
[논문]한국태양에너지학회 논문집

한국태양에너지학회 논문집 Vol. 34, No. 1, 2014 28

OptimizationofOperationalandConstitutional

GeometricParametersforThermoaousticEnergy

Output

SeungJinOh*,SangWoongShin**,KuanChen***andWongeeChun****†

(Submitdate:2013.10.26.,Judgmentdate:2013.11.05.,Publicationdecidedate:2014.1.4.)

Abstract : Theeffectsofgeometricparameters(stackposition,stacklength,resonatortubelength)andvarying

inputpoweroveracousticenergyoutputwereinvestigated.Theacousticlaserkit(Garret2000)wasusedforthe

constructionofTAlasers.Aseriesofsoundpressurelevelmeasurementsindifferentorientationsdidnotdiffer

significantlyconfirmingthatthesoundwavegeneratedcouldbeassumedasasphericalwave.Anincreasein

acousticpressurewasrecordedwithrespectiveincreaseininputpower,stackandresonatortubelengthsowing

totheirrelativeinfluenceoverheattransferrateandcriticaltemperaturegradientacrossthestack.
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1.Introduction

Thermoacousticlasersconvertheatfrom

ahightemperatureheatsourceintoacoustic

powerwhilerejectingwasteheattoalow

temperaturesink.Theworkingfluidsinvolved

canbeairornoblegaseswhicharenon-toxic

andenvironmentallybenign.Simpleinconstruction

duetoabsenceofmovingparts,thermoacoustic

laserscanbeemployedtoachievegeneration

ofelectricityatindividualhomes,water-heating

fordomesticpurposes,andtofacilitatespace

heatingandcooling.Thepossibilityofutilizing

wasteheatorsolarenergytorunthermoacoustic

devicesmakesthem technicallypromising

andeconomicallyviabletogeneratelarge

quantitiesofacousticenergy.

Thermoacousticphenomenonwasfirst
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observed by European glassblowersover

200yearsago.Glassblowersheardsound

whenacoldglasstubewasplacednextto

ahotglassstem.Glasstubesexhibiting

suchphenomenonwithoneendclosedwere

namedSondhausstubesafterthescientist

Sondhausswhostudiedtheseeffectsforthe

firsttime.LordRayleigh[1]qualitatively

analyzedthethermoacousticeffectinhis

book,TheTheoryofSound.About150years

later,Rott[2]didanaccuratequantitative

discussiononthethermoacousticeffect.

Feldman [3] commented that the most

importantmilestoneinexperimentalthermo

acousticscamein1962whenCartersuggested

thattheefficiencyofSondhausstubescan

beimprovedbyintroducingasolidstructure,

astack,insidetheresonator.G.W.Swift[4]

hasdiscussedthefundamentalsofthermo

acousticenginesindetail,byanalysisand

bydiscussingexamplesofthermoacoustic

convertors.Swiftillustratedthebasicprinciples

ofthermoacousticenginesbyconsidering

anexampleofasinglesmallsolidplate

alignedparalleltothedirectionofvibration

ofanacousticplanestandingwave.The

authorpointedoutthatwiththeintroduction

ofasolidplateinastandingwave,the

standingwavewasmodifiedresultingin

two very importanteffects:(1)A time

averaged heatflux nearthesurfacethe

plate,alongthedirectionofacousticvibration,

and(2)thegenerationorabsorptionofreal

acousticpowerworknearthesurfaceofthe

plate.Theauthormadenumeroussimple

assumptionstoderivethesetwobasiceffects

forthecaseofasingleplateintroducedin

a standing wave.Later in thatpaper,

derivationsweremadeformorecomplicated

reallife situations.Expressions for the

criticaltemperaturegradient,totalheatflux

alongthestack,andtotalacousticpower

producedderivedbytheauthorprovethat

theintroductionofasolidstationarybodyin

astandingwavestimulatestheheatflux

alongthestack.Theheatfluxisabouta

thermalpenetration depth from thesolid

boundaryandtheproductionorabsorption

ofacousticpowerbythefluidnearthesolid

boundary.

Thestackisoneofthemostimportant

componentsofthermoacousticdevices.Oneof

theproblemsfacedbyresearchersinthepast

wastheinabilitytoexploretheeffectsofvarious

geometricfactorsofthestackincludinglength,

spacing,andgeneralgeometry.Thiswasdueto

thedifficultyinvolvedwithmakingstacksby

hand.Inarecentstudy,RyanLampe[5]used

SelectiveLaserSinteringtoproduceagamutof

stackarrayssuchassquaretubes,parallel

plates,andapinarray.Thesefabricatedstacks

werethentestedandtheirperformanceswere

comparedusingacompressordrivenclosedtube

heatpump.Itwasobservedthatthedropof4.3

C̊ canbeobtainedacrossaparallelplatestack

usinga12W amplifier,with130mVpeak-to-peak

ofthe sine-wave audio signal.Using the

fabricationtechniquesdiscussedbytheauthor,

stackdesignswith0.5mm spacingcouldbe

manufactured.Thisworkopenedgatesforbetter

understandingofstackdesignonefficiencyof

thermoacousticdevices.YongTaeKimandMin
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GonKim[6]studiedstackpositiondependency

ofathermoacousticprimemoverbasedonthe

temperaturedifferenceacrossthestack.The

authorsmeasuredacousticallyproducedtemperature

differenceacrossthestackasthefunctionof

stack position and sound frequency.The

measuredpositionalvariationofΔTacrossthe

stackmatchedempiricalrelationsderivedby

Wheatley[7]andco-workerswhenthestack

lengthΔx,wasreplacedbyafractionalquantity

αΔx.Thisisbecausetheactualtemperature

distributionacrossthestackisskewed(S-shaped)

withconstanttemperatureplateausatbothends.

Placementofthestackwithintheresonatoris

alsoimportantintermsofefficiency.Therateof

heattransferisdirectlyproportionaltoacoustical

velocity.Applyingtheprincipleofsuperposition,

Fahey[8]suggestedplacingthemaximumheat

gradientatthepointofmaximumgasmolecule

velocity.Inthermoacousticdevices,themaximum

gasmoleculevelocityappearsatapproximately

onethirdofthetubelengthfromtheclosedend.

Thestackformsaheartofathermoacoustic

heatpumpandrecentresearchershavefocused

more on stack geometry to improve the

performanceofthermoacousticdevices.Tijani,

ZeegersandWaele[9]reportedquantitative

experimentalinvestigationoftheeffectofpore

dimensions on the performance of thermo

acousticdevicesanditwasreportedthatthe

sheetspacing in stack of2.5δk should be

optimumforcoolingpower.Giventhemechanical

simplicityofthermoacousticdevices,Garrett

andBackhaus[10]predictedthatthesedevices

couldbeusedtogenerateelectricityatindividual

homes,toheatwaterfordomesticpurposes,and

toproducespaceheatingandcooling.Thermo

acousticrefrigeratorshavealreadybeenemployed

onthespaceshuttleandaboardaNavywarship.

Acousticenergygeneratedbythermoacoustic

primemoverscouldbeusedforavarietyof

otherapplications.Ultrasoundsareusedinmedical

fieldstobreakkidneystonesorfortreatingtumors.

Acousticenergy isalsousedforsanitizing

liquidsandforcleaningandsterilizingsurfaces

andmedicalinstruments.Recentdevelopments

in thermo acoustics and the possibility of

utilizingwasteheatorsolarenergyforrunning

thermoacousticdevicesmakeittechnically

promisingandeconomicallyviabletogenerate

largequantitiesofacousticenergy.

Despitetheaforementionedwork,studiesthat

haveattemptedtounderstandtheeffectsof

geometricparametersofthermoacousticprime

moveronacousticoutputarescant.Accordingly,

theprimaryaimofthisresearchwastogenerate

largequantitiesofhighamplitudesoundwaves,

byvaryingdifferentgeometricparametersincluding

thestacklength,thestackposition,andthe

lengthofresonator.

2.ExperimentalArrangementsand

Procedures

TheAcousticlaserkit(Garrett2000)provided

by thePenn StateGraduateProgram in

Acousticswasused forallexperimental

purposes.ThekitconsistsofaPyrextest

tubeasaresonator,aCelcorceramiccatalytic

converterasastackmaterial,and26gauge

nichrome(NiCr)resistanceheaterwire.A

24gaugecoppermagnetwirewithenamel
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insulationwasusedformakingnecessary

electricalconnections.Thestackwasheated

withthehelpofanichrome(NiCr)wire

woundononesideofthestackandthe

otherpartwas cooled by radiation and

naturalconvectiontotheatmosphericair.

Thestackwasmadefrom arectangular

Celcorceramiccatalyticconverter.Ideally,

thecrosssectionofthestackshouldbe

circularbutanapproximateoctagonalshape

withsmoothenededgeswascarvedoutof

theoriginalconverter.Theoriginalceramic

catalyticconverterandthestackmadefrom

itareshowninFig.1

Figure1.OriginalCelcorceramiccatalyticconverterand

thestack.

Sixgroovesabout3mmdeepweremadeon

thetopsurfaceofthestackwiththehelpof

hacksawandsandpaper.Thesegroovescontained

theserpentinenichore(NiCr)heaterwire.Two

copperwiresoflength60cmwerestrippedby

burningtheenamelcoatingandwereinserted

throughoneofthechannelsoftheceramic

stack.Theexposedpartofthecopperwire

wasthentwistedwiththenichrome(NiCr)

wiretomakeagoodelectricalcontact.This

assemblywastheninsertedintotheglass

tube.Thecopperwireswerefixedonthe

outersurfaceofthetubewiththehelpoftape

topreventthestackfrommovingwithinthe

tubeinaxialdirection.Thestackwiththe

heaterwirewoundonitssideisshowninFig.2

Figure2.Stackandtheheaterwireassembly.

Threedifferentlengthsofresonatorswere

tested,including10cm,15cm and20cm.

Theseresonatorswerealsotestedfordifferent

lengthsofstackmaterialswithintheresonator.

Stackpositionswerealsovariedwithinthe

resonatortoobserveoptimum positionfor

producingmaximum acousticpoweroutput.

Differentexperimentalconditionsconsidered

tofindtheoptimum operatingconditionsof

athermoacousticlaserarelistedinTable1.
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Cond-

itions

d

(cm)

Ls

(cm)

LR
(cm)

Input

voltage

Lengthof

Heater

wire(cm)

CaseI
2,4,

6,8..

1.5,

2.5

15,

20

5.5V,

6.5V
13.5

Case

II
L/4

1.5,

2.5,

5

15,

20

5.5V,

6.5V
15.5

Case

III
L/4 2.5

15,

20

5.5V,

6.5V
15.5

Case

IV
L/2

1,

1.25

2.5,5,

7.5,

10,

20

6V,

6.5V
15.5

Table1.Differentconditionsforconductingexperiments.

Whered isthedistanceofthestack

measuredfromtheopenendofthetube,LS

isthelengthofthestackmaterialandLRis

thelengthoftheresonator.

ACEN-TECH98025multimeterwasused

tomeasurethevoltageacrosstheNichrome

(NiCr)wireandconnectingcopperwires.A

Tenma72-942soundlevelmeterwasused

tomeasuresoundpressurelevelofthermo

acousticlaseratadistanceof10cm away

fromthetubeopeningtoavoidanydisturbance

duetosoundlevelmeterblockingandby

aligningthemicrophonewiththeaxisofthe

resonatortube.ANationalInstrumentsdata

acquisition(DAQ)device,NIUSB6009in

conjunctionwithunidirectionalmicrophone

wasusedtoacquirethefrequencysignal.

LabVIEW SignalExpresswasusedfor

analyzingthedataacquiredusingtheDAQ

device.SignalExpresscanacquire,generate,

analyze,compare,importandlogsignals.

Multiplesetsofexperimentswereconducted

tocheckacousticoutputofathermoacoustic

laserbyvaryingstackposition,stacklength,

inputpowerandlengthofaresonator.

Threedifferentstacklengths(12.5mm,

25mmand50mm)weretriedtocheckthe

effectsofstacklengthontheperformance

ofathermoacousticlaser.

Figure3.SPLvsStackpositionforL=15cm &20cm,

stacklength=1.25cm.

Figure4.SPLvsStackpositionforL=15cm &20cm,

stacklength=2.5cm.

Figure5.SPLvsStackpositionforL=20cm,

stacklength=5cm.



OptimizationofOperationalandConstitutionalGeometricParametersforThermoaousticEnergyOutput/Seung Jin Oh 외

Journal of the Korean Solar Energy Society Vol. 34, No. 1, 2014 33

12.5mm stackwasmadebycuttingthe

25mmstackwiththehelpofahacksaw.50

mm stackwasmadebyplacingtwostacks

of25mm lengthclosetoeachothersuch

thattheporesofboththestackmaterials

are perfectly aligned.More observations

weremadebychangingtheinputvoltage

values for the thermo acoustic laser.

Sometimes,thewiresshortedoutbrokeat

thejunctionofcopperwireandNiCrwire

duetocontactresistance.Thewireswere

replacedwiththeexactlengthsofthesame

materialswheneveritwasnecessary to

maintainconsistencyintheresults.

3.ResultsandDiscussion

Soundpressurelevel(SPL)measurements

weretakenbyarrangingtheSPLmeterin

threedifferentorientations(0̊,45̊ and90̊).

SPL measurements were also taken by

varyingthedistanceoftheSPLsensorfrom

thetubeopeninginthesedirections.Data

wasrecordedfortwodifferentinputvoltage

valuesandtheresultswereconsistentin

bothcases.

Soundpressurelevelsdecreasedrapidly

withdistanceafterexitingthetubeopening

andremainedalmostthesameevenata

greatdistancefrom thetubeopening.SPL

readingsindifferentdirectionsdifferedonly

slightly.Theassumptionofsphericallyspreading

waveisthusvalid.Slightincreaseinsound

pressurelevelwasobservedatadistanceof

about1/2wavelengthpositionfromthetube

opening.Theoretically,airdisplacementamplitude

ishighestatthispositioninaplanestanding

wave.TheSPLmeterrecordedthehighest

soundpressurelevelsatthetubeopening,

whichisapressurenode.Inastanding

wave,pressure(static)oscillationsarezero

atthe tube opening and flow velocity

oscillationsarethehighest.Oscillationsin

dynamicpressureareduetothedeceleration

ofairflowwhentheflow impactstheSPL

metersurface.TheSPLmetermeasuredthe

intensityofthetotal(staticplusdynamic)

pressurefluctuations.Asthedistancefrom

thetubeopeningincreased,theSPLreadings

decreasedandatadistanceof½wavelengths

from thetubeopening theSPL reading

slightly increased.Thedynamicpressure

oscillationscontributed moretotheSPL

readingsthanthestaticpressureoscillations.

A15cm longquarterwavelengththermo

acousticlaseranda20cm longquarter

wavelengththermoacousticlaserweretested

tochecktheoptimum positionofthestack

withintheresonator.Thepositionofthe

stackwasmeasuredfrom theclosedendof

theresonator.Threedifferentstackswith

thicknessesof12.5mm,25mm and50mm

wereusedintheexperiments.Theresults

wereconsistentinallthecaseswithoptimum

stackpositionbeingapproximately1/4thof

thetubelengthfrom theclosedendofthe

resonator.According to Kwon [11],the

theoreticaloptimum positionofastackis

nearthemidpointofaprimemover.Experimental

investigationbyKwon[11]revealedthat

themaximumoutputisbetweenathirdand

ahalfofthelengthoftheprimemoverfrom
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theclosedend.Theauthorpointsoutthat

thisshiftinthepositionofmaximumoutput

towardstheclosedendisduetotheinteraction

oftheresonatorwiththeoutsideairatthe

open end.Experimentaldatacollectedin

currentinvestigation suggeststhat,even

thoughthemaximumoutputisataquarter

ofthelengthoftheprimemoverfrom the

closed end, the output remains fairly

constantbetweenaquarterandahalfofthe

lengthoftheprimemoverfrom theclosed

end.

Experimental
setup

SPL(dB)
(Max)for
stack
length
=1.25cm

SPL(dB)
(Avg)for
stack
length
=1.25cm

SPL(dB)
(Max)for
stack
length
=2.5cm

SPL(dB)
(Avg)for
stack
length
=2.5cm

L=15cm,
Vin=6.28V,
r=10cm

109.5 107.5 109.5 108.6

L=20cm,
Vin=6.35v,
r=10cm

107.5 105.2 109.3 108.5

Table2.Soundpressurelevelmeasurementsfor

differentstacklengths.

Threedifferentstacksoflengths12.5mm

25mm and50mm weretested.Spacing

betweentheplatesofthestackwasnot

variedduetofabricationcomplications.However,

recentstudybyTijani[9]hasshownthat

theoptimum spacing between twostack

platesforparallelplatestackshouldbe3δk.

ThestackwaspositionedatL/4distance

fromtheclosedend,whichwasobservedto

betheoptimumstackpositionforproducing

maximum outputin quarter wavelength

primemovers.Themaximum andaverage

valuesofsoundpressurelevelsincreased

withthestacklength.Theeffectofstack

lengthonacousticoutputwasobservedin

both15cm longand20cm longthermo

acousticlasersandtheresultsarepresented

inTable2.

The thermo acoustic poweroutputis

proportionaltothevolumeofthefluidpresent

withinthermalpenetrationdepthfrom the

plate.Asthestacklengthincreases,this

volumeincreases.Theacousticpowerisalso

proportionaltotheratioofactualtemperature

gradientto criticaltemperature gradient.

Whenthestacklengthisincreasedandthe

inputpoweriskeptthesame,thetemperature

gradientdecreases.

Figure6.SPL(maxandaverage)vsStackLengthfor

tubelengthL=15cm.

Thusincreasingthestacklengthcreates

two effects:1)thevolumeofthefluid

withinthermalpenetrationdepthfrom the

platesurfaceincreases,whichincreasesthe

acousticpoweroutputand2)thetemperature

gradientacrossthestacklengthdecreases,

whichdecreasestheacousticpoweroutput.

Underourexperimentalconditions,thenet
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effectofincreasingthestacklengthwasan

increaseintheacousticpoweroutput.The

experimentalresultsofsoundpressurelevel

variationswithstacklengthfortwodifferent

resonatortubelengthsareshowninFig.6

and7.

Fig.7.SPL(maxandaverage)vsStackLengthfor

tubelengthL=20cm.

Soundpressurelevelmeasuredfortwo

differentresonatortubelengthsof15cmand

20cm revealedthatexcessivesurfacearea

oflongerresonatortube provides stack

effect,whichisresponsibleforhighersound

pressureleveloutputasdepictedbyTable3

andFig.8.

stack

length

=2.5cm,

Vin=

6.5v

SPL

(dB)

forL=15

cm,stack

position

at5cm

SPL(dB)

for

L=20cm,

stack

position

at6cm

Risein

SPL

reading

(dB)

Percent

age

Rise

(%)

Max

value

109.2 110.1 0.9 0.824

Avg.

value

108.5 109.6 1.1 1.014

Table3.SPLfordifferenttubelengths.

Increasing the inputvoltage generated

highersoundpressurelevels.Higherinput

voltagegeneratesahighertemperaturegradient

acrossthestack,whichinturnproduces

higheracousticpoweroutputasgivenby

theTable4andFig.9

Figure8.SPL(maxandaverage)vstubelengthfor

stacklength=2.5cm.

High frequency thermo acousticlasers

canbeconstructedbyreducingthelength

oftheresonator.Theresonantfrequency

dependsonthelengthoftheprimemover.

stack

length

=2.5cm,

stack

position

at

5cm

SPL

(dB)for

Vin=

6v

SPL

(dB)for

Vin=

6.5v

Rise

in

SPL

(dB)

Percent-

age

rise

(%)

Max

value
107.7 109.2 1.5 1.4

Avg.

value
106 108.4 2.4 2.26

Table4.SPLfordifferentinputvoltagesatresonator

length=15cm.

A2.5cmlongstackwasusedin15cmand

20cmprimemoversanditwaspositionedat

adistanceofL/4fromtheclosedendofthe

resonator.SPLreadingsandmicrophonereadings
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weretakenat10cmfromtheopenend.The

USB2009dataacquisitiondeviceandSignal

Expresswasusedtoacquireandanalyze

thesignal.The10cm longprimemover

recordedthefundamentalfrequencyof885

andthe20cmlongrecorded437Hz,which

wereveryclosetothetheoreticalvalues

(860Hzand430Hz).Fig.10and11define

themeasuredfrequencyresponses.

Fig.9.SPL(maxandaverage)vsInputVoltage.

Soundoutputpowercanbecalculatedby

theEq.(1)

  
  (1)

Where,r is the distance from tube

opening,Prmsistherootmeansquarevalue

ofpressurefluctuationsderived by SPL

measuredvalue,ρ isdensityoftheairand,C

isthespeedofsound.Garrett[12]suggested

thatthesoundpressuremeasurementrecorded

at1meterfromthetubeopeningprovidesa

useful(notexact)measurementofthetotal

radiatedacousticpower.Experimentswere

conductedtomeasuretheSPLreadingsat

differentdistancesfromthetubeopeningalong

theaxisofthetubeandthecorresponding

soundpoweroutputswerecalculatedusing

Eq.(1).TheresultsareasshowninTable5.

Distancefrom the
tubeopening(m)

SPL
(dB)

Prms
(Pa)

Power
(mW)

0.25 104.2 3.24 23.56

0.5 97.4 1.48 19.69

0.75 95.3 1.16 27.31

1.0 90.8 0.69 17.23

1.25 89.4 0.59 19.50

Table5.Soundpowercalculatedatdifferentdistances

from thetubeopening.

Fig.10.Frequencychartfora20cm longthermo

acousticlaser.

Fig.11.Frequencychartfora10cm longthermo

acousticlaser.

Fordifferentlocationsfromthetubeopening,

theacousticpoweroutputvariedfrom17.23

mW to27.32mW.Forasphericalwave,the

acousticpowermeasuredatanylocation
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from thepointsourceshouldbethesame.

Anuncertaintyanalysis[13]introducedinour

previousresearchwork[14]wasperformed

todeterminethereliabilityofexperimental

results.Alltheuncertaintyestimateswere

basedon95percentconfidencelevels.The

uncertaintyintervalforvoltagemeasuredby

themultimeterwas=0.25Vasspecifiedby

themanufacturer.Theuncertaintyinterval

oflengthmeasurementswasassumedtobe

0.002m,whichgavetheuncertaintyinterval

forresistancemeasurementsas=0.002ⅹ

2.571/0.3=0.01714Ohm.Theuncertainty

intervalofthesoundpressurelevelmeasurement

was1.5dB,asspecifiedbythemanufacturer.

TheuncertaintyintervalinPowerwasdetermined

byEq.(2)as

WP=[{(∂P⁄∂V)ⅹ WV}2+{(∂P⁄∂R)

ⅹ WR}2]1/2 (2)

Using thisequation,Poweruncertainty

variesfrom 11.451% to8.229% forP=

18.942W toP=37.437W.

4.Conclusion

Thestackisoneofthemostimportant

componentsofthermoacousticdevices.One

oftheproblemsfacedbyresearchersinthe

pastwastheinabilitytoexploretheeffects

ofvariousgeometricfactorsofthestack

includinglength,spacing,andgeneralgeometry.

Asthepreviousstudiesthathavebeenattempted

tounderstandtheeffectsofgeometricparameters

ofthermoacousticprimemoveronacoustic

outputwerescant,thecurrentexperimentation

resultswouldprovideanampleinsightabout

therelativeeffectsofdifferentconfigurational

parametersoverthethermoacousticoutput.

Theinvestigation ofvariousgeometric

parameterssuch asstack position,stack

lengthandresonatortubelengthalongwith

thevariationininputvoltagerevealedthat

anincreaseinstacklength,resonatortube

lengthandinputvoltagepromotedhigher

soundpressurelevels.TheSPLmeasurements

indifferentorientationsdidnotdiffersignificantly

whichconfirmsthatthesoundwavegenerated

couldassumedtobeasphericalwave.The

maximum SPL valuewasmeasuredwith

thestackpositionedatadistanceofL/4

lengthsfrom theclosedendofresonator.

Themaximum acousticpowerrecordedby

acousticlaserswas20.24mW for39W of

electricinput.
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