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Abstract

This pape descibesthe desigh and congruction of a thermacousic engne andfridge.
Constuction involvedin dept desigh andundestandng of the phenomenm. Theaimwasto
producea device thatoperatessuccesfully corverting hed energyinto acotstical power and
bad. Preliminay desigh undetakenlookedatthe 4 maincompamentsinvolvedin large scale
thermoacostic devices,the presureves®l, heaer, coola andstack The mostpromising of
several maincomponat desgnswereselededfor construcion.
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| ntroduction

Thermoacousts as the namesuggestss a field, which involves the use of knowledgein both
acousticandthermodynants. Dueto the theoreticalcompleity of eachof thesefields on their
own, there hasbeenlittle progressin thermoacousticsparticularly herein Australia. The nu-
merical compleities of thermoacoustienginesare out weighedby the advantagesof usingthe
phenomenn. Thermoacoustidevicesin operationare"low tech"deviceswhich have no moving
partsand henceshoutl requirelow mainenance. This makesthe potentialfor their application
desirablen mary fields, applicationswvould include,aerospacendustial andin thethird world.
Thermoacousti devisesare currentlyusedby high budgetindugries but are still ableto be con-
structedirom smallerbudgets.

During the periodof researchundertalenby the authorsthe reference[1] wasfoundto bethe
mostvaluablefor our understandingf the conceptsnvolved. This referencedetailsthe work
doneat Los AlamosNationalLaboratoryfor the United StatesDepartmenbf Enegy. Theauthor
of [1] hasvastexperiencean thefield of thermoacousticandcanbefoundto bereferenedin most
journalsonthesubiject.

Thermoacoustic M odelling

Thermoacousti enginescan be categyorisedinto 2 types,namelythe standingandthe travelling
wavetypeengineslt wasdecidedo construct standig wave enginedueto therelatve simdicity
of thedesign.Standingwvave enginesvork by thermalexpansiorandcontractionof agasbetween
ahotandcold source.Theresultis a piston-lesenginecreatedby the unstableresonancén the
system

A two-strole engineis analogougo a standingwave thermoacoust engineasthey both de-
velop power every cycle. The actualthermodym@mic methodof power generationis by a Carnot
cycle[1]. By performinga simpl idealenegy balanceit canbe seen(figure 1a) thatthe power
produceds thedifferencebetweerthethermalinputandthermaloutput[2].
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(a) Thermacousticengire (b) Thernoacousticcooler

Figurel: Schematic®Of Thermoacousti®evices

W =Qu—Qo (1)
W denoteswork produced,Qy and Qo denotethermalinput and outputrespectiely. As with
otherthermodynand processessefulwork is limited by the Carnotefficiengy - n [2]

(2)

Ty and Ty denotethe temperatureof the hot and cold reserwirs respectrely. The designof
the thermoacousti enginewasfurther complicatedby the numberof conflicting parametershat
neededo be balancedio provide an optimal result. Our designstartedwith the modelling of
a standimg pressurevave thatwould be producedby a thermoacousti device. Acoustcal wave
velocity - ¢ canbecalculatedy consideringhepropertieof thegasin whichthewaveis travelling

[3, 4].
o= K 3)

~ is theratio of specificheatf themedium,R is theuniversalgasconstant/ 'k is thetemperature
atwhichthespeeds required(in °Kelvin) andM is themolarmass.Thisgenerakquatiorallowed
the designteamto examinethe resultof usingdifferentgases.Knowing the wave speedandthat
the standingwave engineis half a wave lengthlong it is only a small stepto find the resonant
frequeng produced.

C
f=5 (4)

L is theentirelengthof the enginefrom endto end. For reasonghatbecamesver moreapparent
througloutthedesignit wasoptimal to keeptheresonancéequeny aslow aspossible. Themain
reasorfor keepingtheresonancérequeng low wasdueto the heattransferrequiredbetweerthe
thermalsourcesandthegas.Higherfrequeny wavesrequiredmorerapidheattransferincreasing
the compleity andcostof the heatexchangers A balancehowever wasrequiredasreducingthe
resonancérequeng involvedthe enlagementof thethermoacoustienginewhich alsoincreased
the pressurevesselndgascosts.



Otherimportantparametersf the standingpressurevave canbe found by modeling the en-
gineasanimpedancdubewith a standarcacoustiadriver. Thefollowing equationsvereadapted
from[3, 4].

P, P, in j(wt—&T j &=
pP= % (eﬂ(wt 7) 4 (7 +2”)) + Ptatic (5)

P isthepressuratary pointx andtimet, P,,,, andP,,;, arethemaximumandminimumdynamic
pressuresespectiely, w is the frequeng of the standingwave in rad/sfound usingequation(4)
and P,;.;;. IS the static pressureof the engine. Integration and differentiationof (5) yields the
particlevelocity - U.

U _ Pmam + Pmm (ej(wt—wf"') _ ej(wt+%+27r)> (6)
2pc

p is thedensity Finally, dividing the velocity by the frequeng yieldsthe particledisplacement

X for lateruse

X — Pmaw + Pmin (6]-(“#'%) N 6j(wt—|—“%’"—|—27r)> (7)
2wpc

Theresultsfrom this modelling werethenusedin the designof thethermoacoustidevices.

Thermoacoustic Design

From our work we have found that the heatexchangersequiredare the main difficulty in the
designand constructof thermoacoustiengines. Generallythere are three heatexchangersan
thermoacoust enginesbeingthe heater coolerandstack. The stackis a heatexchangetthatsits
in betweenthe heaterandthe cooler Its purposeis to producea temperaturegradientalongits
lengththatis in thermalcommuncationwith thegas.A propertycalledhydraulicradius- r; was
usedto calculatethe thermalcommunicatio distanceof the stack.

m=5 ®)

A is thecrosssectionalareafor the gapandIl is the perimeter To utilise the entirecrosssection
of the gasthe hydraulic radiusof the stackmustbe of the sameorderasthe thermalpenetration
depthof thegas- J,.

2k
wpcy

k is thegasthermalconductvity andc, is the coeficient of specificheatof the gas.This equation
shaws the importanceof gasconductvity andkeepingthe frequeng low in relationto stackgap
size.Dueto theinfluenceof gasconductiorsometime wasspentiooking atthefeasibility of using
gasetherthanair.

Oy = (9)

Gas Ar AIr CO | CO, Ho He N, O,
kx10% | 42.71| 67.21| 64.44| 68.05| 428.1| 362.2| 63.06 | 71.79

Tablel: GasConductvity (W/mk at 1000°K) (adaptedrom [5] and[6] )



As canbeseenin tablel air hasonly onesixththethermalconductvity of Hydrogen.It canbe
saidthatgenerallysmalllight moleculegprovide the bestthermalconductvity. Beingthelightes
elementandvery cheapthe useof Hydrogenwas an option however its inflammabilty madeit
unsutablefor our purposesThenext bestgaswasHeliumwhichis non-inflammablg7] but quite
costly It is plannedthatourthermoacoustienginewill berun on Helium afterinitial trialsin air.

Thethermalpenetratiordepthof Helium worked outto be 0.16mm in our device. This meant
thatwith Helium asthe working mediumthe size of the gapsrequiredbetweenconsecutre stack
layerswas 0.3mm. Obtainirg this small gap proved difficult with our limited technologyand
budget. Several different method were proposedand the most promisng of theseprototyped.
Trial constructiorfurtherreducedhe numberof optionsthatwereviable. Thefinal designwasa
spiralstackutilising 0.3mmthick Aluminium sheetand0.3mmnylon fishingline which waslater
removed to provide the air gap. While not asfine assimilar stacksproducedat Los Alamoswe
hopethatit will provide goodperformancesonsideringhe costsavings.

Theheatenepgy requiredwill be providedto our systemby Nickel-Chromiumresistancevire.
Electrical power hasmary benefitsover other heatingtechniques.Electricalmeansseemedhe
easiesandcheapestvay to provide heatinto the confinedspacewherethe heaterresides.Pover
requirementdhave beenapproximatedat about1000Watts. This amountof power is easily ob-
tainablefrom awall soclet hence240Volt mainsoperationof the heaterelementwasdecided.As
theactualrequirementaindheaterelementoutputcanonly be approximatedit wasdecidedearly
on to usea control systemwhich is easilydonewith mainspower. This control circuit utilisesa
thermocoufe to sensehe internaltemperatureandgovernthe power input using phaseclipping
techniqueswvith atriac.

To producetherequiredcold reserwir thermalenegy will beremoved from the gasandstack
by afinnedheatexchangerThiswill work by passingafluid atatemperaturéowerthanthatof the
heatedyas.We designedurcoolerto extractenoughpower usingmainspressuravateratambient
temperaturethrough4 smallCoppertubesin theengines crosssection.We couldhave usedarger
Coppertubesto increasethe power extractionhowever this would have increasedhe impedance
presentedo the acousticaflow. In the eventthatinsufficient power is extractedby mainswater
thereis anoptionof usingdifferentcoolingmediums Finsaddedo increasehe contactareawith
thegasandstack reducingthermalresistancavhichin turnimprovespower extraction. Analytical
analyse®f this part proved very difficult requiringsomeerroneougssumpons aboutpower ex-
tractionandfinal watertemperaturesTheintendeddesignwaschecledwith dimensionabnalyses
of apicturein [1] beforemanufcture.

Figure2: Thermoacousti®evice



The working partsof the thermoacousti engineare all containedwithin a pressurevessel
(figure2) thatholdsthepressurén theengine.This pressureonsistof two partsthestaticinternal
pressuref 3 MPa andtheinducedstandingoressuravave created For anassumedcoustidevel
of 180dBtheinducedpressuravave will have 20 kPa peaks.Stresse# the pressurevesselwere
consideredn its designto allow for safeoperationwith assistancérom the Australianstandards
[8, 9]. It wasdesirableto producea pressuresesselwith no internalprotrusiors thatmayimpede
the flow of the soundwave andin turn reducethe efficiengy. To reducethe costand difficulty
of manufcturewe choseto usestandardAmericanNational Steellnstitute DN80 (nominalbore)
tubing [10]. The overall designof the enginewashighly modularmakingconstructioreasierand
increasinghe numberof experimenal options.

Up to this point we have only beendiscussig the thermoacousti engine. Thereis another
partto thermoacousticandthatis thethermoacoustiridge (figure 1b). To createathermoacous-
tic fridge all onehasto do is replacethe heaterwith a coolerandrun the thermoacougt engine
in reverseby driving it with an acousticalsource. This producesa refrigerationtype cycle ex-
tractingheatfrom the cold sideof therefrigeratorstack. We hopeto createa lower thanambient
temperaturén operation.

The performanceof our enginewill be judgedby its outpu efficiengy. G. Swift [1] hasmade
severalthermoacoustidevicesandclaimsefficienciesin theorderof 23%of the Carnotefficiency.
As thisis the universty’sfirst attemptat building a thermoacoust engineutilising reducedech-
nology it is not expectedthat suchhigh efficiencieswill be achieved. Efficienciesof 23% of the
Carnotarestill poor, relatve to currentmechanicatechnology It is hopedthatefficienciesof ther
moacoust devisescanbeimprovedwith furtherdevelopnent. Still, thermoacoustideviceshave
realworld applicationgdueto theirlow maintenancandlack of ervironmentaly harmfulgases.

Conclusion

Productionof thethermoacoustiengineandfridge hasstartedafterlong periodsof designwork.
Large portionsof time were spentunderstandig the complex behaior andinteractionbetween
thethermoacoustielementf the engine.Of this time, muchwasspentmodellingthe processes
usingMatlabin anattemptto optimise performanceandoutput. Whena costingwasdoneon this
optimal designwe requireda budgeton parwith the high technologyresearchndustries.Using
cheapematerialsandlower tolerancedgor thicknessesf the stackwe shouldhase an enginethat
is nearenoughto the optimal designand significantly cheaper With our nev understandingf
thermoacousts we now appreciatehe relatve simplicity of importantelementsrrespectve of
the mathematicatompleity. In light of this we still believe that our engine,onceconstructed,
shoutl be ableto producesufiicientenegy to producesomeform of coolingandhopefully starta
legagy of thermoacoustiexcellenceat AdelaideUniversity.
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