLE SIZE DISTRIBUTION OF SIEVE FINES (<45 ,u,M)
,OF LIME S,AMPLE AS DETERMINED BY THE ,HALVERN

Size Cumulative Size Cumulative Size Cumulative Size Cumulative
Weieht % _ Weight % _ .Weight % (_m) Weight %

163 100.0 47.3 82.9 12.8 19.7 3.46 3.2
151 99.9 40.9 73.1 11.1 17.7 3.21 2.5
131 99.9 35.4 62.3 9.56 15.8 2.99 1.9
113 99.7 30.6 52.2 8.27 13.7 2.78 1.4

97.8 99.6 26.4 44.3 7.15 11.6 2.59 1.1
84.5 99.3 22.9 38.5 6.18 9.7 2.40 0.8
73.1 98.3 19.8 32.9 5.35 7.9 2.24 0.7
63.2 95.6 17.1 27.0 4.62 6.2 2.08 0.5
54.7 90.7 14.8 22.6 4.00 4.7 1.93 0.4

IPT r .... ,--, i1| II I It II Ill I II

20

0
1 10 100 1000

Size _m)

FIGURE 22: PARTICLE SIZE DISTRIBUTION OF STEVE FINES

(>45 pM) DETERMINED BY THE MALVERN
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The dsoof the sieve fines is 29.5. Some particlesmeasured by the Malvern

are greater than 45 /anin diameter even though the material passed a 45 pan

screen. This is due to differencesin the manner in which sonic sievingand the

Malvern size material.

Calcinationof Limestone

MTCI is currently modifyingthe pulse combustor system to accommodatethe

calcinationportionof the process. Their modificationsare based on the results

of the test runs using dolomite,limestone,and lime as sulfur capture agents in

the pulse combustor. MTCI has informed Penn State that they will calcine the

three stones (i.e., Linden Hall, Bossardville,and Nittany) once they have re-

configuredtheir system. MTCl anticipatesthat modificationswill be completed

by September. During this time, Penn State will proceedwith the calcinationof

the Linden Hall, Bossardville,and Nittany stones in the entrainedflow reactor

(EFR). Results of the initial calcinationtests are given in Table 4.

TABLE 4:

RESULTS OF CALCINATION TESTS PERFORMED
IN THE ENTRAINED FLOW REACTOR

,_ntrained Flow Reactor Conditions
I

Gas Gas
Temperature Gas Flow Velocity Residence Calcination

Material Size (/_m) (oc) .... Rate (_fh) (m/s) Time (s) (%)

Linden Hall 74-105 1042 50 O.857 0.945 63.1

Bossardville 74-105 1045 50 O.859 0.943 72.7

Nittany 74-105 1048 50 0.861 0.940 76.2

I I

Samples were collected at the exit of the EFR and represent the maximum

extentof calcinationattainedgiven the residencetime within the reactorat the

given temperature. A probe will be designedto allow samplesto be extractedat

differentpositionswithin the EFR to study the effect of temperatureand resi-
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dence time on calcination. The probe will also be used during the sulfationtest

runs.

Additional calcinationtests will be conductedbased on MTCI's recommend-

ations regardingthe EFR test conditions.

The EFR modificationswere completedand the reconstructedEFR used for the

calcinationtests in Task I. The PCSV-P Insitecprobe has been received by Penn

State. The probe is currentlybeing recalibrated. Beam power has been restored

to 100 percent. Agglomerationtests will be resumedonce the recalibrationpro-

cedure has been completed. The tests conductedwith acousticsat room tempera-

ture will be repeatedto verify reproducibilityand that the probe is operating

properly.

The threesorbents have beensized intothe followingfractions: 270 x 400,

200 x 270, and 140 x 200 mesh (i.e., 37-53 _m, 53-74 #m, and 74-105 #m, re-

spectively). Each size fraction will be calcined in the EFR to determine the

effect of size on the extent to which particlescalcine under given time temp-

eratureconditions. Sampleswill be extractedat differentlocationswithin the

EFR to determinethe effectof residencetime on the extent to which each sorbent

calcines. A sample collection probe was constructed for this purpose. In

addition,a suctionpyrometerwas constructedfor temperaturemeasurementsat the

different sampling locations.

Calcination tests were started in the entrained flow reactor. The gas

temperatureprofileof the reactorwas determined. Reactortemperatureprofiles

were determinedfor preheattemperaturesof 900, 1000, and 1100°C. Temperatures

were measured at the injectortip and along the isothermalzone of the reactor

using a suctionpyrometer (R-typethermocouple)at a suction rate of 128.7 cfh.

The reactor temperatureprofiles as a function of preheat temperatureas shown

in Figure 23. The relationshipbetweengas temperatureand reactorwall temp-

eraturewas also determinedand is shown in Figure 24. The measured temperatures

are given in Table 5. Establishingthe relationshipbetween gas and reactor

temperatureis necessaryin order to determinethe temperaturehistoryof calcine
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TABLE 5:

TEMPERATUREDATA

|l i i l lll i ii ii i i] illJll i iii ii i i iii

TEMPERATURE('C)

PREHEATERTEMPERATURE 900 1000 1100

INJECTORTEMPERATURE 854 942 1021

REACTORTEMPERATURE 900 1000 1100

ii i i llll i Ill II _ i i il i i i i ....

particleswithin the reactor. Specifictemperaturesmeasuredare given in

Table5. Gas velocitieswere calculatedas a functionof temperatureand gas

flow rates. A summaryof the data is givenin Table6.

TABLE 6 :

GAS FLOWRATES AND VELOCITIES

AS A FUNCTION OF GAS TEMPERATURE

..... I I I [I II . I _ Ill I I Ill II I Ill

GAS TEMPERATURE('C) 1000 1I00

TOTALGAS FLOWRATE ALONGTHE REACTOR(CFH) 12B.7 128.7

TOTALGAS FLOW RATEAT STP (SCFH) 30.1 28.15

GAS FLOW RATE FOR SORBENTFEEDING(SCFH) 1.5 1.5

SECONDARYGAS FLOWRATE AT STP (SCFH) 28.6 26.65

PRIMARYAIR/SECONDARYAIR VOLUMETRICFLOWRATIO 5.2% 5.6%

GAS VELOCITY(m/s) 0.5 0.5

REYNOLDSNUMBER(Re) 147 129

_. I I I I IIIII I I I IIII iiiiii I I II I II I IIII I

Calcinationtestswere conductedon the LindenHall, Bossardville,and

Nittanylimestones.The threesorbentshavebeensizedintothe followingsize

fractions"270 x 400, 200 x 270,and 140x 200mesh (i.e.,37-53pm with a dso
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of 45 #m, 53-74 #m with a dso of 63 #m and 74-105 #m with a dso of 80 #m,

respectively). Each size fractionwill be calcined in the EFR to determinethe

effect of size on the extent to which particles calcine under given time/

temperatureconditions. The tests will be conductedat 1000 and 1100'C (reactor

temperature). Samples will be extractedat different locationswithin the EFR

to determine the effect of residencetime on the extent to which each sorbent

calcines. Theoretically,acousticsshouldnot affectthe calcinationrate or the

extent of calcination. To verify the absence of acoustic enhancement,only

selected calcinationtests will be performed.

To date, calcination tests without acoustics have been conducted on the

samples listed in Table 7. A duplicationrun was conductedon the LindenHall,

45 /_msample at I000"Cto check the reproducibilityof the calcinationprocedure

and analysis of the calcine. Sampleswere collectedat three locationswithin

the reactor. The extent of calcinationas a function of furnace distance is

shown in Fiqure 25. As can be seen from the graph, the results from the two

tests are almost identical.

TABLE 7:

CALCINATION TESTS COMP_ETEP AS OF 10/1/93

II I I

PARTICLE SIZE TEMPERATURE

.)_,.,rkcC'"un'rID ..... dso (#m) ('C)

LINDEN HALL 89 IO00
63 1000
45 1000

BOSSARDVILLE 89 I000
63 1000
45 1000

BOSSARDVILLE 89 1100
i 63 1100

45 1100

LINDENHALL 89 1100
63 1100
45 1100

I Ill I I IIIII
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The extents of calcination as a function of distance along the reactor

(i.e., residence time) and particle size for the Linden Hall and Bossardville

stones at 1000 and 1100°C are shown in Fiqures 26 through _. The extent of

calcination at any given point in the reactor for all three particle sizes

increasedwhen the reactor temperaturewas increasedfrom 1000 to 1100°C. The

percentage increasein calcinationdue to increasedreactortemperaturefor the

various samples is shown in _able B. The increase in the extent of calcination

of the Linden Hall particles increaseswith particle size. The Bossardville

samples show no such relationship. An explanationfor this behavior cannot be

given until further testing is completed.

Measurement of the surface area and pore size distribution of selected

calcine samples have been completedand the data are listed in Table g. As the

extent of calcinationincreasesthe surfacearea and total pore volume increase

as shown in the Linden Hall, 45 _m, 1100°C and Bossardville, 45 _m, 1100°C

samples. This is consistent with studiesconducted at Penn State that show a

significantincrease in sorbent surfacearea and pore volume with the extent of

calcination (Morrison,et. al. 1993). This is due to structural changes that

occur during calcinationaccompanyingthe releaseof carbon dioxidefrom calcium

carbonate.

The results of the baseline agglomerationtests are being compiled. No

additionalwork will be conductedon Task 2 until the calcinationand sulfation

tests in Task I have been completed.

Theoreticalmodeling of the relationshipof sound frequency,particle size,

and the rate of convectiveheat transferdue to acousticswas conducted. Results

will be discussed in the report for the next period.
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TABLE 8:

EXTENT OF CALCZNATION OF SELECTED SORBENTS
AT DIFFERENT REA(;:TOR TEMPERATURE_

I I II I I I II
m

CALCINATION% INCREASE IN

SAMPLE SIZE (#m) REACTOR TEMP. ('C) CALCINATION(%)
Ioo___Q ]]oo

i i ii i iii i i i i i i

LINDEN HALL 45 53.9 80.8 50
63 47.9 77.9 63
89 41.8 74.9 79

BOSSARDVILLE 63 48.4 83.8 73
89 47.1 82.3 75

l I I I I I I IIII I I I
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TABLE 9:

CALCINE SURFACE AREA AND PORE SIZE
DISTRIBUTION MEASUREMENTS

SAMPLE ID, DISTANCE SURFACE PORE PORE TOTAL PORE
SIZE, (in.) FROM AREA SlZE SIZE VOLUME
TEMPERATURE INJECTOR (m2/g) (Mode,A) (Mean,A) (co/g)

L'qlb I I I I i

LINDEN HALL, 24 30.25 <50 78 0.0594
45 #m, 1000"C

LINDEN HALL, 10 4.49 <50 137 0.0154
45 /_m,1100"C

18 39.58 <50 98.5 0.0976

24 46.72 52 99.5 0.116

BOSSARDVILLE, 24 23.63 <50 91.2 O.0538
45 /_m,I000"C

BOSSARDVILLE, I0 5.75 <50 99 O.0193
45 /_m,1100°C

18 31.1 <50 96.5 0.075

24 35.5 65 126 0.112

III
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I
2.3.2 FUNDAMENTAL STUDY OF BZMODAL ACOUST'r(; AGGLOMERATZON i

The PCSV-P was sent back to Insitecfor repairs. Since the PCSV-P was un-

available and the preparationof the calcine by MTCl was delayed, modification

and upgradingof the EFR was started. The unit was dismantled. The unit con-

trols will be upgraded and a new collectionprobe will be constructed.

CALIBRATIONOF PCSV-P

PCSV-P was calibratedat the CombustionLaboratoryusing transparentdiscs

etched in an opaque reticle. The diametersof these transparentdiscs were in

the range of 2.0 _m - 8.0 pm. A series of test runs were conducted to melsure

particle concentrationsand particle size distributionsof ash particles in the

presenceand absenceof an acousticfield within the entrainedflow reactor. The

test matrix of the experimentswas as follows:

,. i. . i , , • ii1,,i ,111 | ii i JlJ i ,,i,

SOUND LEVELS (dB) FREQUENCY (Hz)

140 440

140 800

140 1000

150 440

150 800

150 1000

A number of variationsin the particleconcentrationsand sizedistributionswere

observedwith changes in sound frequencyand pressure levels. The changes were

attributedto the interactionof the acousticfieldwith the ash particles. The

data generated by the experiments needs to be further analyzed to establish
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whetherstatisticallysignificantagglomerationof the ash particlesis occurring

due to the acoustic field.

Z.3.3 SULFUR CAPTURE MODEL

The introduction of a sulfation model into PCGC-2has been completed. The

model simulatescalcinationand sinteringoccurringconcurrentlywith sulfation.

Calcinationis modeled using the classical shrinkingcore model. The reaction

of calcination is as follows:

CaCO3 --> CaO + CO2

The carbonaterateequation is obtainedempiricallyfrom publishedthermodynamic

data. The structureof CaO is representedby overlappingspheres. The rate of

volume change of the particle is proportionalto the surface area of the un-

reacted sphericalcore. The sinteringmodel is simulatedby overlappingof the

grains by moving the grain centerscloser together,therebyreducingthe surface

area and porosity. Qualitativeresults of the model indicatethat the time for

complete calcinationfor a 13 /_mparticle is approximatelyO.3s (Fiqures3] and

32). However, with increasingtemperature,the surface area decreases due to

sintering. In Fiqure 33 the relation of surface area and extent of calcination

as a function of time is given for a calcium carbonate particle 13 /_m in

diameter, 100 m2/g surface area, and porosity of 0.54. Just prior to complete

calcination (at approximately0.25s the surface area of the particle begins to

decrease due to sintering. The surface area continues to decrease with time

after calcination is completed.

The sulfationmodel is based on the reaction as follows:

S + 02 --> SO2 (Gas Phase Product of Combustion)

CaO + SO2 + 1/202_> CasSO_

The sulfation of the exposed CaO surface is assumed to be instantaneousand

limited only by gas phase diffusion of SO2 to the particle. The concentration

of SO2 is assumed to be constant and the particle stationary. Sulfur dioxide

reacts with CaO to form CaSO4 on the particle surface. Pore diffusion and
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FIGURE 32: MODEL PREDICTIONS FOR 13 _M CACO3 AT 1373
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FIGURE 33: MODELPREDICTIONS FOR 13 #M CACO3 AT 1373K,
100 M2/G, POROSITY = 0.54
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productlayer diffusioneffectsbecome importantonce a monolayerof CaSO4 forms

on the particle surface. The reaction rate of sulfation is assumed to be in-

dependentof the 02 concentration.

The followingobservationswere mademodeling the sulfationof precalcinated

CaO:

• Effect of $_rfa.ceArea: Increasingsurface area shows an increase in

the extent of sulfation (Figures34a and 34b).

• Effect of TemperBture: Optimum sulfationtemperaturewas observed at

1,364 K (Figure35). Temperaturesabove and below 1,364 K showed re-

duced levels of sulfur capture. Significant sintering occurs at

elevated temperatures,thereby reducing the reactive surface area of

the calcine.

• Effec.tof Particl.eSire: Increasing particle size results in a

decrease in the rate of SO2 capture (Figure36). This is particularly

true in the initial stage of capture when pore diffusion is pre-

dominant. After 25 ms productlayer diffusionis dominant and the rate

of SO2 capturedecreasesfor all particle sizes. In addition,7.1 and

4.1 /Jmin size displayedsimilar SO2 capture profiles. This suggests

that there is a thresholddiameter below which there is little effect

of particle size on SOz capture.

Sulfation of carbonate (CaC03)and calcium hydroxide (Ca(OH)2)particles

were simulated using the sulfationmodel and the following observationswere

made:

• Effect of Particle Size: Larger calcium hydroxide and carbonate

particles display lower SO2 conversion at a given time than smaller

particles (.Figures37a and 37b). In addition, the initial sulfation

rate is seen to be stronglydependenton particle size. The extent of

SO2 conversion at a given time for calcium hydroxideparticles less
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FIGURE 34A: SURFACEAREAEFFECTS: 1 #M CAO, 304 PA SO2, 1073K
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FIGURE 34B: SULFATION OF 7 pM C-CA0, 148 PA, 1367K,
POROSITY = 0.15
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FIGURE 35: SULFATION OF 7 pM C-CAO -
INFLUENCE OF TEMPERATURE,11 MZ/G
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FIGURE 36: PARTICLESIZE EFFECTON SULFATZONOF C-CAO
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FIGURE 37A: PARTICLE SIZE INFLUENCE, LINWOOD CARBONATE,

1367K, 148 PA SO2
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FIGURE 37B: PARTICLE SIZE INFLUENCE, LINWOOD HYDRATE,

1367K, 148 PA SOz
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than 2.4 #m is independent of particle size. The rate of sulfur

capture decreases for the calcium hydroxide particle after 25 ms for

smaller particles, i.e., <_5.4 #m. The rate of sulfur capture de-

creases for the calcium hydroxide particle after 75 ms for larger

particles, i.e., 42 #m.

The rate of SO2 conversion for the carbonate particles is a function of

particle size (Figure37a). Sulfur dioxide conversion at a given time is de-

pendent upon particle size even down to 4.4 /zm. The rate of SOz conversion

decreaseswith time as sulfationproceeds. Particle size effects are produced

by pore-diffusionlimitations in larger particles since pore diffusivity is a

function of particle radius.

• Rate and Extent of SO2 Capture: The rate of calcinationand sulfation

for a calciumhydroxideparticlewas much higherthan that of a similar

size carbonate particle (Fiqure38). Therefore, CaSO4 product layer

forms on the calcium hydroxideparticle ver) early, thereby limiting

diffusionof SO2 into the particle. In addition,the calciumhydroxide

particleswere predictedto sinterto a greater extentthan the carbon-

ate particles,therebyreducingthe active surfacelayer in the calcium

hydroxideto a greater extentthan in the carbonate. Therefore,a car-

bonate particle reacts with SOz at a higher rate after 25 ms than a

calciumhydroxide particle. The result is that the extent of SO2 con-

versionof carbonateparticlesis greater than that of calcium hydrate

particles.

• Effect of Temperature: SO2 conversion is influenced by temperature

(Fiqure39). The optimumtemperaturefor sulfationwas 1,364 K. While

i product layer diffusivity increases with temperature so does the

occurrence of sintering. The effect of sintering of the particle

surface is a reduction in the reactive surface area.

• Effectof Sinterinq: Sinteringof CaCO3 particlesis shown to decrease

the extent of SO2 conversion (Fiqure40). Sintering of the particle

surface reduces the effect of diffusion of SO2 to reactive pore sur-

faces.
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FIGURE 38: COMPARISON OF HYDRATE (5.4 /_M) AND CARBONATE (4.4 _M),
1367K, 148 PA SO:,
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FIGURE 39: TEMPERATURE INFLUENCE, 25 /_MLINDWOOD CARBONATE
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FIGURE 40: SINIERING INFLUENCE ON 10 _M CAC03
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These observationswill be compared to the experimentalobservationsfrom

the calcinationand sulfationtests conducted in the EFR (Task I).
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SECTION 3.0

PLANS FOR NEXT PERIOD

= Testing will be initiatedduring the next period.

• WVU - In the coming weeks an optimizationof the diffuser-length-to-

throat-widthratio will be performed and a test valve will be

constructedto verify the design analysis.

• PSU - During the next period, sulfationtests will be initiatedand

work on the model will proceed.
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