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PREFACE

This 19thQuarterlyTechnicalProgressReport presentsthe resultsof work

accomplishedduring the period January3, 1994 through March 27, 1994 under

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

Sulfur Capture." The fundamentalstudiesconductedby West VirginiaUniversity

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

During this period, an isokineticsampling system containingthree high

efficiencycycloneswere designedand fabricatedto overcomeproblemsinparticle

size distributionanalysis sampling. These were used during the tests of a

PittsburghSeacoal during the end of the period. This test was conductedat

steady state over an eight-hourperiod. Analysisof the sampleshave not been

completedand the resultswill be reportedduring the next period.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor 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 Government or any agency thereof.
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SECTION 1.0

INTRODUCTION

1.1 PROJECT DESCRIPTION AND WORK STATUS

A major concernwith the utilizationof coal in directlyFiredgas turbines

is the control of particulateemissionsand reduction of sulfur dioxide, and

alkalivapor fromcombustionof coal,upstreamof the gas turbine. Much research

and developmenthas been sponsoredon methodsfor particulateemissionscontrol

and the direct injectionof calcium-basedsorbentsto reduceSO2 emissionlevels.

The resultsof this researchand developmentindicatethat both acousticagglom-

erationof particulatesand direct injectionof sorbentshave the potentialto

become a significantemissionscontrolstrategy.

The Sonic EnhancedAsh AgglomerationandSulfurCaptureprogramfocusesupon

the applicationof an MTCI proprietaryinvention (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 inventionprovidesfor the use of

standardgrind, moderatelybeneficiatedcoal and WEM for firingthe gas turbine

with efficientsulfur captureand particulateemissioncontrolupstreamof the

turbine. [he processalso accommodatesinjectionof alkaligetteringmaterial

if necessary. This is aimed at utilizationof relativelyinexpensivecoal fuels,

thus realizingthe primarybenefitbeing soughtby directfiringof coal in such

gas turbinesystems. The proposedtechnologyprovidesfor practical,reliable,

1 EROZ-38Q. 19



and capital (and O&M)cost-effective means of protection for the gas turbine from

impurities in the coal combustor effluent.

1.2 PROGRAM OBJECTIVES

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

bilityof the MTCI bimodalparticlesizeapproachto enhanceparticulatecontrol

by acousticash agglomeration.An ancillaryobjectiveof the Phase I effort is

to demonstrateand confirmthe feasibilityof an acousticfieldto enhancesulfur

capture by increasingsorbentreactivity. Phase I tests are designedto cover

the frequencyrangebetween50 and 1400 Hz, establishmonomodalbaselineperform-

anceas a benchmarkfrom which 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 workwill extendthe conceptfrom the demonstrationof

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

(Phase Ill)of a coal-firedpulsedcombustorwith in-furnacesorbentinjection.

For Phase I, PennsylvaniaState Universitywill conduct studies for enhanced

sulfurcapture in The CombustionLaboratoryand agglomerationtests in the High

IntensityAcoustic Laboratory.

1.3 SUMMARY STATUS FOR THE PERIOD

During this period, an isokineticsampling system containing three high

efficiencycyclonesweredesignedand fabricatedto overcomeproblemsin particle

size distributionanalysis sampling. These were used during the tests of a

PittsburghSeacoal during the end of the period. This test was conductedat

steady state over an eight-hourperiod. Analysis of the sampleshave not been

completedand the resultswill be reportedduring the next period.

2 EROZ-38Q. 19



SECTION 2.0

TECHNICAL DISCUSSION OF THE WORK

ACCOMPLISHED DURING THE REPORTING PERIOD

2.1 TASK 1: SHAKEDOWN TESTING

SCREENINGTESTS

Tests performedon the bimodalsystemduringthe previousreportingperiod

(December1993)showedhigh sulfurcapture(95%)and low flue gas solidsloading

after the second cyclone (as low as 32 ppmw). It was, however, impossibleto

take representative(uncaked and dry) solids samples for particle size dis-

tribution analysis. For this reason a new isokinetic sampling system was

designed,fabricatedand installedafterpressureletdownvalve. Figure ] shows

the schematicdiagramof the samplingsystem. Three highefficiencycyclonesare

used to collect samplesfor size analysisof particlesand paper filter is used

to collectparticlesfor mass balance.

Pittsburghpulverizedgrade5 Seacoalfeedtestwas performedon the bimodal

unit. Eighthours of steady-stateconditionwas sustained. Ash samplesfromthe

bottom of the agglomerationchamber, primarycyclone catch, secondarycyclone

catch and three high efficiencycycloneswere collectedafter the test and sent

for Bahco size analyses. Ash samplesfrom the primarycyclonecatch and agglom-

erationchambercatchwere also sentfor ultimateanalysis. Separateisokinetic

samplesfrom the 6-inchpipe to the baghouseand from the pipe downstreamof the

threehigh efficiencycycloneswere collected. Both fluegas streamsshow nearly

identicalsolidsloading(42 and 40 ppmw). Detaileddatawill be presentedafter

size and chemical analysesresultsare received.

Duringthis reportingperiod,715 poundsof calcinedand classifiedAnville

lime were also preparedin the MTCl PAFBC system for bimodaltests.

3 EROZ-38Q.19
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2.2 AEROVALVE TEST (WEST VIRGINIA UNIVERSITY)

2.2.1 AEROVALVE DESIGN

EXPERIMENTALPERFORMANCEOF THE VORTEX AEROVALVE

Performancetests of the vortex aerovalvepresentedin the October 1993

reportwere completedduringthe month of January. This valvewillbe designated

AV5CI-N4,where AV is for aerovalve,5 in the seriesnumberof the valve (series

3 and 4 were tested in the springof 1993),CI is the currentconfiguration,and

N4 is the numberof throats. Futurevalveswill be referencedusing this desig-

nation. A slight modificationwas made to the valve in the form of a larger

forwardflow inlet radius r_. The maximumvalue of r_yielded by the formulas

2_ris- NS2Arand _ri2 = NS2ARwas desiredfrom previousdesignconsiderationsso
the inlet diameterwas increasedfrom I inch to I 3/16inch.

PROCEDURE

Two sets of performancetests were conducted" one on the venturi-type

aerovalve (for comparison purposes) and one on the vortex aerovalve. The

performancetests were conductedusing water. Fiqure 2 is a diagram of the

vortexaerovalveand venturiaerovalvetestconfigurations..Fiqures3 and_4show

the test setup and a close-upof the vortexaerovalve. Figure 5 is a diagramof

the water receiver detailing its use. The venturi aerovalve (0.2 in2 throat

area, 0.36 in2 exit area, AR = 1.8) was placed in forward flow on the water

receiverand a pressureheat of 14 incheswas measuredand recorded. The water

receiverlevel was measuredusing ayardstick attachedto the receiver. The mass

flow rate throughthe valve was measuredby closingthe drain valve on the water

receiver,notingthe water heightand,after ten seconds,measuringand recording

the water height. The same test was repeatedfor the valve in reverse flow.

The vortex aerovalvewas tested in the same manner. The combinedthroat

area of the four venturipassageswas 0.95 in2 and the exit area was 1.552 in2,

giving an area ratio Am = 1.63. For the forwardflow test the valve was placed

on the receiverand a pressurehead Ah_ of 8 incheswas measuredand recorded.

The pressurehead bhF was measuredfrom the top of the throatexit plane to the

5 EROZ-38Q. 19
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FIGURE 3" EXPERIMENTALAPPARATUSSHOWING WATER
RECEIVER,CLOCK AND VORTEX AEROVALVE

FIGURE 4" CLOSE-UP OF VORTEXAEROVALVE SHOWING
INLET AND VORTEXCHAMBER
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free surface(seeFigure 2). The mass flowratewas determinedas in the venturi

test. The same procedurewas followedto measurethe reverseflow rate but the

pressureheat height AhR was measured from a point i/a,,deep in the exit throat

to the reservoirfree surface (see Figure 2).

RESULTS

The results of the performancetest of the venturiaerovalvewere"

For a 14-inchpressurehead"

Forwardflow:
5-inch water heightchange in 10 seconds = 0.5 in/s

Reverse flow:
3-inch water height change in 10 seconds = 0.3 in/s

The diodicityis the direct ratio of forwardto reversewater heightchange

velocity. This is becausethe mass flow ratio equals the height change ratio,

and

VenturidiodicityD = 0.5/0.3 = 1.66

The results of the performancetest of the vortex aerovalvewere"

Forwardflow-
7.5-inchwater height change in 10 seconds = 0.75 in/s

Reverse flow:
3.0-inchwater height change in 10 seconds = 0.3 in/s

The diodicity is again the direct ratio of the forward to reversewater

height change velocities"

Vortex diodicityDv = 0.75/0.3 = 2.5

CONCLUSIONS

An initialcomputerestimatelimitedthe diodicityfor this configuration

to Dv < 3.5. The diodicity of the vortex valve AVSCI-N4 was experimentally

determined to be 2.5, which is 29% lower. To reduce friction in the forward

9 EROZ-38Q.19



flow, the sharp corners in the venturi passages and vortex chamber will be

rounded off by filleting them with silicon rubber. The results of this

modificationas well as Reynoldsnumber considerationsand efficiencyfactors

will be presentedin the next report.

FRICTION IN THE VORTEX AEROVALVE

It is of interestto calculatethe resistanceto forwardflow producedby

both the venturiand vortex aerovalvesand comparethe results. For the vortex

aerovalveusing the results from the water tests in the last report:

Water receivercross-sectionalarea with rwr = 4 inches is

Awr= 50.26 in2

Forwardflow volumetricflow rate is

QvF= VwrAwr= (0.75 in/s)(50.26in2) = 37.7 in3/s

Forward flow exit velocityVF based on QvF and the vortex valve exit area

Ae is

VF = (37.7 in3/s)/(1.6in2) = 23.56 in/s = 2 ft/s

Dynamic pressureqF is

_PVF2= (0.5)(2slug/ft3)(2ft/s)2 = 4 psf = 0.769 inchesH20

The percentof the pressurehead lost is then ] - (0.769"/8")= 0.9 = 90%.

The same calculationusing the venturiaerovalveresultsshows that the percent

of pressurehead lost is I - (6.5"/14")= 0.54 = 54%, or 1.66 times less than

in the vortex aerovalve.

The effectof frictionon the diodicityof the vortexvalve can be examined

using the followingprocedure. First, the pressure drop in forward flow is

written as and the reverseflow pressuredrop as

] 0 EROZ-380.19



9APF- -_P +

By the definitionof diodicitythese two pressuredrops are equal (ApF = APF)'

equating and solvingfor fvR,

fvR " (I + fvF)- I (2)
lV,j

Note the diodicityis definedas Dv = %/m R = VF/VR becauseboth velocitieshave

been defined at the same exit area Ae, SO

I 2 (3)Ap.- pv;(1+

fvR" Dvz(I + fvF)- I (4)

The value of fvFcan be directlycalculatedfrom EquationI. For example,using

the test data from the Februaryreport,ApF = 8" H20 = ½PVF2(I+ fvF)and solving

for fv_= 8/0.769- I = 9.4. The reverseflow frictioncoefficientfrom Equation

4 is fvR = (2"5)2(I+9"4)- I = 64. The forwardflow frictioncoefficientf of

the venturi aerovalveAV3CI using the test data from the February report was

found as in EquationI with Apt = 14" H20 = _#VF2(I+ f), and solvingfor f =

14/6.5- I = 1.15. A comparisonshowsthe vortexaerovalveforwardflow friction

coefficient is 9.4/1.15 = 8.1 times higher than the venturi coefficient;

thereforefrictionis significantin the vortex aerovalveforwardflow.

11 EROZ-38Q.19



To get the same pressureloss in forwardflow using the vortex aercvalve

(with sharp edge 2-D venturi passages)as in the simple venturi valve, the

passageareas must be increasedby a factorof _(fvF/f)= 3, or the diameterby

I

a factor of _3 = 1.7. The reasoningis that since ap = fVz, as area increases

threefold,V drops threefoldand Ap drops (threefold)2.

Anothermethod to calculatethe requiredarea increaseis to notethat the

ratioof vortex-to-venturiexit areasis 1.6/0.36= 4.44and the ratio of vortex-

to-venturi volumetric flow rates at an 8 inch pressure head is QF,v/QF=

0.75/(0.5.(8"/14"))= 2.625. Thus to makethe ApF for the vortexvalve the same

as the venturi,all areas must be increasedby a factor of 4.44/2.625,or 1.7.

This means that a vortexvalve with a totalthroatarea of Ns2 = 1.7 in2 has the

samefrictionloss as a venturivalvewitha 1.128 inchdiameterthroatwhich has

Ath = 1.0 in2. The frict#oncoefficientobtainedhere from the water test may

be higher than would be found in an air test. To verify this the Reynolds

numbersare compared.

REYNOLDSNUMBER CONSIDERATIONS

To comparethe resultsobtainedusingwaterto what theywould be using air

the Reynoldsnumber of the forwardflow in the vortex aerovalvemust be con-

sidered. The Reynoldsnumber is definedas

BV D..

Re- r-F.t,-. (S)
#

and ishere calculatedat the throat. The velocityVF,this simplythe previously

calculatedexit velocitytimes the area ratio,VF,th= (2 ft/s)(1.6)= 3.2 ft/s.

The quantityDH is the hydraulicradius,defined as 4 times the throat area

dividedby the throat perimeteror DH = (4)(0.2375inz) / (1.95 in) = 0.5 in =

1/24 ft. The water density is takenas 2 slug/ft3 and the absoluteviscosity#

= 2.1 x 10.5 Ib.s/ft2. The Reynolds number using Equation 5 is Re =

(2)(3.2)(I/24)/ (2.1 x 10"s)= 12698. This number is greaterthan 2000, which

indicatesturbulentflow in the vortex aerovalvethroat.

]. 2 EROZ-38Q. 19



To obtain the same Reynoldsnumber in air as with water, the velocitymust

be increasedas follows. Using the values for air of p = 0.002377slug/ft3 and

# = 3.76 x 10.7Ib.s/ft2 and solvingfor the velocityfrom Equation5 the throat

velocity is VF,th= (12698)(3.76X 10.7Ib-s/ft_) / (I/24 ft)(0.002377slug/ft3)

= 48 ft/s. The exit velocityVF,e = 48/1.6 = 30 ft/s. The dynamic pressure

based on this exit velocity is (0.5)(0.002377)(30)2 = 1.07 psf. This is

equivalent to 1.07/5.2 = 0.205 inches of water. In the usual air tests on

venturi type aerovalves the test ApF was as high as 60 inches of water,

correspondingto an exit dynamicpressureof (0.46)(60)= 27.6 inchesof water,

which is 134 ( = V2) times greaterthan 0.205 inchesof water. Thus the air test

Reynoldsnumber (= V) are 11.6 times higher than in water.

CONCLUSIONS

The followingconclusionsbased on the analysisabove have been made"

= The throat Reynolds number of the water test is 12698 and much lower

than it would be in the usual air test, at least by a factor of 100,

• Comparing friction coefficientsfor smooth pipe flow, the friction

coefficientin an air test is likelyto be 1.7 times lower than in the

water test,

• In pulse combustorsthe effectof high frictionin the vortexvalve can

be readily compensatedfor by a slight increase in cross-sectional

areas.

When using air to test the performanceof the vortex aerovalve it is

expected that the friction coefficientswill be lower because of the higher

Reynolds number. The performanceof the vortex valve using air and the effect

of rounding the sharp cornersof the venturipassageswill be presentedduring

the next period.

13 EROZ-38Q. 19
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2.3 FUNDAMENTAL SORBENT STUDIES (PENN STATE UNIVERSITY)

The objectiveof Task I is to determinethe physicaland chemicalchanges

occurringin calcium-basedsorbentswhen theyare subjectedto high heatingrates

for short residencetimes. Specifically,the aim is to determine if a flash

calcinationphenomenonoccurs and, if so, whether it producesa highlyreactive

calcine.

The objective of Task 2 is to explore the concept of bimodal acoustic

agglomerationof fly ash and sorbentparticles. Inthe firststage,the acoustic

frequencyand sound pressure level in an entrained-flowreactor (EFR) will be

optimizedfor a range of fly ash and sorbentmass loadings,particle sizes and

reactor temperatures. The focus of the second stage will be to identify

experimentallythe mechanisms that control the acousticaliyinduced bimodal

agglomerationand cohesionof fly ash and sorbentparticles.

In Task 3, the data generatedin Tasks I and 2 will be incorporatedinto a

model to predictsulfurcaptureand the extentof bimodalacousticagglomeration

under pulse combustionconditions. As experimentaldata become availablefrom

Tasks I and 2, progress on Task 3 will be reported.

2.3.1 TASK 1: FUNDAMENTAL STUDY OF SORBENT BEHAVIOR

Sulfation studies in the entrained-flow reactor were to be conducted at

1000" and 1100°C with the application of an acoustic field. The tests were not

started as planned due to equipment design problems. During a preliminary test

the horns for the sound drivers sintered when the reactor was heated to 1100°C.

It is believed that the horns sintered for two reasons: exposure to radiant heat

From the preheater and convective heat when the sound drivers were activated.

The ports for the drivers are water-cooled; however, it appears that they are not

cooled sufficiently to counter the heat produced by the reactor preheater.

One possible solutionis to shield the driversfrom the radiativesection

of the reactorby insertinga screenwithinthe driverports. This screenwill

shield the horns but not interferewith the acoustics. It is proposed that

stainless steel mesh be insertedwithin the port to shield the horns. One

1 4 EROZ-38Q. 19



I

problemis that the stainlessmesh screenwill heat up with time even thoughthe

port is water-cooled. Another proceduralchange is that the sound driver will

be attachedafteF the reactorhas been preheated. In eithercase the goal is to

extend the life of the horns. A series of trial runs using different mesh

screenswill be conductedat ambienttemperatureto determineif any interference

of the acousticfield occurs. It is necessaryto addressthis problemfor both

Tasks I and 2.

2.3.2 TASK 3: SULFUR CAPTURE MODEL

The sulfation model that has been developed is now being incorporated into

the PGCG-2combustion code with the following assumptions:

I. Since SO2 pollutantconcentrationsare very low, only light loadingof

sorbentparticles is necessary. Therefore, sorbentparticlescan be

introducedafter the overallconvergenceof the main combustioncode.

The underlyingassumptionis that the sources/sinksof mass, momentum

and energy which will be introduceddue to the present of sorbent

particlesintothe system,will not affectthe gas phase significantly.

2. Changes in the sulfur pollutantconcentrationare consideredto have

negligible impact on the sulfur-freegas composition. This is a

reasonable assumption since the concentrationof SO2 comprises less

than 0.5% of the gas stream.

3. Sulfurreleasefrom the coal is assumedto occur at a rate proportional

to the coal weight loss for the combustionmodel which is solvedprior

to solving the sorbent model. Local instantaneousequilibrium is

assumedfor the homogeneousgas phase chemistryfor the conversionof

sulfur to sulfurdioxide. These assumptionsenable the sorbentmodel

to be decoupledfrom the main code.

4. Sulfationis consideredto be irreversible.

15 EROZ-380.19



• b-

SECTION 3.0

PLANS FOR NEXT PERIOD

• Complete data reduction for the tests already performed.

• Modify the slipstreamsolids samplingsystemdownstreamof the

pressure letdownvalve to obtain representative,uncaked solids

sample for size analysis.

• Performadditionaltests with coal and coal serbentfeed.
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