WCU 2003, Paris, september 7-10, 2003

INVESTIGATION OF TRANSIENT NONLINEAR PHENOMENA IN ANNULAR THERMOACOUSTIC
PRIME-MOVERS

G. Penelet’*, V. Gusevt, P. Lottont, M. Bruneau®
tLaboratoired’Acoustique Universie du Maine, 72085Le MansCede 9, France
*Email: guillaume.penelet@uwniemans.fr

Abstract

The presentpaperdealswith the transientnonlin-
earprocessesesponsibldor the saturationof acoustic
wavesin annularthermoacoustiprime-maers.In par
ticular, investigationsare focusedon the role of non-
linear processesnfluencing the temperaturedistribu-
tion in the inhomogeouslyheatedpartsof the device.
Experimentabbserationsof varioustransientregimes
arepresented.The resultsshav the possibility for the
engineto switch on andoff spontaneouslandperiod-
ically, the possibility for an overshootof the acoustic
wave amplitudebeforeits final stabilization,or thepos-
sibility for a double-thresholgphenomenomuring the
amplificationprocess.A numericalapproachto study
the transientregime is then presented.In the adopted
simplifiedmodel,thetemperaturdield is coupledto the
acoustidfield by takinginto accountheforcedcorvec-
tion dueto acousticstreamingandthe acousticallyin-
ducedthermalconductvity.

I ntroduction

Thermoacoustiprime-maersemploy for thetrans-
formationof thethermalenepgy into mechanicaénegy
an interaction betweenan inhomogeneouslyheated
stackof solid platesand resonanigasoscillations. In
an annularthermoacoustigrime-maer, the stackis
placedin a closedloop resonataqr allowing the exci-
tation of traveling acousticwaves. In sucha device,
the saturatiorof thethermoacoustimstabilityis linked
notonly to classicahonlinearphenomenauchascas-
cadeprocesf higherharmonicgeneratiorand minor
losses,but alsoto nonlinearprocessenfluencingthe
temperatureéistributionin theinhomogeneousliieated
partsof the systemsuchasacousticallyenhancedher
mal conductvity (equivalentto heattransportinduced
by gasoscillationg[1]) andthe excitationof a unidirec-
tional acousticstreamindg?2].

In orderto understandhe independantnfluenceof
eachone of thosenonlinearphenomenathe investiga-
tion of the transientregime may provide us usefulin-
formations,becausehe transientdevelopmentof dif-
ferentnonlinearphenomenanight proceeddifferently
(with differenttime scale). Experimentalobsenrations
arebriefly reported.The obtainedresultsshav various
regimes, demonstratinghe possibility for the engine
to turn on and off spontaneouslyand periodically the
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possibility for an overshootof the acousticwave am-
plitude beforeits final stabilization,or the possibility
for adouble-thresholghrocesduringthe amplification
regime [3]. A quantitatve and exhaustve description
of the thermoacoustiamplificationprocessrequiresa
numericalresolutionof the equationsof motion, but
onerisks to spendmary expensve diagnosticso un-
derstancthe independaninfluenceof eachone of the
nonlinearphenomenahat control the saturation. We
believe thatacomplementargapproactwouldbeto find
the simplestdescriptionthat capturesgualitatively the
dynamicalbehaiors which are typically obsered in
experiments. A simplidied theoreticalmodel is pre-
sentedwherethe one-dimensionaheattransferequa-
tion is coupledto the acousticproblemby taking into
accountthe forced corvection dueto acousticstream-
ing andthe acousticallyinducedthermalconductvity.
Thermoacoustiamplificationdependsn its turnonthe
temperaturdistribution alongthe stackandthe waveg-
uide. The obtainedresultsare qualitatvely in good
agreementvith experimentalobserations(in particu-
lar a periodic switch on-off and the double-threshold
phenomenarereproduced).

Experimental results

A schematiadiagramof the experimentalapparatus
isshavn in Fig. 1. Thetorusshapedstainlessteeltube
of innerdiameterkR = 53mm andlength L. = 2.24m
is filled with air at atmosphericpressure. The stack
(length Hg) is a ceramicporousmaterialwith square
channelsf cross-sectior x d (d = 0.9mm). When
the temperaturgyradientalong the stack betweenthe
cold heatexchangeflocatedatx = — Hg) andthe hot
heatexchangel(locatedatz = 0) exceedssomecritical
value,thefluid startsto oscillateat about150H 2.

Numerousexperimentalinvestigationsof the tran-
sientregime have beenmade with variousstacklength
andstackheating.In particular we have foundthatthe
onsetof thethermoacoustimstability couldgiveriseto
whatwe calledthe doublethresholdeffect [3]. During
this transientoperation,the initial exponentialgronth
of oscillations(first threshold)is followed by a quasi-
stabilization(with wave amplitudeslowly growing in
time), which beforethefinal stabilizationis followedby
anotherexponentialgrowth (secondthreshold). Here,
we presentotherinterestingresults,obtainedwith a 5
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Figure2: Rmsamplitudeof acoustigpressure/ersus
time, whenthe powerincrementAQ above the
thresholdvalue )y of input poweris gradually
increasedThefour obtainedransientregimes

(a),(b),(c),(d)xorrespondo AQ = 4W, AQ = 8W,

AQ = 15W, AQ = 27TW, respectiely

centimeterdong stackand with a hot heatexchanger
consistingof anappropriatelycoiledstringof Nichrome
(i.e. anelectricalheatresistance)nserteddirectlyin the
resonatomt positionz = 0 andconnectedo the powver
supply For eachmeasurementhe input power Q) is
initially setjust belaw its critical value corresponding
to the onsetof the thermoacoustiinstability A small
AQ incrementon () is then suficient for the acous-
tic wave to be generatedn the waveguide. In fig. 2,
various transientregimes are presentedas a function
of AQ. Several interestingprocessesre obserable.
Firstly, theresultsshav the possibility for the device to
turn on andoff spontaneouslgndperiodically andthe
switch on-off periodis graduallydecreasingvhenthe
AQ incrementis increasing(Fig. 2 (a),(b),(c)). Then,
whenAQ exceed27W, the amplitudeof the acoustic
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wavefinally stabilizego afinite value(Fig. 2 (d)). Note
alsothe presencef an overshootof the acousticwave
amplitudebeforeits final stabilization(Fig. 2 (d)).

For all the above mentionedexperiments,the tem-
peraturedistribution have beenmeasuredisingtype K
thermocoupleplacedalongthe stack,andthe obtained
results(not presentechere)shav significanttransient
changesn temperaturalistribution. Consequentlythe
nonlinearprocesseifluencingthe temperaturedistri-
bution in the transientregime must be taken into ac-
countin themodel.

Numerical approach

The device is divided into threeparts,i.e. the stack
(—Hs < z < 0), theinhomogeneousyeatedpart of
theresonato0 < x < Hy ), andthecold partat con-
stanttemperaturél-. Theintenal —Hg < x < Hy
is calledthe thermoacousticore. It is madeof three
compoundsgi.e. the stack,the tubewalls andthefluid)
with associatedhermophysicaproperties(i.e. ceram-
ics, stainlesssteel,andair at atmospherigressurere-
spectvely). It is assumedhatthethermalcouplingbe-
tweenthosedifferentelementds so strongthat, at ary
positionz alongthe thermoacousticore,the tempera-
turesTyir (), Teeramics () andTsiainiess () areequal.
With this assumption,a simplified monodimensional
heattransferequationcanbewrittenin eachpartof the
thermoacousticoreasfollows:

Vx € [-Hg,0],0,T (z,t) + V_ (t)a T (z,t)

(D +06D_(t)) 82, (z,1) + =2t
@)
Vx € [O,HW], 8tT+(.’E,t) + V+(t)8xT+(a;,t) =
D02, T (w,t) + T2
)

In Egs. (1) and (2), the coeficients D_ and D
(with subscripts— and + standingfor the stackre-
gionandthe [0, Hyy | regionrespectiely) aretheglobal
thermaldiffusivities of thesimplifiedmonodimensional
model. They are estimatedrom thermophysicaprop-
ertiesand cross-sectionatlimensionsof eachcompo-
nent (i.e. stack, tube walls, and fluid). The coefi-
cientsty. are phenomenologicgbarametersvhich ac-
countfor exchange®f thedevice with surroundingsin
fact,thetransientheattransferequationis herecoupled
to the acousticproblemvia the acousticallyinduced
thermaldiffusivity dD_(¢) andthe forced convection
Vi(t)0,T_(z,t) dueto the excitation of a unidirec-
tional acousticstreamingof velocity V. (¢). Thetime
dependancén fact, acousticpressure-dependee) for
streamingvelocity and thermaldiffusivity will be de-
scribedlater



Then, the transientevolution of acousticpressure
for a giventemperaturalistribution mustbe evaluated.
This requiresto solve the well-knowvn classicallin-
eardifferentialequationof thermoacoustice thether
moacousticcore. It hasbeendemonstratedn an ear
lier paperdealingwith standing-vave prime-maers[5]
that transformatiorof this equationinto an equivalent
Volterraintegral equationof thesecondkind leadsto an
exactsolutionin theform of aninfinit iteratve sequence
of integral operators.Here, we take advantageof this
result,takinginto accounthe specificbooundarycondi-
tionslinked to the annulargeometryof the presente-
vice. Analytical expressiongor thethresholdcondition
and for the correspondingpscillation frequeng f are
provided, and approximatesolutionsare calculatedby
truncatingthe exact solutionto a sufiicient order The
structureof the acousticfield canalsobe calculatedn
thewholedevice for anarbitrarytemperaturdield with-
out ary restrictionson the stacklength. This method,
which is not detailedhere(seerefs. [6], [7]), nhotably
introducesathermoacoustiamplificationcoeficientto
modelthe amplification/attenuatioof the wave in the
thermoacousticore. Finally, whentrying to solve the
transientegime of prime-maer operationtheacoustic
problemreducego:

OtPrms (t) = a{T:I: (.’E, t) }prms (t)a 3)

wherep,.,,s(t) is theroot-mean-squaramplitudeof the
acousticpressureat positionz = 0 (for instance).In
Eqg. (3), thethermoacoustiamplificationcoeficient «
dependson the temperatureistribution in the whole
thermoacousticore. Thesignof a determinesvhether
the acousticwave is attenuateda < 0) or amplified
(« > 0) while & = 0 correspondso thethresholdcon-
dition or to the stationnaryregime.

To modelthe influenceof the acousticfield on the
temperaturdield in Egs. (1)-(2), simple expressions
for V. anddD_ areintroduced:

0 Vy (t) + Vi‘Et) = f__“//p%ms (t) (5)

So, the velocity of acousticstreamingandthe acousti-
cally induceddiffusivity aresimply assumedo depend
on the squareof acousticpressurewith accountof a
time delayry of streamingestablishmentThe parame-
tersI'y, I'p andry areestimatedrom experimentg8],
theory[4], andnumericalcalculationd9].

In orderto describethe transientregime completely
thefollowing boundaryconditionsareintroduced:

T*(_Hsat) :T*(_Hsao)a (6)
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T+(HW7t) = T+(HW70)7 (7)
T_ (Ovt) = T—I—(Oat)a (8)

K (H)0,T_(0,1) — k40, T4(0,8) = B(t).  (9)

In Eq. 9, ®(¢) is theinput power flux atz = 0 while

k_(t) and k. standfor thermalconductvities in the

stackand [0, Hyy] regions, respectrely. Finally, the

transientregime is computedby solving Egs. (1),(2)

and(3) stepby stepfrom the onsetof thethermoacous-
tic instability to the saturationof the wave amplitude
(theheattransferequatiorbeingsolvedusinga Cranck-
Nicholsonfinite-differencemethod[10]).

Results and discussion

In thefollowing, preliminaryresultsof the calculated
transientregimesare presented.For all computations,
the input power Q(¢) is initially setto a fixedvaluein
orderthattheassociatetemperaturelistribution corre-
sponddgo thethresholdcondition. At timet = 0, aAQ
incrementon the input power is applied. In Fig. 3, the
acousticpressureamplitudeis plotted versustime, for
differentpower incrementA( abore the threshold.In
Fig. 4 and5, theinfluenceof theparameterfy, (charac-
terizingtheefficiengy of streamingexcitationby sound)
andof thetime delayry of streamingestablishmerdre
investigated.
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Figure3: Calculatedmsamplitudeof acoustic
pressureversugime in thetransientregimefor
differentpower incrementsA @ above thethreshold.
Otherparameteraresetto thefollowing values:
I'y =210 %ms ', v =25, Tp =710 "m2s~ L.

At presentjs seemsprematuraté¢o drav ary quan-
titative conclusionfrom the obsered results, but it
is interestingto notice that the model is able to re-
producequalitatively the experimentallyobsened pro-
cessegovershoot,periodic switch on-of, anddouble-
thresholdorocesses}-urthermoreasillustratedin Fig.
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Figure4. Calculatedmsamplitudeof acoustic
pressureversugtime in thetransientregime whenthe
parametei’y, is varying. Otherparametersresetto

thefollowing values:AQ = 3.3W, 1, = 2s,
I'p="710""m?s~1.
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Figure5: Calculatedmsamplitudeof acoustic
pressureversugtime in thetransientregime whenthe
parametery, is varying. Otherparameteraresetto
thefollowing values:AQ = 3.3W,
'y =2.10"8ms™ !, Tp = 7.10""m?s L.

5, the accountof a time delay of streamingestablish-

mentcould explain the double-thresholggphenomenon.

More preciselywe suspectheobsereddoublethresh-
old phenomenortto be a consequencef the streaming
inducedtransientevolution of the temperaturedistri-

bution, which proceedwith a differenttime scalethan
the characteristicime of wave amplification[7]. Work

is currently in progressin orderto relate the param-
eterscontrolling transientinteractionsbetweenacous-
tic andtemperaturdields in our simplified theoretical
model with the measurablgarameterof the experi-

mentalthermoacoustidevices.
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