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PREFACE

This 18thQuarterlyTechnicalProgressReport presentsthe resultsof work

accomplishedduring the periodSeptember27, 1993 throughJanuary 2, 1994 under

Contract No. DE-AC21-88MC26288entitled "Sonic EnhancedAsh Agglomerationand

SulfurCapture." The fundamentalstudiesconductedby West VirginiaUniversity

and Penn State Universityare provided in Subsections2.2 and 2.3.

Duringthisperiod,severaltests wererun for variousconfigurationsof the

BimodalSystemwith one being a nine-hoursteady-statetest on coal. The results

of all of the tests indicatedthat the generalperformanceof the unit in terms

of acoustic and combustionefficiencywas much like the previous tests, 99.5%

combustionefficiencyat 183 dB. In someinstances,sulfurcapturewas improved.

NOx emissionsexceeded the 150 ppm @ 15% 02 goal except for one test.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Governmentnor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product,or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product,process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmentor any agency thereof.
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I i

SECTION 1.0

INTRODUCTION

I.I PROJECT DESCRIPTIONAND WORK STATUS

Amajor concernwith the utilizationof coal in directlyfired gas turbines

is the control of particulateemissionsand reductionof sulfur dioxide, and

alkalivapor fromcombustionof coal,upstreamof the gas turbine. Much research

and developmenthas been sponsoredon methods for particulateemissionscontrol

and the directinjectionof calcium-basedsorbentsto reduceSO2 emissionlevels.

The resultsof this researchand developmentindicatethat both acousticagglom-

eration of particulatesand direct injectionof sorbentshave the potentialto

become a significantemissionscontrolstrategy.

The SonicEnhancedAshAgglomerationand SulfurCaptureprogramfocusesupon

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

simultaneouslyenhancing sulfur capture and particulateagglomerationof the

combustoreffluent. This applicationcan be adaptedas either a "hot flue gas

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

alternativeprimary pulse combustorisland in which slagging,sulfur capture,

particulate agglomerationand control, and alkali gettering as well as NOx

controlprocessesbecome an integralpart of the pulse combustionprocess.

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

fired combustiongas turbines. In particular,the MTCI proprietaryprocessfor

bimodalash agglomerationand simultaneoussulfurcapturewill be evaluatedand

developed. The technologyembodimentof the inventionprovides for the use of

standardgrind, moderatelybeneficiatedcoal and WEM for firing the gas turbine

with efficientsulfur captureand particulateemissioncontrolupstreamof the

turbine. The processalso accommodatesinjectionof alkaligetteringmaterial

if necessary. This is aimed at utilizationof relativelyinexpensivecoal fuels,

thus realizingthe primarybenefitbeing soughtby direct firingof coal in such

gas turbinesystems. The proposedtechnologyprovidesfor practical,reliable,

I EROD-38Q.18



and capital(andO&M) cost-effectivemeans of protectionfor the gas turbinefrom

impuritiesin the coal combustoreffluent.

1.2 PROGRAMOBJECTIVES

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

bilityof the MTCl bimodalparticlesizeapproachto enhanceparticulatecontrol

by acousticash agglomeration. An ancillaryobjectiveof the Phase I effort is

to demonstrateand confirmthe feasibilityof an acousticfieldto enhancesulfur

captureby increasingsorbentreactivity. Phase I tests are designed to cover

the frequencyrange between50 and 1400 Hz, establishmonomodalbaselineperform-

ance as a benchmarkfromwhich to measurethe degreeof enhancementexpectedfrom

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

fields over high-frequencyfields for realisticparticulatestreams.

The programwill demonstratethe effectivenessof a unique approachwhich

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 extendthe conceptfrom the demonstrationof

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

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

For Phase I, PennsylvaniaState Universitywill conduct studies for enhanced

sulfur capturein The CombustionLaboratoryand agglomerationtests in the High

IntensityAcoustic Laboratory.

1.3 SUMMARYSTATUSFORTHE PERIOD

During this period, several tests were run for various configurations of the

Bimodal System with one being a nine-hour steady-state test on coal. The results

of all of the tests indicatedthat the generalperformanceof the unit in terms

of acousticand combustionefficiencywas much like the previous tests, 99.5%

combustionefficiencyat 183 dB. In some instances,sulfurcapturewas improved.

NOX emissionsexceededthe 150 ppm @ 15% 02 goal except for one test.
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SECTION 2.0

TECHNICAL DISCUSSION OF THE WORK
ACCOMPLISHED DURING THE REPORTING PERIOD

2.1 TASK 1: SHAKEDOWNTESTING

SCREENINGTESTS

Duringthis reportingperiod,the MTCI PAFBC systemwas used to calcineand

classifyDolofil4060 limestonefor bimodaltests. The limestonewas fed into

the pulse combustionchamber. Naturalgas was fired in the combustionchamber

(0.9 MMBtu/hr),bed windbox (1.1MMBtu/hr),and Freeboard(0.25 MMBtu/hr).

The temperaturein the combustionchamberwithoutlimestonefeed was about

2050°F. Withlimestonefeed, the temperatureinthe combustionchamberwas about

1850°F,in the bed area between 1650 and 1750°Fand in the freeboard,approxi-

mately 1500°F.

A total of 640 pounds of classifiedand calcined sorbentwas prepared for

the bimodaltests. A samplewas sentto SSM Laboratoriesfor particlesize-BAHCO

analysis. The resultsof the analysisare shown in Fiqures 1(a) and ]_I_b_.On

a weightbasis, about 70 percentof the particleswere below 10 microns in size.

Chemicalanalysisof the calcinedsampleby Penn State Universityindicatedthe

extent of calcinationto be about 70 percent.

Severalattemptswere made to run steady-statetests on the bimodalsystem

but withoutsuccess. The combustorpulsednormallyfor awhile (I-4hrs)but then

suddenly failed. After a few restarts and failures, the entire system was

examined and inspected. The inspectionshowed that the Macawber coal-feeding

system did not work properly;diagnostictests were run on the feeder and the

problem was traced to the leakage of the seal between the lock and injector

vessels. The leakage interruptedthe coal feed and caused flame out. The seal-

ing system was debugged and the pneumatic sealing valve was found to be de-

fective. The valve was taken apart and the defectwas identifiedand corrected.
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The leakageinterruptedthe coal feed and causedflame out. Anotherproblemwas

found in the pilot gas rotameter. The needle valve of the rotameterwas mal-

functioningand did not meter the correctflow rate. The rotameterwasreplaced.

At the same time the pilot burner spark plug and flame rod and the combustion

chamber ultravioletflame sensor were replaced with new ones. Tests on the

bimodalunit were then resumed.

A test with only coal feed was performedon November 3, 1993. The steady-

state conditionwas sustainedfor g hours. The typicalset of data are shown in

Table ] (TestNo. 11032). The systempressurewas 3 atm. The temperaturein the

combustion chamber was about 2250°F and at the bottom of the agglomeration

chamber it was 2000°F. The acousticperformancewas good (183 dB) and the com-

bustionefficiencywas 99.5 percent. The cycloneand baghousecatch sampleswere

sent for BAHCO size analysis. The resultsof the analysisare shown in Figures

1(a) and 1(b). Approximately25 percentby weight of particlescollectedin the

baghouseexceeded3 micronsin size. Isokineticparticulatesamplesshowedthat

solids loading after the cyclonewas on average141 ppmw.

A power spectrataken during pulse combustionoperationindicateda strong

first harmonic in addition to the fundamentalfrequency (- 88 Hz) and it was

decidedto examinewhetherthe reflectioncone at the bottomof the agglomeration

chamberwas a contributingfactor. Therefore,the flange at the bottom of the

agglomerationchamber was disassembled,the reflection cone was cut off, the

outlet at the bottom of the chamberwas closed,and the flange reassembled. A

test was performedin thisconfigurationfirst with coal feed only and then with

coal and Dolomite. Generalperformanceof the bimodalunit in the test (denoted

as test set I) in terms of acoustic and combustionefficiencywas a_ before.

Sulfurcapturewith Dolomitewas higherthan 90 percent (seeFigure 2, test set

I). However,the solids loadingafter the cyclonein the test was higher than

in previoustests (seeTable I,Test Nos. 12061and 12062). Due to the increased

open areaat the bottomof the agglomerationchamber,the flow velocitydecreased

as also the entrainedsolids rate. This decreasedsolids concentrationin the

outer annulusof the agglomerationchamberreducedthe agglomerationeffective-

ness and increasedthe cycloneexit solidsloading. The sulfurcapturehowever

6 EROD-38Q.18



TABLE 1. TEST RESULTS SUMMARY OF BIMODAL PROJECT FIRING WITH COAL

Test No. 11032 12061 12062112063 12081 12082 12083 12084 12085 12161 12162

Test set No. 1 1 ! 1 2 2 2 2 2 3 3

Number of cyclones 1 1 1 1 1 1 1 1 1 2 2
Total, MMBtu/Hr 2.42 2.16 2.16 2.16 2.27 2.27 2.27 2.27 2.27 2.24 2.25

Firing rate Coal, % 70.1 78.5 78.4 78.4 78.2 78.2 78.2 78.2 78.2 77.9 77.7

Natural gas, % 29.9 21.5 21.6 21.6 21.8 21.8 21.8 21.8 21.8 2211 22.3
Sorbent " Feeding rate, Ib/hr 0.0 0.0 22.5 30.0 0.0 22.5 30.0 43.2 52.5 0.0 70.0

Feeding location A.C. A.C. A.C. A.C. A.C. A.C. A.C. A.C. A.C. A.C. A.C.

Air plenum 158 146 146 147 143 145 144 144 144 146 145
Combustion chamber 2254 2308 2301 2315 2340 2225 2321 2347 2247 2470 2439

Temperature, F Bottom of agglomeration chamber 2005 1907 1911 1920 2021 2116 2171 2208 2225 2055 1890
Exit of agglomeration chamber 1424 1350 1352 1359 1421 1455 1523 1509 1504 1459 1510

Exit of cyclone 1077 961 981 972 971 1001 1035 1037 1035 1058 1068
Exit of heat exchanger 500 455 472 488 420 453 396 426 448 447 516

Steam 275 275 276 276 276 276 276 275 275 278 277
Air plenum 44.7 45.1 45.4 45.6 45.3 46.0 45.7 44.9 45.4 45.7 45.7

Pressure, psia Combustion chamber 44.8 44.8 45.3 45.3 44.9 44.9 45.0 44.6 45.1 45.2 45.4
Cyclone inlet 44.7 44.6 45.0 45.1 44.7 44.7 44.7 44.4 44.7 44.8 45.2

Cyclone outlet 44.5 44.4 44.6 44.8 44.4 44.4 44.6 44.1 44.6 44.6 44.9
Steam drum 44.0 44.1 44.2 44.2 44.1 44.1 44.0 44.0 43.9 44.1 44.2

Excess air, % 9.9 8.2 13.5 15.4 3.4 7.1 7.7 8.2 6.6 14.2 15.4
02. % 1.9 1.6 2.5 2.8 0.7 1.4 1.5 1.6 1.3 2.6 2.8

Emission data CO2, % 14.9 14.6 13.8 13.6 15.4 14.8 14.9 14.6 14.9 13.6 13.6

of stack CO, ppm -- 6 15 11 7 53 7 10 11 3 8 4

(corrected to 3 SOx, ppm 711 648 54 12 708 257 114 102 30 823 79
% 02) NOx, ppm 332 429 519 529 417 549 582 570 601 506 597

HC, ppm 2 2 3 1 2 1 2 3 5 1 1
r"ri

Acoustic data Combustion chamber SPL, db 183 181 181 181 181 180 181 181 179 181 180o
¢:_ Frequenc 88 84 84 84 86 84 84 84 80 84 84

!

oo Combustion efficicncy, % >99 >99 >99 >99 >99 >99 >99 >99 >99 >99 >99
Particulate emissions, PPMW 14! 163 309 275 134 289 272 259 241 32 72

OO



improveddue to greaterparticleaccumulationat the bottomof the agglomeration

chamber.

It was decided after the test to reinstallthe reflection cone at the

bottomof the agglomerationchamberand continuethe tests. A test was performed

on December8, 1993 (denotedas test set 2). The testdata are shown in Table 1

(TestNos. 12081 and 12082)and Figures2, 3, and 4 (testset 2). The data show

that combustionchambertemperaturewas about 2350°F and the temperatureat the

bottom of the agglomerationchamber was 2021°F with coal feed only and 2200°F

with coal and limestonefeed. Combustionefficiencywas 99.5 percent. Sulfur

capturewas less than that in the test withoutthe reflectioncone (65 to g5%).

Higher sulfur capture in that test can be explainedby lower velocity of flue

gases at the bottomof the agglomerationchamberand longerresidencetime of the

limestoneparticles. But in the reflectionconetest,the agglomerationoccurred

better and solids loadingwas lower (134 ppmw with coal only and 259 ppmw with

coal and Dolomite feed).

All these tests showedthat the existing systemdid not achievelow enough

(< 100 ppmw) solids loadingat the exit of the system. Due to concernsabout

possibleagglomeratebreakup,a modest velocity(55 ft/s)was used in sizingthe

inlet and designingthe existingcyclone. A secondhigh efficiencycyclonewas

considerednecessaryto reduceboth solids loadingand the carryoverof larger

particles(> 3 microns). Therefore,a new high efficiencycyclonewas designed,

fabricatedand installedupstreamof the pressureletdownvalve of the system.

During the test of the bimodalunit with the secondcyclone,the limestone

feeder motor burned out. The limestonefeed systemwas thereforedisassembled

and a new motor was installed. The motor and gear box were coveredwith sheet

metalenclosureand the sorbenttransportair was suppliedthroughthis enclosure

intothe pressurevessel to keep dust away from the motor during use. The lime-

stone feed system was reassembledback and the limestonefeeder recalibrated.

A test (denotedas test set 3) was performedon the new system. The test data

are shown in Table I (last two columns) and in Figures2, 3 and 4 (test set 3).

8 EROD-38Q.!8
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The temperatureinthe combustionchamberwas about2450°F. Acousticperformance

and combustionefficiencywere the same as in previous seriesof tests. Sulfur

capturewas 95 percentbut with high Ca/S ratio (8.75:1). Solids loadingafter

the second cyclonewas very low (32 ppmw with coal feed only and 72 ppmw with

coal and Dolomitefeed). The higherloadingwith sorbentfeed is attributedto

enhanced fines loading (21% by weight of sorbent below 3 microns), possible

fragmentationof the sorbent in the agglomerationchamber, and less effective

sorbent-sorbentagglomeration. NOx emissions from all the tests are shown in

Figure 4. NOx emissionsexceed the goal of 125 ppm at 15% 02 and substoichio-

metricoperationof the pulse combustoris indicatedto achievethe targetgoal.

Baghousecatch samplestypicallyexhibitedthe effectof cakingand, there-

fore, in test set 3 effortswere made to collecta representative,dry, uncaked

secondcycloneexit sample for size analysis. A filterbag was insertedin the

bypassline and the baghouseflowwas partiallydivertedto this line. Collect-

ion during a 70-minutetest intervalfailed to catch particulatesdue to high

flow velocityand lack of a dust cake layer. Therefore,a new very high effici-

ency cyclone train (3 cyclones in parallel) in conjunctionwith a downstream

isokineticsamplingline isbeing designedto collectthe cycloneexit solidsand

perform size analysis.

To ensurethat solidsloadingresultsof the test are accurateand to obtain

samples analysis which will give right size distributionat the end of the

bimodalsystem,a new isokineticconfigurationwas designedto installafter the

pressureletdownvalve. Three tiny, very high efficiencycycloneswill collect

samplesfrom the new isokineticsystem.

12 EROD-38Q.18



2.2 AEROVALVE TEST (WEST VZRGZNZA UNZVERSZTY)

2.2.1 AEROVALVE DESIGN

INCOMPRESSIBLEVISCOUS FLOW IN A VORTEX-TYPEAEROVALVE

The viscousvortexanalysispresentedhere supersedesthe previousinviscid

models. New nomenclatureis needed for descriptionof the flow in the valve

since one-dimensionalflow no longer exists. The absolute velocity and its

radial and tangentialcomponentsur and u0 are also needed. The subscript(t)

has been used to indicatethe total conditionsof the flow. The usual (f) and

(r) for forward and reverse directions also create problems with (r) already

being used for radialcomponents. Stationshave been indicatedby the subscripts

(i), (v), (th), (o),and the forwardand reversedirectionsby (F) and (R). The

lone exceptionis the definitionof the area ratioAR, which is the total forward

flow exit area Ao at ro dividedby the total throat area At,= Ns2, or Ao = ARNs2.

Here N is the number of vane passages,each with throat width s2 because the

throat is square with width s. The reverseflow exit area is the cylindrical

area describedby Ai = 2_ris,designedequal to 4Ae.

CONVENTIONALQUASI-ONE-DIMENSIONALFLOW

Ina converging-diverging-typeaerovalvewith reverseflowseparatingat the

throat,

1 _ 2'_PF (1.1)

and

I'h F - p AthARVFo (1.2)

13 EROD-38Q.18



whereAe is the venturiexitto throatarearatio. Thisgives

2APF (1.3)rh F - p A_AR p

For reverseflow separatingat the throatwith no furtherpressurerecovery

1 _ 2APR (1.4)Ap,,. p or v,,- p

and

2APR (1.5)rhR - pA_, p

andthediodicitywasdefinedas theratioof forwardto reversemassflowrates

at the sameAp:

r/7F
Diodicity D - __lat same_p " AR (1.6)

mR

VISCOUSVORTEX-TYPEAEROVALVEMODEL

The modelingof the vortexstrengthgeneratedby reverseflow in the

aerovalvecontrolsthe magnitudeof the effectof the vortex (Kv) on the

magnitudeof the diodicityDv = ARKv(TR)'h. The effectof havingone or more

separatedflowjetsenteringthe vortexchamberat a velocityVthR at areaAthand

radiusrth and angle6 is to providean in-flowrateof angularmomentumgiven

by rthmRVthRCOS6.Becausethe free jet trajectoryis unstable,the tangential

flow insidethe vortexwith unknownvelocitycomponentUOvwill deflectthe

14 EROD-38Q.18



separatedjet to the wall, thus forcingthe jet to make a Coanda-typeturning

departureout of the vane throat. Once insidethe vortex chamberof radius rv,

its singular identityis lost as it becomespart of the uniformvortex. Inside

the vortexchamberthe separatedflowjets producea vortexangularmomentumflow

rate given by r_RU$v.The wall viscouslossesdissipatea portionof the angular

momentum in-flowrate. These viscous losses are modeled by the productof the

vortexchamberradius (rv)multipliedby the wall area Aw= [2_rvS+ 2_(rv2-riZ)]

times the wall shear stress T = Cf_pU#2. The magnitude of the friction co-

efficientCf depends on the local Reynolds number and turbulence level. The

resultingmomentum flow rate balanceequation is

(1 U2'_
rthrhR(V_ cosS) " rvrhRUov + rvAwC, _-_P ev) (1.7)

where

mR " PAm Vmn (1.8)

I

The velocity friction ratio V_r is the vortex maximum tangential velocity USv I

divided by the tangentialcomponentof the jet velocityat the throat,VthRCOS6.
I

The ratioAwth is equal to ½C((A_Ath),and writingthis in the formof a quadratic

equation"

r_ U°v Aw' °t cost> Lie I2__ . + ____ v (1.9)
rv V_ cos8 A m 2 V_ cos_ )

15 EROD-38Q.18



I 4AwrmCos8Ue,, 1+ -1. , rv (1.10)v,-
V_ cos_ 2Aw_cos_

Cf is to be determinedexperimentally,for exampleassume:Cf= 0.1, cos6 = 0.5,

Aw=10 sq." and for N = 2 and s = .5",Ath=_sq." and Awth = I. For rth/ rv = 1.1

this gives Vfr= 0.79. Withoutfrictiondue to conservationof angularmomentum

(Cf= 0), Vfr= rth/ rv, which must be > 1.0.

The magnitudeof C_ could be taken fromduct frictionfactorsat a Reynolds

numberequal that of the reverseflow in the throat. Experimentaldata are more

likely needed to get a handleon the magnitudeof Cf. The effect of frictionon

the loss of diodicityfrom the area ratioAR can be accountedfor with an empiri-

cal loss coefficientCth. There is then no need to add additionalloss factors.

The reverseflow pressuredrop insidethe vortexchambercan then be calculated

assumingan inviscid irrotationalvortex with tangentialflow pressuredrop

The radial two-dimensionalsink-typepressuredrop is

(1.12)

- p i-tr,))

and the vane pressuredrop, due to throat separation,using the empiricalloss

coefficientCth is given by
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1 i,,,_m,_Cm (1 13)Apv= - -_ p

The totalpressuredrop in the reversedirectionis givenby

I Vu_:/_v (1.14)APR" APe * aPr * &Pv," "_P

where

and

_ 2Ap Rp (1.16)
V_,f- Kv

The forwardflowpressuredropis givenby

or
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2APF (1.18)
V=,- P

The diodlcityof the valve is then determinedfrom the mass flow ratio

_ 2APF
ARm

. _F P - ARK v (1.19)

& p

becausediodicityisdefinedas the mass flowratio at equal pressuredrop or ApF

= Ape.

GEOM{TRYCONSIDERATION5

Fiqqre 5 shows all geometry parameterswhich are relative to the vortex

aerovalve. In the currentmethod of theoreticalperformancedevelopmentthe

parametersrv/ro, Ln and N are chosenas inputs and the remainderof the param-

eters are calculatedfrom them. The valuesfor c_ and Cthare chosen arbitrarily

and their effectwill be investigatedthroughexperimentation.The angle 0 has

been set equal to the angle e for two reasons. The unknown angle e can be

eliminatedthis way. Also, since it is observed from the geometry that
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FIGURE 5: FLOW AND GEOMETRY PARAMETERS USED IN
THEORETICAL VORTEX AEROVALVE ANALYSIS
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r_."cosO, rvcosOtan(=_O)+ rvsin(O)+ r--."sin(O)tan(=-O)(1.20)
ro ro ro ro

and by rearranging

r,, rvtan(=_ 0)

tan(O)- r° r° (1.21)

_(1. r---"tan(=-O)/rv

Dividing by rv / ro andnoting that tan e = r n / rv gives

tan(O) - tan(c) - tan(= - O) (1.22)
1 , tan(¢ ) tan(oc- O)

The rightsideof Equation1.22is of the formof the trigonometricidentity

tan(a- b) tan(a) - tan(b) (1.23)
1 , tan(a) tan( b)

with a = _ and b = (e-8). It followsthatfor tan(O)to be equalto tan(a-(a-

0)) intermsof thetwoangles,theangles0 ande mustbeequal. Geometrically,

fromFigure5 it is seenthattheanglee mustoccurin therange0 < e < go° and

e<_f.

Anotherconsiderationis the determinationof the inletradiusri / ro.

To allowforthetestingof severaldifferentvalveconfigurationswithaminimum

amountof construction,the inletradiusis calculatedby setting

20 EROD-38Q.18



4ARs
4 A ARNS 2) or (1.24)2=rls" -N( "" rl" 2_

Note that ri / ro definedthis way is the same for N = 1, 2, 3, and 4 throats.

THEORETICALRESULTS

The resultsobtainedfrom the computerprogramwith the updatedtheory are

shown in F]qure 6. The graph is of AR, Kv, Dv, and diffuser length to throat

width ratio versus the vane inlet radiusr.,/ ro. The design throat width is s

/ ro - 0.1426 and the numberof throatsN = 4. The range of rv / ro is 0.4 to

0.7 and AR is limitedto the range of 1.5 to 2.5. For these conditionsKv ranges

from 1.4 to about 2.5, Dv from 3.2 to about 3.7, and the diffuser length to

throat width ratio from 2.8 to about 1.9. It was decided from these curves to

constructa valve for experimentalpurposeswith the followingparameters:

Outer radius ro = 3.5"

_Non-dimensional Dimensional

N: 4

rJro: 0.40205 1.41 Inches @ : 26.00 degrees

rn/ro: 0.1067 0.3733 Inches /3: 37.78 degrees

S/to: 0.1418 0.4962 Inches 0 : 8.910 degrees

;'th/ro: 0.7616 2.6657 Inches _ : 21.90 degrees

r_/ro: 0.6800 2.3800 Inches 6 : 59.36 degrees

rl/ro: 0.1446 0.5060 Inches _ : 8.910 degrees

A drawing of the valve is shown in Fiqure 7. Constructionof the valve itself

and the test apparatusis currentlyunderway.
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FIGURE 6: PLOT OF VORTEXAEROVALVETHEORETICAL
RESULTS FOR N = 4 THROATS
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r : 0,373" ___
i

FIGURE7: EXPERIMENTALCONFIGURATIONWITHN = 1 TO 4 THROATS
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Z.Z.Z AEROVALVE FABRICATIQN

CONSTRUCTIONOF VORTEX AEROVALVEAND STEADy FLOW TESTAPPARATUS

Constructionof the vortex aerovalvedescribed in the previous subsection

reportwas completedand work on the steadyflow test apparatuswas started. The

apparatusis shown in Figure 8. The two flangedplexiglasscolumns are bolted

together with a distributorplate between the flanges. High pressure air is

admittedto the lower columnand is distributedas it passes throughthe plate.

The air then enters the valve, which is bolted to the flange on the top of the

column. Both the forward and reverse flow tests are performed by simply

connectingthe valve in the proper configuration. Mass flow rate is measured

beforethe air entersthe lower columnusing a mass flow meter and pressuresare

measured using mercury and water manometers.

NOMENCLATURE

Ain = cylindricalinlet area (2 _ ri s), taken equal to Ao

Ao - the forwardflow total exit area at ro

At, = the sum of the throat areas (N sa)

AR = vane exit to throat area ratio

Dv - diodicity,forwardto reversemass flow ratio at same Ap

Kv = coefficientwhich accountsfor vortex contributionto valve diodicity

Ln = percent of nose radius in (ro - rv)

p() - pressure,the subscriptt indicatestotal pressure,other subscripts
indicatelocationbased on radii subscripts

Ap - static pressuredifferential

ApE = between stagnationinlet conditionand outlet Po at ro in forward
flow

ApR = between stagnationchamberconditionsat ro and outlet Pi at ri in
reverse flow

Apth - reverse flow pressuredrop insidevane until flow separationat
throat
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FIGURE 8: PLOT OF VORTEXAEROVALVERESULTSFOR N = 2 THROATS
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APo = curved flow pressuredrop insidethe vortex with reverse flow

APt " radial flow diffusionwith reverseflow and re-separationat ri

r() = radius with subscriptidentifyinglocation

s - throatwidth and depth

U = velocitycomponentin the radial (r) and tangential(0) directions

V = velocityvector, subscriptindicateslocationand subscript(F) used
for forward flow and subscript(R) used for reverseflow

Subscriots
F = forward flow

R = reverse flow

fr = frictionratio

0 = tangentialdirection

r = radialdirection

i = forwardflow inlet

e = forwardflow exit

o = vane outer radius

c = vane radius

n = vane nose radius

th = vane throat

v = vane inlet radius,or vortex

i = inlet duct radius

GeometryAnqIe
e = angle betweencenter of nose radius arc and vane inlet

/3= angle betweenvane exit and inflectionpoint of the vane curve

-f= angle betweentop vane surfaceat vane exit and next vane inlet

= angle betweenthroat width, s, and throat radius rth

0 = vane pitch angle

@ = vane inlet spacingangle
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Z.3 FUNDAMENTAL SORBENT STUDIES (PENN STATE UNZVERSZTY)

The objectiveof Task I is to conducta fundamentalstudy of the physical

and chemicalchangesthat calcium-basedsorbentsundergowhen subjectedto high

heatingrates for short residencetimes. Specifically,the aim is to determine

if a flash calcinationphenomenonoccurs and if so whetherit producesa calcine

which is highly reactiveon subsequentsulfation.

The objectiveof Task 2 is to conducta two-stagefundamentalstudy of the

bimodal acousticagglomerationof fly ash and sorbentparticles. In the first

stage,an entrained-flowreactor(EFR)will be used tooptimizethe frequencyand

sound pressurelevel for a range of fly ash and sorbentmass loadings,particle

sizes and reactortemperatures.The focus of the experimentsin the secondstage

of the agglomeration investigationwill be to identify experimentallythe

mechanisms that controlthe bimodal agglomerationand cohesion of fly ash and

sorbentparticlesunder the influenceof a high intensityacoustic field.

In Task 3, the resultsfrom the two fundamentalstudies (i.e.,Tasks I and

2) will be cumbinedintoone model to predictsulfurcaptureand bimodalacoustic

agglomerationunder pulse combustionconditions. As experimentaldata become

availablefrom Tasks I and 2, progresson Task 3 will be reported.

2.3.1 A K • F NDAMENTAL TUDY F ORBENT BEHAVIOR

The gas temperatureat variouslocationswithin the reactor for different

preheat temperatureswas remeasured using a newly designed suction pyrometer

design. The suctionpyrometerwas redesignedto increasethe shieldingof the

thermocouplefrom the radiationin the reactor. Reactor temperatureprofiles

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

were measuredat the injectortip and along the isothermalzone of the reactor.

The reactortemperatureprofilesas a functionof preheattemperatureare shown

in F!gure g. The relationship between gas temperature and reactor wall

temperaturewas also determinedand is shown in Fiqure ]0.
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Preliminary results of calcination tests performed in the entrained flow

reactor were presented in the previous Quarterly report. The extent of cal-
cination for three sorbents (Linden Hall, Bossardville, and Ntttany) for three

different particle sizes (45, 63, and89 _), tested at two reactor temperatures

(ZOO0and 1100'C) were reported. For all three particle size of all three

sorbents the extent of calcination at a given location in the reactor increased

upon increasing the reactor temperature from 1000 to 1100"C. In addition, the

extent of calcination was inversely related to particle size.

Uponcloser examination of the data, an inconsistency was noted in the

relationship betweenparticle size and the extent of calcination. At the first

sampltng site in the reactor, approximately 4 inches from the injector tip,

larger particles were calctned to a greater extent than smaller particles. One
concera was that the sample probe was not sufficiently quenching the larger

particles to halt the calcination process. The larger particles havea greater

massandcool slower than the smaller particles within the probe; therefore, the

possibility that the larger particles continue to calcine within the probe was
of concern. Modifications were madeto the sampleprobeto improve its quenching

capabilities. This tncluded the addition of a nitrogen purge.

In addition,it was discoveredthatthe typeof wire usedfor the thermo-

couplesin the newlyremodeledentrainedflow reactorwas inappropriate.The

preheattemperaturesmeasuredduringthe firstset of calcinationtestswere

actuallymuch lowerthan the 1000 and 1100°Creported. The lower preheat

temperaturereducedthe extentto whichthe sorbentswerecalcined.

ItisthereforerecommendedthatthecalcinationdatapresentedintheJuly-

SeptemberQuarterlyreportshouldbe disregarded.Repeatedcalcinationtests

wereconductedusingthenewprobedesignandtherewiredthermocouples.Results

of thesetestsare givenin Table2. Fiqures!! through13 showthe extentof

calcinationforthe threesorbentsas a functionof temperature,particlesize,

and distancealongthe reactor.
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Sulfationtests without acousticenhancementwere conductedon the Linden

Hall, Bossardville,and Nittanystones. Three size ranges of particlesof each

stone were tested. The particle size rangeswere 37-53, 53-74, 74-105#m (mean

particlesize of 45, 63, and 89 /_m),testedat two reactortemperatures- I000°C

and ]]O0"C. The test conditionsfor the sulfationstudieswere the same as those

used in the calcinationtests report in the October1993 monthlyreport. Sulfur

dioxide was injected into the reactorduring the tests at a concentrationof

2000 ppmv. A S:Ca molar ratio of 0.5 was used in each test.

Samplescollectedat the variouslocationsusing a nitrogen-purged,water-

cooledsamplingprobe. Sampleswere analyzedfor sulfurto determinethe extent

of sulfur capture. The S:Ca molar ratios for the varioussamplesare given in

Fables3 through5. The data are shown graphicallyfor the three size fractions

at 1000°C and 1100°C for the Linden Hall, Bo_sardville,and Nittany stones in

F|qures 14 through16.

TemperatureEffects. Ingeneral,an increasein reactortemperatureresults

in an increase in sulfur captureby all three sorbentsthroughoutthe reactor.

However,the greatestincreasein sulfurcapturedue to increasedtemperatureis

observed in the samples collected in the mid-section of the reactor, i.e.,

10 inches from the point of sorbentinjection.

ParticleSize Effects. Larger particlescapturedless sulfuron a calcium

molar basis than smallerparticles. This agreeswith earlierconclusionsthat

the extentof calcinationand subsequentsulfationof a sorbentis increasedwhen

particle size is reduced. The NittanyDolostoneshowed the least reductionin

sulfurcapturedue to increasedparticlesize. A reductionof 9.5% in the S:Ca

molar ratio was observedfor the NittanyDolostone.

Further disc:,ssionand comparison of the results of the calcinationand

sulfationtests is given in a paper entitled"ExperimentalInvestiqationof High-

Temperature,Short Residence-TimeCalcinationand Sulfationof Limestoneand
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TABLE3 :
LINDEN HALL SULFATZON TEST RESULTS

Location 1,000 °C 1,1000C
(inches)

Size (_m) Size (ttm)
45 63 89 45 63 89

4 0.007 0.006 0.007 0.010 0.007 0.010
7 0.027

10 0.021 0.016 0.016 0.045 0.033 0.038
14 0.036
18 0.068 0.055 0.050 0.077 0.070 0.069
22 0.072
24 0.088 0.081 0.066 0.097 0.088 0.082

TABLE4:
BOSSARDVILLE SULFATION TEST RESULTS

Location 1,000 °C 1,100 °C
(inches)

Size (_m) Size (ttm)
45 63 89 45 63 89

4 0.011 0.010 0.008 0.012 0.011 0.012
7 0.030

10 0.026 0.024 0.025 0.054 0.053 0.051
14 0.050
18 0.083 0.075 0.067 0.110 0.087 0.083
22
24 O.1I2 O.100 0.087 O.120 0.089 0.082

TABLE 5 :

,.NZTTANY $ULFATZ.0N TEST RESULTS

Location 1,O00°C 1,100°C
(inches)

Size (pro) Size (_tm)
45 63 89 45 63 89

4 0.046 0.047 0.037 0.044 0.024 0.037
7 O.O96

I0 0.072 0.065 0.070 0.146 0.124 0.121
14 0.130
18 0.217 0.20I 0.166 0.257 0.235 0.233
22 0.260
24 0.278 0.268 0.203 0.293 0.283 0.265
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Dolostone Sorbents" submittedand accepted for the American Chemical Society

NationalMeeting in San Diego, California,March 1994. A copy of the paper is

includedas ApPendixA in this report.
I

Sulfation tests in the presence of an acoustic field will be conducted

during the next period.

2.3.2 TASK 2; FUNDAMENTAL STUDY OF
BZMODAL ACOUSTIC AGGLOMERATION

Statistical analysis of the baseline agglomerationtests conducted at

ambienttemperaturewith and without sound is still being conducted. The data

are being evaluatedto verify that the size distributionsof the ash particles

measuredwith and without sound representtwo distinctparticlepopulations.

2.3.3 TASK 3: SULFUR (;APTURE MODEL

It is well acceptedthat the effectsof mass transfer,due to the imposition

of an acousticfield, are more prominentin the case of largerparticles(order

of 100/zm)than for smaller particles. Ficlure17 shows the variation in the

Sherwoodnumberwith the acoustic intensitylevel,measured in decibels,within

a field. Preliminarymodelingruns were conductedto estimatethe effect of an

acoustic field on the rate of sulfation. Sulfationdepends on many competing

processes,namely, externalheat and mass transferfrom the surroundinggas to

the particle, pore diffusion (a combination of bulk diffusion and Knudsen

diffusion)from the surfaceof the particleto the interior,and product layer

diffusion through the CaSO4 formed on the individual grains as sulfation

proceeds. It has been shown that smallerparticlessulfatemore quickly than

largerparticles. In the case of largerparticles,the rates of pore diffusion

and externalheat and mass transferare also more importantin determiningthe

rate of sulfation.

In the model itwas assumedthat individuallimestoneparticlesapproximate-

ly 10 /_m in size agglomerateto form 50, 100, or 200 /_mparticles when an

acousticfield is applied (Figure18). It followsthat the larger agglomerate

experiencesincreasedmass transfer effectswithin the acousticfield during

40 EROD-38Q.18
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sulfation. The sulfationof the smallerparticlesis influencedprimarilyby

product layer diffusionand pore diffusion. The resultof applyingan acoustic

field is that the rate of sulfationof the particleswithin the agglomerate

increasesdue to enhanced mass transfer of SO2 to the calcine. Preliminary

modeling results, presented in Figures 19 through RJ.,show the effect of in-

creasing the acoustic field intensity (100 to 190 dB) on sulfur capture as a

functionof agglomeratesize (50, 100,and 200 /_m)and porosity(0.15,0.35, and

0.50). The data suggestthat for largeragglomeratesthe effectof the acoustic

field intensity is greater than in the case of smaller agglomerates. In

addition,the greaterthe porosity,the greaterthe extentof sulfurcapturefor

the particle.
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SECTION3.0

PLANSFORNEXT PERZOD

m Fabricate and install a new tsoktnettc system.

m Calctne and classtfy 11me for the btmodal test on the HTCI PAFBC
untt.

m Perform tests on the btmodal unit.

• West Vtrgtnta University - Test the aerovalve fabricated.

• Penn State University - Complete data reduction.
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. EXPERIMENTAL INVESTIGATION OF HIGH-TEMPERATURE, SHORT RESIDENCE-
TIME CALCINATION AND SULFATION OF LIMESTONE AND DOLOSTONE SORBENTS

!

NaiyiHu,Ye Liu,SharonFalconeMillerandAlanW. Scaroni
The Pennsylvania State University
402 Academic Activities Building

University Park, PA 16802

Key words: sorbent furnace injection, calcination, sulfation.
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INTRODUCTION

Sulfur dioxide emissions from coal-fh-ed utility boilers and furnaces continue to be of
significant regulatory concern. One approach to reducing these emissions that has received
considerable attention 1-4is the injection of dry, pulverized sorbent (limestone or dolostone) into the
combustion chamber. This technology has been applied to conventional coal-f'tred utility boilersl/
and is considered to be a good candidate for use in coal-fh-ed heat engine applications. 3,4 During
the process, the injected limestone or dolostone particles are rapidly heated by the hot combustion

gases and calcined by the reactions CaCO3 --->CaO + CO2 and CaMg(CO3)2 --->CaO + MgO +
2CO2, respectively. The CaO produced then reacts with SO2 and excess O2 in the combustion
gases to form CaSO4.

Expe-lmental data on the rates of calcination, sintering and sulfation have been reported by
Borgwardt and others. 5"8The physical structure of the calcined sorbents has also been
investigated,5,9,10 and a number of models have been developed describing the calcinauun and
sulfation processes.10,11,12 The primary application of dry sorbent injection is to conventional
coal-fh'ed utility boilers. The sorbent particle size used is either small (in the range of 1 to 30 I.tm)
in pulverized coal applications or large (in the range of 0.25 to 1 ram) for fluidized-bed
applications. Few investigations have been carried out using 30 to 100 I.tmparticles, which is the

1 size range of interest for coal-fLred heat engine applications. 3,4
This study investigated the calcination and sulfation behavior of three different sorbents

(two limestones and one dolostone) in the size .,'a_,agefrom 37 to 105 gm. The time required for
heating and calcination, the effect of the calcination process on sulfation behavior, and the effect of
sorbent type on sulfation behavior were of primary interest.

EXPERIMENTAL

The calcination and sulfation experiments were conducted in the entrained-flow reactor
illustrated in Figure 1. It consists of a preheater, a side-heated sorbent injector, and a vertical
reactor. The preheater, injector and reactor were electrically heated to provide the desired gas

t preheating temperamr_ and reactor temperature. The inside diameter of the ceramic reactor tube is
50.8 mm and it has an isothermal zone length of 600 ram. Dry air was used as the entrainment gas
and was preheated to the same temperature as that in the reactor isothermal zone (+13 °(2). The
total, gas flow rate was 60.7 I/rain. As the preheated air passes through the injector section, the heat
loss caused by contacting the injector wall is compensated for by the heat transferred from the
heating wire wound around the outside of the injector. The sorbent was fed by a calibrated
fluidized bed feeder. Room temperature air was used for sorbent injection and it comprised 5 % by

_ mass of the total air flow to the reactor. A flow stabilizer was used to eliminate pulsations of the
feed material caused by the fluidized feeder. SO2 was doped into the gas flow by a mass flow
controller to provide an SO2 concentration of 2000 ppmv in the reactor. The sorbent feed rate was
adjusted to achieve a Ca/S molar feed ratio of 2.0. Solid samples were collected through a

-" nitrogen-purged, water-cooled sampling probe. During sampling, the nitrogen was used to
increase the cooling rate of the sample. The nitrogen comprised 50 % of the total gas flow through



t

2

the probe. Calculations indicated that 89 lain particles were cooled from 1,100 to 700 oc within
0.03 second after entering the sampling probe.

The stratigraphic formations, chemical compositions and the specific BET surface areas of
the two limestone and one dolostone sorbents tested are shown in Table 1. The materials were
crushed and wet sieved to size fractions of 74-105 la.rn(140x200 US mesh), 53-74 I.tm (200x270
US mesh) and 37-53 lain (270x400 US mesh). The sieved materials were dried in an oven at 105
°C for 48 hours.

The solid samples extracted from the reactor were analyzed for loss-on-ignition (using a
Leco MAC-400 proximate analyzer), BET surface area (using a Quantachrome Autosorb- 1
analyzer system with nitrogen), and sulfur content (using a Leco SC-132 sulfur analyzer with
V205 catalyst). Some hydration occurred during sample collection and transfer. The extent of
hydration was determined (using the Leco MAC-400 proximate analyzer) and the calcination and
sulfation data corrected accordingly.

RESULTS AND DISCUSSION

CALCINATION BEHAVIOR

The extents of calcination of the Linden Hall limestone at gas temperatures of 1,000 and
1,100 °C are shown in Figures 2 a and b, respectively. The initial calcination rate is slow,
followed by a rapid increase, and then a decline as the calcination process approaches completion.
An initial slow rate of calcination was observed for all three sorbents studied and this was
attributed to the use of ambient air as the injecting medium, and the time needed for the sorbent
particles to reach their decomposition temperatures.

Effects of Ambient Air $orbent Injection and Time Req_i.-_:l for Particle Heating: Sorbent injection
systems typically use ambient air as the injecting medium. To simulate this condition, the sorbents

' were entrained in air at room temperature. As previously indicated, the sorbent-entraining air
comprised 5 %, by mass, of the total air flow to the reactor tube. This ambient air, when mixed
with preheated air in the top of the reactor, reduced the reactor inlet temperature. Figure 3 shows
the measured gas temperature profiles along the reactor. It was found that the gas temperature, at a
location corresponding to 0.1 second after injection, was 40 oC lower than the gas temperature at
the same location when no ambient air injection occurred. The lower inlet gas temperature caused
by the ambient air injection resulted in a delay in the initial calcination of the sorbents.

Another reason for the significant delay in calcination was the heating time required for the
relatively coarse sorbent particles to reach their decomposition temperature. Figure 4 shows the
calculated temperature profiles of 10 and 63 i.tmparticles as a consequence of convective heat
transfer. It takes much longer for the relatively coarser sorbent particles (in the range of 37 to 105
_aaa)to heat up than for a 10 grn particle. The characteristic heating time for a 105 grn sorbent
particle is 92 ms and that for a 10 I.tmsorbent particle is only 0.8 ms. This latter time is negligible

I for conventional utility boilers firing pulverized-coal where the effective sorbent reaction time is
about 2 seconds. However, the characteristic heating time for 63 I.tm sorbent particles is 33 ms,
which is significant in heat engine applications.

Eff¢,-: of Sorbent Parti¢l¢ Size on the Calcination Prgcess: Over the sorbent size range from 45 to
8c I.tm, the effect of particle size on the calcination process at 1,000 oc is shown in Figures 2 and
5. For the three sorbents studied, the extent of calcination was not significantly dependent on the
sorbent particle size.

From the classical shrinking-core model, the extent of calcination can be expressed as:
x = 1 - ( 1 - k.t/dp) 3 (1)

where dp is the particle diameter, k is the calcination rate Constant and t is the calcination time. In
Equation (1), the extent of calcination has a strong dependency on particle size. Borgwardt 5



demonstrated that, when the resistances of intraparticle and interparticle mass "transfer were
eliminated, the calcination rate of small limestone particles could be described by a model that
assumed a direct relationship with the specific BET surface area of CaCO3. This calcination model
has the form:

d(CaCO3 ) / dt = k.Sg.(CaCO3 ) . . (2) .........
where (CaCO3) is the weight of the undecomposed carbonate ana _gis me specific ts_ t surface
area of CaCO3. By integration, the extent of calcination is related to the specific BET surface area
by:

x = I - exp (- k.t / Sg ) (3)
Milne et al.10 employed a modified shrinking-core model to interpret the experimental data

of Borgwardt5. A good fit was obtained when the particle diameter dependency was reduced to the
0.6 power, and the empirically modified equation was:

x = 1 - ( 1 - k.t/dp 0.6) 3 (4)
Comparison of the calcination models with the experimental data for the Linden Hall

limestone at 1,0130oC is shown in Figure 6. This data indicate that the calcination model based on
the specific BET surface area of CaCO3 is a better predictor of the experimental data than the
modified shrinking core model. A comparison of the calcination models with the data for the
Bossardsville and Nittany sorbents results in the same conclusion.

To be able to apply the modified shrinking-core model to the experimental data of this study
requires that the particle size dependency be reduced to a power of between 0.2 to 0.3, depending
on the particular sorbent. The very weak particle size dependency implies that these sorbents had
very rough surfaces and the different size dependencies of the different sorbcnts may be related to
the physical structures of the sorbents as well as to the chemical reactions that occur on the surface.
This issue will be clarified in future studies.

SULFATION BEHAVIOR

The suLfation data for the three sorbents at a gas temperature of 1,000 oC are shown in
Figure 7. The extent of sulfation is expressed as the molar ratio of sulfur to calcium in the solid
sample. The data reveal that the sulfation process for the limestone and dolostone particles in this
size range was different than that associated with small particles (--5 grn) and precalcined
sorbents. 13There were no initial rapid sulfur capture periods as was the case for most small
particles and precalcines. 13The sulfation rates increased steadily and monotonically. In addition,
the low calcium dolostone exhibited a greater sulfur capture capability than the high calcium
limestone for the same experimental conditions. The 1,100 oC sulfation data for the three sorbents
showed the same trends.

Effc,ct of C_lcinatign Rate on Sulfati0n Rate; Figure 8 shows the calcination and sulfation curves
for 45 btm Bossardsville limestone particles at a gas temperature of 1,000 oC. The experimental
data of Cole et al. 13using precalcined limestone at similar sulfation conditions are also shown in
Figure 8 (indicated by the square data points). Comparing the sulfation curves of the 45 gm
limestone particles used in thi_istudy and that of Cole's study, the initial rapid sulfur capture
period, typical of precalcines and small particles, was not apparent. Based on the calcination curves
generated in this study, it is concluded that the delay in calcination is responsible for the initial
lower extent of sulfur capture. For the 63 gtm Bossardsville limestone particles, the extent of
calcination was only 8 % for a 0.2 seconds particle residence time. Though the sulfation rate of the

• CaO produced was very high, there was not sufficient CaO available at that time for extensive
sulfation to occur. As a consequence, the sulfur capture (based on the molar ratio of sulfur to
calcium) was low. Despite the initial sulfation delay, the slope of the sulfation curve at longer
residence times did not level off. The ongoing calcination proces, produced fresh CaO surface to
be sulfated. The production of a CaSO4 layer from the CaO initially produced resulted in a slower



rate of sulfadon due to product layer diffusion limitations. However, the sulfation rate of newly
created CaO was rapid, thereby compensating for the slower rate of sulfation of the CaO beneath
the CaSO4 layer. For particle residence times up to one second, which corresponded to an 80 to 90
% extent of calcination, no significant decrease of the apparent sulfation rate was observed.

Effect of Sorbent Type on Sulfarion: As shown in Figure 7, the different sorbents exhibited
different suLfation performances at the same experimental conditions. For the sulfation tests with
45 I.tmparticles at 1,000 °C and 1.1 second residence time, the calcium utilization of the Linden
Hall limestone was 9 %, that of the BossardsviUe limestone was 12 %, while that of the Nittany
dolostone was 28 %. On the basis of sorbent utilization (rather than calcium utilization), the
performance of the lower purity Bossardsville limestone was not significandy different than that of
the high purity Linden Hall limestone. The Nittany dolostone, which contained only 50 % calcium
carbonate, displayed better performance than the high purity Linden Hall limestone. At a Ca/S
molar feed ratio of 2.0, the 45 gm Nittany dolostone particles reduced the SO2 in combustion gas
by 56 % in 1.1 seconds at 1,000 oC. 1

CONCLUSIONS

1. Simulating the dry sorbent furnace injection process by using ambient temperature air as the
injection medium increased the heating time of 37 to 105 pan diameter particles and delayed the
calcination process.
2. The extent of calcination was insensitive to particle size in the range studied. The calcination
model based on the specific BET surface area of the raw sorbent produced the best fit of the
experimental data.
3. The calcination delay significantly affected the apparent sulfation rate for up to 0.2 seconds after
sorbent injection. Between 0.2 and 1.0 seconds, the apparent sulfation rate was almost constant.
4. High purity limestones may not be the best choice for use in dry sorbent furnace injection
processes. Low calcium dolostone may display better sulfation performance.

ACKNOWLEDGMENTS

Financial support for this work was provided by Manufacturing and Technology
Conversion International, Inc. under DOE Contract #DE.AC21-89MC26288. The cooperation of
the staff of The Combustion Laboratory is also acknowledged.

REFERENCES

1. Proceedings: 1990 S02 Control Symposium, Session 3A, EPRI GS-6963, Electric Power
Research Institute, Sept. 1990

2. Proceedings: First Combined Flue Gas Desulfurization and Dry S02 Control Symposium,
Session 4A, EPRI GS-6307, Electric Power Research Institute, April 1989

3. Abichandani, J. S., Gas Stream Cleanup Papers from DOE/METC Sponsored Contractors
Review Meetings, DOE/METC-89/6099, Morgantown, WV, 1988, p.167

4. Lawson, W. F., Maloney, D. J., Shaw, D. W. Richards, G. A., Anderson, R. J., Cook, J.
M., Siriwardane, R. V., Poston, J. A. and Colaluca, M. A., Proceedings of Seventh Annual
Coal-fueled Heat Engines and Gas Stream Cleanup Systems Contractors Review Meeting,
DOE/METC-90/6110, Morgantown, WV, 1990, p.283

5. Borgwardt, R. H., AIChE J., 1985, 31, 103
6. Borgwardt, R. H. and Bruce, K. R, A/ChE J., 1986, 32, 239
7. Borgwardt, R. H., Roache, N. F. and Bruce, K. R., Ind. Eng. Chem. Fundam., 1986, 25,

165
8. Powell, E. K. and Searcy, A. W., Metallurgical Trans., 1980, llB, 427
9. Newton, G. H., Chen, S. L. and Kramlich, J. C., AIChE J., 1989, 35, 988



10.Milne, C. R., Silcox, G. D. and Pershing, D. W., Ind. Eng. Chem. Res., 1990, 29, 139
11.Milne, C. R., SUcox, G. D. and Pershing, D. W., Ind. Eng. Chem. Res., 1990, 29, 2201

12.Dam-Johansen, K., Hansen, P. F. B. and Ostergaard, K., Chem. Eng. Sci. 1991, 46, 847
13.Cole, J. A., Kr, a,,hch, J. C., Seeker, W. R., Silcox, G. D., Newton, D. W., Harrison, D. J.

and Pershing, D. W., Proceedings: 1986 Joint Symposium on Dry S02 and Simultaneous
S02/NOx ControI Technologies, Vol. 1, 16-1, EPRI CS-4966, Electric Power Research
Institute, Dec. 1986

I



..-_

f

I
Table I. Stratigr:tphic formations, chemical compositions and BET surface areas of the sorbents

Formation CaCO3 MgCO3 SiO2 A1203 Fe203 BET surface area (m2/g)

........ 451.tm 63_m 89_tm
Linden Hall 99.42 0.86 0.69 0.31 0.07 0.422 0.396 0.351

Bossardsville 86.93 1.91 8.07 1.46 0.95 0.648 0.613 0.579

....Nit tan7 49.62 39.30 8.01 1.41 0.5.3 0.534 0.477 0.376
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i I sample filter Fig. 2 Time dependency of the extent of
calcination of the Linden Hall limestoneFig. I Schematic diagram of entrained-flow reactor
at a) 1,000oc and b) 1,100oc for various
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