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Experiments with an annular thermoacoustic engine employing quasiadiabatic interaction between
traveling acoustic waves and an inhomogeneously heated porous material indicate the presence of
a closed-loop mass flux. A qualitative modeling of the enthalpy flux in the thermoacoustic core
provides an opportunity to estimate the thermal convection associated with this mass flux, by using
temperature measurement at different positions in the system. The estimated acoustically induced
mass flux is in accordance with recent theoretical results2003 Acoustical Society of America.
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I. INTRODUCTION In the present paper, results of temperature measure-
ments at some characteristic positions in the quasiadiabatic
Thermoacoustic(TA) interaction, the interaction be- stack driving an annular acoustic resonator are presented,
tween acoustic waves and temperature oscillations, is a pheéoth above and below the threshold for TA instability. It is
nomenon developed in acoustic boundary layers near rigidemonstrated that, similarly to the case of a TA engine with
walls! The TA interaction occurring in acoustic resonatorsa quasi-isothermal staéla closed-loop circulation of the gas
subjected to inhomogeneous heating may become unstahike excited in a quasiadiabatic stack. A simple theoretical
and leads to the generation of acoustic oscillatboiiis ~ model provides an estimate of the acoustically induced mass
effect is enhanced by using the interaction between an inhdlux. This value matches results from recently developed
mogeneously heated stack of solid plates placed in the restheory? Theoretical estimatich of closed-loop acoustic
nator and the gas oscillations for the transformation of therstreaming in annular TA devices can be very helpful, for
mal energy into mechanical energy. The idea of a travelinggxample, to choose an appropriate working fluid that mini-
wave annular TA engine was put forward more than 20 year§nizes acoustically induced mass flux.
ago? However, the first quasiadiabatic annular TA engine  The annular TA engine under study is described in Sec.
was built only a few years agbRecently, a closed-loop TA |l and observations of some of acoustical and thermal phe-
engine which employed quasi-isothermal sound propagatioRomena are presented. An experimental method to determine
through the StacKStir”ng Cyc|e through the regenera}or the acoustically induced mass flux from temperature mea-
was reporteé. This experimerﬂ demonstrated that circula- surements is presented in Sec. Ill. Measured values of this
tion of the gas is induced by the trave”ng wave in a TAMmass flux are Compared to the available theoretical
St"'“ng engine_ More recenﬂy, the presence of C|osed-|oo§$timatioﬁ and its improvement in Sec. IV before conclud-
induced acoustic streaming has been reported in an annulBld in Sec. V. Improvements of theoretical results presented
Stirling cooler driven by a TA regeneratdalso called the In Ref. 9 are exposed in the Appendix.
prime-mover stack in comparison with the cooler sjack
This closed-loop mass flux contributes to the enthalpy trans-
port in annular devices, and should be suppressed in order tb EXPERIMENTAL SETUP: DESCRIPTION AND
increase the efficiency of a TA engifié.The experiments OBSERVATIONS
with externally induced mass flugof nonacoustical natuye

through TA stack have been also repotédacoustically  ¢onieq in Fig. (). This resonator, which consists of a torus-

induced mass flux has been theoretically predicted in annulasrhaped waveguide made of stainless-stats| 316L) cylin-
Stirling enginé® However, neither measurements nor eSti'dricaI pipes, is composed of two straight pigEsigth 0.6 )
mates of the acoustically induced streaming mass flux havg, 4 two curved pipe¢curvature radius 0.14 MAIl pipes
been. re_porte_d in an.annular acoustic resonator driven by guve circular cross sectiginner radiusr;=26.5 mm, outer
quasiadiabatic TA prime mover. radiusr,=30.1 mm, and wall thickness 3.6 mmand the
total axial length of the waveguide is=2.24 m. This wave-
dElectronic mail: stephane.job@univ-lemans.fr guide is filled with air at ambient temperatufg=293 K

The annular TA engine used in our experiments is pre-
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(a) Annular thermoacoustic prime-mover axis. The stack is used to increase locally the volume of
Water Electrical Water boundary layer in the fluid. Considering that the thermal
cooling @c  heating Qg cooling Qc boundary layer §,.= J2«/w;=0.21 mm is more than four
0 times smaller than the characteristic transversal width
TA interaction employs a quasiadiabatic regitfhe(x
=2.1 10 ° m%s is the thermal diffusivity in air at ambient
C z=-Hs 2=0 ¢ = Hw ) condition, andw,=27f, is the angular frequengy
Atemperature difference is imposed between stack ends:
its left side k=—Hg) is maintained at cold temperature
Tc=T, and its right side X=0) is maintained at hot tem-
peratureTy>Tc. The origin of axial coordinat& is chosen
(b) Thermoacoustic core to be the position of hot temperatufg,, and the axial co-
ordinate is directed clockwise in Fig(a). Spatial extent of
T(—Hs/2) T(2Hw /3) the inhomogeneously heated part of the waveguide X0
To Tu | Te <H, whereH,,=~0.38 m is controlled by imposing the
Ty — ! — ! cold temperaturf ¢ at the positiorx=H,y. The inhomoge-
L: — /':f\ - J - neously heated region Hs<x<H,y, presented in Fig.(b),
> ¢ - & '~ — is called the TA core. The heated region of the stack is de-
- : : noted by the subscri@, and the heated region of the wave-
v = —Hg 220 c=Hy =z guide by the subscripiv.
Temperatures at cold positiong= —Hg and x=H\y)
FIG. 1 (a) S(_:hgmatig view of th@T annular TA engine£2.24 m apd the are imposed by using two cold heat reservcﬁa’artscold tem-
two piezoresistive microphondsic. 1 and mic. 2 (b) Enlarged view of . .
the TA core (Hg<x<Hyy, He=0.15 m andH,~0.38 m with the ce- peratureTc), which consist (_)f two water-cooled copper
ramic stack (- Hs<x<0) and five of the six temperature probes. Tempera- Shells set around the waveguide. Two cold heat exchangers
ture distribution is schematically represented in dashed line. made of copper wire gridéwire approximately 0.2 mm in
diameter and approximately 1 mm sparatk placed in con-

and atmospheric pressuRy=10° Pa. In the following, am- tact with cold reservoirs perpendicularly to the waveguide
bient condition is related to temperatufg and pressur®,.  axis. One of the heat exchangers=(—Hyg) is in contact

Under specific conditiorts*° presented below in more With the stack. Copper grids, ensuring a uniform radial tem-
detail, the TA interaction leads to the development of anperature distribution in the cross section of the pipe, are de-
instability, called the TA instability: an acoustic field can be signed to achieve approximately the same characteristic
generated and sustained in the waveguide. Due to the annulg@nsversal width as in the stack.
geometry of the waveguide, the axial wave number of acous- A hot heat reservoir(temperatureT,; at position x
tic oscillations is attempted to be close to axial resonance=0), consisting of eight electrical cartridg€s25 W each
conditionsk,=2n/L, wheren is a strictly positive integer. soldered in a stainless-steel block, is placed in contact with
Moreover, if the wave number is lower than the wave num-external surface of the waveguide. The electrical po@gr
ber of the first transversal modé = 1.84f;), only plane supplied to the hot heat reservoir is extracted by measuring
wave propagates in the cylindrical pipe. Considering dimenelectrical voltage and current supplied to the cartridges. A
sions of the experimental setup, one can estimate that tH&ot heat exchanger is placed in contact with the stack, in
first 24 (k,<ko leads ton=24) axial resonance modes front of the hot heat reservoir, and firmly in contact with
propagate in plane wave. Experimentally, the measured frgnternal surface of the waveguide. The hot heat exchanger is
quency of acoustic oscillations is equal tg=152 Hz: it an appropriately coiled stainless-steel ribl@rdth 2.5 cm
corresponds to the first resonance mokle=2wf,/ac  and thickness 1Qum). The distance between two adjacent
=2q7/L of the annular pipe, wherac=340 m/s is the air walls in the hot heat exchanger, chosen to be close to the
sound velocity at cold temperature, and acoustic oscillationsharacteristic transversal width in the stack, is approximately
propagate in plane wave at this frequency. 1 mm.

Above the onset of the TA instability, the presence of ~ When an axial distribution of the mean temperattige
acoustic oscillations also induces a mass flux which results<T,,(x)<Ty of the fluid is imposed in the TA core{(Hg
from various nonlinear processk$®~'This acoustically in- <x<H,y), the TA interaction can be seen from a simplified
duced mass flux produces a closed-loop circulation of the ggsoint of view as the conversion of a part of the supplied heat
around the annular waveguide that carries the enthalpy bin mechanical energy of acoustic oscillatidisThe TA in-
forced thermal convection. teraction mainly occurs in the stack. This interaction leads to

The TA interaction occurs near rigid walls inside acous-the amplification of an acoustic wave traveling through the
tic boundary layerd® A ceramic porous materidlengthHg  stack in the direction of positive temperature gradient®
=0.15 m, made ofCordierite and usually used in catalytic When the ratiol'y /T of hot to cold temperature reaches the
exhaust pipe, is placed in the waveguide. This ceramicthreshold value Ty /T¢)in=1.9, the TA amplification in the
called the stack, contains a multitude of square cross-secticstack compensates acoustic dissipation in the waveguide and
channels(characteristic transversal widibg=0.9 mm, ap- the system becomes unstable. Any initial acoustical pertur-
proximate wall thickness 0.1 mnparallel to the waveguide bation(noise for exampleis first amplified at resonance fre-
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guency and then sustained in the waveguide. The thresholi 2 |
condition is achieved by applying an electrical load@f, 1
=130 W. |
Considering that acoustic oscillations propagate in plane—~ !
waves, the acoustic field can be expressed in the forrréfl- :
- i

|

|

1

« threshold ' (a)

4

p(x,t)=Rgp(x)e '“1!], where

P(X)=[p" (xg)e" WX+ B~ (xg)e Mwix 0] (1)

is the acoustic pressure in frequency domain. The acoustic 0 . . L

. . T 100 200 300
wave numbek,y,, which takes into account dissipative and 0, (Watts)
dispersive effects in the cold part of the waveguide, is de-
fined as 0.5

kw=kc[ 1+ (1+i)c(8,/r)]. (2)

threshold — | o ' (b)
)

|
In Eq. (2), ke=w,/ac is the acoustic wave number at !
cold temperature in absence of sound interaction with walls,0.4r |
8,=\2vlw;=0.17 mm is the viscous boundary layer,
=15 10°°> m%s is the kinematic viscosity in air at ambient
condition, c¢=(1/2)[1+(y—1)/{o]=0.74 is the Kir- —& o(p /p") /m
schoff’s constant;'? y=1.4 is the polytropic coefficient, and 0.3 . ' '
. : 0 100 200 300
o=v/k=0.71 is the Prandtl number of air. 0. (Watts)
Two piezoresistive PCB microphones placed xgt; "
=0.95 m andx,,,=1.53 m allow the measurement of the FIG. 2. (a) Measured amplitudes of clockwisp {) and anticlockwise}§~)
acoustic field. Each microphone has been calibrated in phageves, plotted versus heat log}; . (b) Modulus and phase of the ratio
and in amplitude by comparison with a reference B&K mi- R(—Hg)=p /p* plotted versus heat loa@,, . Instability onset occurs at
crophone. By measuring acoustic pressure at two separatégél‘:130 w
positionsx=X; andx=X.,, one can extract frequency of
acoustic oscillations and both contrapropagating wave comfhe six thermocouples used are provided from the same
plex amplitudesp™(x,) andp~(xg) anywhere in the cold manufacturing series and are certified by the manufacturer. It
part of the waveguidexg<—Hg or xo>H,y). Clockwise has been checked that all thermocouples give the same mea-
and anticlockwise traveling waves amplitudges (—Hg) surement(within an error of less than 1 Kof the ambient
=p" are then extracted as a function of heat suppligd temperatureT,. As a consequence, absolute temperature
As shown in Fig. 2a), the acoustic pressure amplitude in- measurement may be considered within an error of the order
creases when heat lo&g, is increased above the TA insta- of 1 K. Despite this accuracy, the relative error in absolute
bility threshold condition. It is estimated that the amplitudetemperature measurements is overestimatedt360. In the
of the clockwise-traveling wavip *| exceeds the amplitude whole range of experiments, this relative error corresponds at
of the wave traveling in the opposite directign | by more least to+15 K (at ambient temperaturg,) and at the most
than a factor of 2, as shown in Fig(l2. However, the am- to +30 K (at the highest measured temperaturghich is
plitude of the anticlockwise traveling wave is not completely much greater than the usual accuracy of type-K prdless
negligible. This can be explained by the fact that though onlythan 1 K. This overestimation of the error in temperature
the clockwise-traveling wave is amplified in the heatedmeasurement is introduced to take into account the lack of
stack>219a significant part of this wave is reflected in the other sources of errors. For example, it is assumed in the
system. Relative phase(p /p*)=¢(p )—¢(p*) mea- following that the temperature does not depend on radial
surements, also presented in Fi¢h)2 confirm that the inter- coordinate, although it may vary in the cross section of the
action between contrapropagating waves in the annular TAvaveguide. In fact, this variation is less than or equal to 3
resonator is not trivial: the acoustic field generated in thek,'® i.e., less than the considered relative error+8% in
system is neither a standing wave nor a purely travelingemperature measurement.
wave acoustic field:> Results of temperature measurements are presented in
Temperature measurements are obtained by using siig. 3, below and above the onset of TA instability. As shown
thermocoupleg1 mm in diameter type-K probgsFive of  in Fig. 3@, where absolute temperature measurements are
them are set in the TA corexé —Hg, —Hg/2, 0, 2H\\/3,  plotted as functions of the heat lo&,, it is first checked
Hy) on the axis of the waveguide as shown in Figp)1The  that cold temperatur€: (measured outside the TA corand
two cold thermocouplesx= —Hg,Hy,) are placed in con- cold exchangers temperaturés,(—Hs) and T.,(Hy) (not
tact with the two cold heat exchangers outside the TA coreshown in Fig. 3 remain constant and equal to ambient tem-
The hot temperature thermocouple<0) measures the tem- peratureT, in the whole range of experiments. It is then
perature at the center of the hot heat exchanger. The sixtioted that below the threshold condition, hot temperature
temperature probénot shown in Fig. 1 controls that the T, , temperature measuredat —HgJ/2 (in the stack, and
temperature far outside the TA cofi@ the cold part of the temperature measuredyat 2H,,/3 (in the heated part of the
waveguide remains constan(.e., at cold temperaturéc). waveguide increase wherQy increases. At the threshold

o= |p /p"|
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lll. MASS FLUX MEASUREMENT

o T, e threshold T (a)

600 I In order to measure the mass flux, the following quali-
gsoo tative model of the axial temperature distribution in the TA
— core is proposed. The aim of this model is to provide an
% 400 estimation of the order of magnitude of the acoustically in-
E duced mass flux. It is not intended to ensure accurate quan-

300F : titative measurements. In the frame of this approach, simpli-

200 L fying assumptions have been used. The temperature

° 100 Q (Watztoso) 300 distribution inside the cylindrical tube is assumed to be in-
H dependent of the radial coordinate. This assumption has been

confirmed experimentallj by using additional thermo-
couples(thinner and more sensitive than actual temperature
probes in the radial direction of the stack. The temperature
variation in the cross section is less than or equal to 8 K.
Neglecting radial contributions, the enthalpy flux can be
written in the form

J=—Ad, T+ CpMT,,, (4)

. . s where d,=d/dx denotes the partiak derivative, Cp=10°

0 100 o (Watis) 300 Jl(kg K) the specific heat of ailyl the mass fluxexpressed

H in kg/s) averaged over the cross section of the waveguide,
FIG. 3. (a) Absolute measured temperatures above and below the thresholdnd A a constant. The second term in the right-hand side
condition for TA instability onset plotted vs heat lo&, . (b) Normalized (r.h.s) of Eq. (4) takes into account the forced thermal con-
Fempera“{ref(x):[ﬁ(tx)‘Tc]’t[TH_Tc] Ca'cu'a:d fro’;‘;”tse(a)- '”Id vection due to the mass flX. The first term in the r.h.s. of
lemperature measurementar outsce e TA cos In inset (@ and (,  EC (4) describes the thermal conduction, so the consant
squares are temperatures measured inside the stack Hg/2) and tri-  can be considered as an area scaled effective thermal con-
angles are temperatures measured inside the heated part of the wavegu@activity
(x=2H/3). Error bounds in temperature measurements are not shown.

A=ksemr(r5—1?) + kot + koo 1= ) ar?, 5

- > « threshold i (b)
—8— X= HS/2

D x=2HW/3

condition, acoustical phenomertae., acoustic waves and Whereksi=16 Wim K) at T=373 K andks=25 Wim K)
acoustically induced mass flware generated: the thermal gtT2973 K (intermediate values are obtained using a linear
behavior of the system is modified. Above the threshold/it): Kair=0.025 WI(m K), andkee=1 Wi(m K) are, respec-
temperaturd’,; remains approximately constant wher€gs tively, the thermal conductivities of steel, air, and ceramic. In
increases, and an evolution of the temperature profile in thi1e frame of our qualitative approad@p, ke, andkce are

TA core is observed. This demonstrates that there is a sigtSSumed to be temperature-independent constants. The po-
nificant influence of streaming on temperature distribution©Sity (the volume of fluid divided by the total volume of the

the thermal forced convection led by the acoustically in-Stack region is taken equal top=0.8 in the region—Hs

duced mass flux transports cold air from the cold part of the~*<0 and to$¢=1 in the region E-x<Hyy.
waveguide through the TA core. The heat transfer from the external surface of the wave-

guide to the surroundings is modeled by using the Newton’s

Temperature profile evolution in the TA core is de- ey
law of cooling:

scribed in Fig. 80) by using a normalized temperature de-
fined in the form 3 J+h(Tp—Tc)=0, (6)

O(X)=[Tm(X) = Tcl/[Tu—Tel. (3y Whereh is a phenomenological coefficient of heat transfer
(mainly due to natural convection and radiajiomhe first

The latter quantityf(x) is also used in the thermal model term of the left-hand sidél.h.s) of Eq. (6) describes the
presented in Sec. lll. The normalized temperatt(g) is  axial variation of the enthalpy flux caused by heat leakage to
evaluated at characteristic positions=—Hg2 and x  surroundings in radial directiofsecond term of I.h.5. Fi-
=2H/3 and plotted in Fig. ®) as a function of heat load nally, substituting Eq(4) into Eq. (6), an equation for the
Qu - The decreasing of the normalized temperatfipe) at  temperature distribution is obtained
x=—Hg42 and its increasing at=2H,,/3 indicate that a 2 _
mass flux carrying the enthalpy parallel to the waveguide Adix0=CpMy6=h =0, )
axis is induced above the threshold of the TA instability. where (x) is the normalized mean temperature of the fluid
Moreover, the direction of the bend indicates that the massdefined in Eq(3).
flux is directed toward the clockwise direction. The fact that In order to find a tractable analytical solution, coeffi-
the direction of the mass flux is the same as the direction ofients in Eq.(7) (which in fact all depend on temperature
the amplified traveling wave is in accordance with availableare approximated by their mean values, estimated at a char-
theoretical results for annular TA engines driven by quasiaacteristic temperaturé.,,= (Ty+ Tc)/2. In the frame of our
diabatic prime movet. qualitative thermal model, coefficients in E(/) are thus
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assumed to be independent of the local temperature and code not have significant influence on temperature distribution
sequently independent of the spatial coordinate. For an imand can be neglected in E@).

posed temperaturg,,, it is then straightforward to find the The following procedure is applied to evaluate the mass
solution (depending on positiox and on parameten and  flux M. First, phenomenological parametdrs and h,, are

M) of the linear differential equation Eq7) with constant ~measured. For this purpose, an absorbing partition is in-
coefficients. This solution satisfies the boundary conditionstalled in the cold part of the waveguide in order to prevent
6(x=0)=1, 6(x=—Hg,Hy) =0, both in the stack region the TAinstability. ThusM=0 and by mapping the solutions
(—Hg<x<0) and in the waveguide region {x<H,). Of EQ.(7), respectively, to the measured values of the tem-
Consequently, if coefficienta andh are known, mass fluxl ~ Perature ak=—Hg/2 andx=2Hy,/2, values of coefficients

can be extracted by mapping the solution to Ef.to tem- s andhy are found as a function of g, It appears that
perature measurements. both these coefficients weakly depend on the characteristic

It is important to keep in mind that in the frame of our temperature. Orders of magnitude of these coefficients are
one-dimensional thermal theory, the quantifyinvolved in ~ Ns™~1.4 WAm k) andhy,~0.3 W/Am K) at ambient tempera-

Eq. (7) is the acoustically induced mass flux averaged ovefure, and they vary no more than 10% in the whole range of

the cross section of the waveguide. However, the mass fluRY" experiments. Second, the absorbing partition is removed
i 4o allow the TA instability development. By mapping the

actually depends on the radial coordinate in the form o 4 : , ,

parabolic laminar flow:'5 M(r)=M(r=0)[1—(r/r,)2]. theoretical solution of Eq(7) to the experimental tempera-
ture measured at=2H,,/3 above the threshold, and by us-

ing previous measurementshaf, (as a function off o, i.€.,

as a function ofQy) the dependence of the mass flMxon

the supplied heaD can be extracted.

The mass fluM and the coefficientbg and hy, being
known, theoretical temperature distributions satisfying Eq.
(7) can be evaluated. Two examples of theoretical fit of the
o Ukial temperature distribution are given in Fig. 4, where
of the yvayegwdg is equal t (r=0)/2. ) circles represent measured values. Solid line and dashed line

It is interesting to analyze the order of magnitude of; Fig. 4 represent mapped solutions of Ed) to tempera-
involved thermal effects. First, the thermal conduction in thetures, respectively, measured above and below the threshold
steel wall of the pipefirst term in the r.h.s. of EqS)]is  congition for TA instability. The bending of the temperature
approximately 100 times greater than thermal conduction i e ahove threshold condition indicates the presence of the

air or in ceramic stacksecond and third terms in the r.h.s. of a5 flux carrying enthalpy parallel to the waveguide axis in
Eqg. (5]. Second, in the whole range of our experiments, ity ¢jockwise direction.

has been checked that thermal conducfitirst term in the Finally, the use of mass flux measurements as function

L.h.s. of Eq.(7)] and heat leakfthird term in the Lh.s. of Eq.  of Q,, and the use of acoustic wave amplitude measurements
(7)] are of the same order of magnitude. Third, above theys functions of),, (see Fig. 2, provide the dependence bF
threshold conditionwhen a mass flux is generajedt has  as a function ofp ™|, for example. The acoustically induced
been checked that the forced convectisecond term in the mass flux per unit areM/(vrriz) (mass fluxM normalized to
L.h.s. of Eq.(7)] is at least twice greateffor the minimum  the cross-section arear? of the pipé is plotted as a func-
value of the mass flux measured near the threshold condiion of [p*|? in Fig. 5, where circles are measured values.
tion) and at the most ten times greaiéor the maximum  Error bounds in Fig. 5 correspond to minimal and maximal
measured mass flisthan both other contributionidirst or  values of the mass flux obtained from the latter mapping
third terms in the L.h.s. of E(7)]. Thereby, forced thermal process, when the:5% relative error is applied to measured
convection due to the mass fllM is the dominant effect values of all temperatures.
described in Eq(7).

Although the mass flux depends on the radial coordinate
(in the form of a parabolic laminar flowthe enthalpy flux V- MASS FLUX THEORETICAL PREDICTION
carried by the forced thermal convection is only directed In a previous papéet,a theory was proposed to predict
toward the axial coordinate. Similarly, because of the highhe acoustically induced mass flux in an annular TA engine.
thermal conductivity of steel, and because temperature grarhe purpose of this paper was to find the dominant physical
dients are only imposed in the axial direction, radial tem-pehavior of the acoustically induced mass flux. First, the
perature gradients in the wall of the pipe are weak. Enthalpgtack was assumed to be acoustically e dimensionless
flux carried by thermal conduction in steel is negligible in parametepu=kcHs<1 was supposed to be smalSecond,
the radial direction compared to its contribution in the axialthe porosity was set equal to ofié=1). From an experi-
direction. Moreover, thermal conduction in air and in ce-mental point of view, these assumptions appear too con-
ramic is negligible both in the axial and in the radial direc- straining (experimentally;u=0.42 and¢==0.8). In order to
tion compared to axial thermal conduction in steel and thertake into account these experimental constraints, an improve-
mal forced convection in the gas. Finally, except for heatment of the previous theotyis proposed in the Appendix.
leaks from external surface of the waveguide to the surfFurthermore, another improvement should be considered
roundings[Eq. (6)], thermal contributions in radial direction concerning the contribution of the anticlockwise traveling

Assuming the expected velocity of the streaniiigyof the
order of magnitude of ~10 2 m/s and using the thermal
diffusivity of air (k=2.1 10 ° m%s), the characteristic dis-
tance of thermocouple sensitivity is of the order«dbh ~2
mm<r;. Temperature measurementsrat0 thus provide
the local measuremem (r =0) of the mass flux, and the
correct value of the mass flux averaged over the cross secti
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FIG. 4. Two examples of axial temperature distributitf) in the TAcore, g1 5. Acoustically induced mass flux normalized to the cross section of
below (dashed lineQ,=45 W) and above(solid line Q=323 W) the 5 \yaveguidem/(7r?) plotted versus square of the clockwise traveling
threshold condition (ch=_130 W). Curve; are calculated using solut_lon of \vave measured amplitud@*|2. Circles with error bounds are estimated

Eq. (7), where constank is known, coefficient$is andhyy are determined 3¢5 from temperature measurements. Lines are the theoretical estimations
from temperature measurements below the ongespectively, atx  given in Sec. IV. The dashed line is the lowest approximatity of the
=—Hg2 andx=2H/3 whenM=0), and the mass fluM is extracted  mass flux induced by the clockwise acoustic wave. The solid line corre-

below the onset from temperature_measuremenMHWIS. Circles are sponds to the improved approximatidh, of the acoustically induced mass
measured values, error bounds being not shown. flux.

wave. Although the measured ratio of contrapropagating

0 (B—1)12]
waves|R|=|p~/p*|=0.47 is not negligible, the influence of ,_[_ 2 |(872¢)(Ds LHSdX-I{N *) (11)
the anticlockwise wave was not analyzed in the model de- 2.37 GPca?: 5, ngSdXTﬁ+ 1(x)

scribed in Ref. 9.
In accordance with the thedhand the Appendix, terms Theoretical estimates of mass fluxd, and M, are
proportional to the thicknesa<1 of the stack are first ne- plotted as functions ofp*|?> and compared to measured
glected(porosity ¢=0.8 is taken into accountThe theoret-  value in Fig. 5. Orders of magnitude of experimental and
ical expression for the acoustically induced mass flux petheoretical estimates are in a satisfactory agreement, the most

unit area can be derived in the form of E&14) important finding being that the acoustically induced mass
s flux dependence on acoustic wave amplit{igé|, which is
Mo=A[p"|% 8 close to quadratic, has been experimentally demonstrated.

2/¢) (c+df2) (%

2.37, 127Tpcag S,

. . . The lowest approximatioM of the theoretical acoustically
From Eq.(8), the prgd|cted mass ﬂLM,O is proportional induced mass flux appears to be insufficient to fit experimen-
to the square of acoustic pressure amplitude, where the Pros; 4ata |n contrast, the improved theoretical predictibp
portionality coefficienta is given by obtained by considering correction terms proportional to the
thickness of the stack is in a better agreement with experi-
L E) mental data. Nevertheless, the influence of the anticlockwise
Hg/ \B—1 wave has been neglected: this can explain why the predicted
e mass fluxM, is still slightly lower than the experimental
[(Tu/Te) P~ P2-1] (9  finding at high acoustic pressure amplitude.
Hg O, dxTEi(x) Thus, it can be concluded that the qualitative thermal
S model presented in this paper provides a reasonable explana-
The density of air at cold temperaturegig=1.2 kg/n?. ~ tion for the experimental observations. It should be men-
The phenomenological paramet@s=0.73" takes into ac- tioned that in the region between the heat exchangers there
count that kinematic viscosity and thermal diffusivity of air /SO exists additional acoustic streaming that does not con-
depend on temperaturerx kT2 Y(x). The coefficientd tppute to the cross-sectional average mass flu?< b_ut may par-
= (L) [2/(1+ B)/(1+ o) — (y—1)]=0.28 is the Kram- ficipate in the heat transpdtOur experimental findings and
er's constant:12 their interpretation demonstrate that in the system under con-
An improvement of the theory is achieved by consider-Sideration this additional acoustic streaming contribution to
heat transfer between the heat exchangers is not significant.

ing correction terms proportional to the thickngssf the

stack. The mass flux is obtained in the form of EA17) This correlates with our theoretical estimates based on the
theory of the Rayleigh-type streamify® It is predicted

M,=(A+A"[p"|? (10 that, even though in our experiments the characteristic veloc-
ity of this streaming is of the order df/l/(ﬂ'l’iz)/pc, the

where the additional coefficient’ is: enthalpy flux carried by this streaming is nevertheless at least
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two orders of magnitude weaker than the one carried by the For a stack composed of square chanriglansversal
annular streaming. There are two reasons for this. First, thevidth D), the volume of the boundary layers in the quasia-
Rayleigh-type streaming velocity near the walls of the tubediabatic regime is approximately twice compared to a stack
and near the axis of the waveguide are in opposite direction®f parallel plates, and the hydrodynamic resistance is 2.37
The enthalpy flux is significantly canceled in the cross secgreater’ The mass flux per unit area induced in a stack of
tion and M=0. Second, the measured radial temperaturesquare channels is then
gradient$® are estimated to be small in our experiments.

quuare:(2/2-37)Mplates- (A3)

V. CONCLUSION It is now necessary to find the axial dependence of the
The acoustically induced mass flux in the annular ther-2COUStiC fieldﬁ(x).. In the qu_asilaodlingatic regime, the acous-
moacoustic engine using quasiadiabatic stack, found to be if{¢ Wave propagation equatioh’**%is
the range of 0.01 kgih? s) to 0.05 kg{m? s), matches recent
theoretical resulfsand their improvements. This needs to be
included in modeling annular thermoacoustic engines and
should be taken into account in the optimization of thermoa-
coustic devices.

P2 P+[1—(U2(B+1)(2c+d)f, ] TN 0 Tndxp
+K2T N1+ 2¢f,)p=0+0(|f,)), (A4)

where ¢ and d are, respectively, the Kirchhoff's and the
Kramer’s constants!? The acoustic field in the stack region
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I TP = —kep+o(]f,]°). (A5)

Equation(A5) is then integrated over, leading to

APPENDIX: IMPROVED THEORY OF ACOUSTIC Tn(X) 3xp(X) = Ty(Xo) dxP(Xo)

STREAMING IN ANNULAR THERMOACOUSTIC «

ENGINES —kéf dx;p(x1)+0(]f,|9, (AB)
X0

According to recent theoretical resdltdevoted to the
study of an annular TA engine driven by a stack composed o&nd, once again, EGA6) is integrated ovek, giving
parallel plates, the acoustically induced mass flux is ex-
pressed in terms of a density of streaming source divided by ~ _ X
a hydrodynamic resistance. Dominant contributions of both ~ P(X)=P(Xo) + dxP(Xo) fx dx,
these quantities are due to the stack. For a stack composed of 0
parallel plates spaced by the distarigeg, the acoustically ) fx

induced mass flux per unit area is given by
0 , (©
M:[ j,H dxs(x) [(Z/DS) LH dxvm(X) Choosingxy=—Hg, the temperatur@(X,) reduces to
S S . . .

(B+1) ) ) S _ Tn(—Hg)=1. Each integration over Hg<x<0 introduces
where vy (x) = Ty *(x) is the kinematic viscosity at tem- g correction of the order qf. The first integral in the r.h.s. of
peratureTy(x). The denominator represents the hydrody-gq. (A6) introduces a correction of the ordgr; while the
namic resistance. The density of streaming sows(0g is  first term of the r.h.s. is of the order pf°. Equation(A7) is
found by substituting Eq(20) in Eq. (17) of Ref. 9. Inthe  an integral formulation of the differential E¢A4). The first
quasiadiabatic regimef,=(1+i)[6,/Ds] and Ds>6,.  term of the r.h.s. of Eq(A7) corresponds to the order of
Considering terms proportional tb,|, the density of stream-  magnitude®, the second one tg, and the last one tp.2.

Tn(Xo)
Tn(X1)

Xm X1 ~ 0
c f dxp(x2)+o(|f,[%). (A7)
xo Tn(X1) /%o

. (A1)

ing source is given by By substitutingp(x) in the r.h.s. withp(x,), Eq. (A7) be-
1 comes a solution of EqA4), approximated at the ordes?.
s(x)= 6—2R€[Tﬁlf9xTN|f9xﬁ|2+ 92, pop* Substituting Eq(A4) in Eq. (A2) leads to
@ Pm
TRy Bap* (-3 1+o(lf),  (A2) S(X) = ——RE (1/2)(+1)(2c+d),d,Ty| 5B|?
where Ty=T,,/T¢c is a normalized temperature ang, @ pc
«1/Ty is the density of the fluid. The quantity,T(* 1) —kg(2¢f,+3f3)pap*1+o(|f,]). (A8)
depends on the temperature and consequently on the position
x. The dependence @f(x), Tn(X), pm(X), andf (x) onxis Using the quantityR=p~ (—Hg)/p*"(—Hg) and using
taken into account but has been omitted in E&R) to sim-  the lowest order of magnitude of Egd), (A6), and (A7),
plify the expression. one can check that
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k&pa,p*
PRNENE

KeTy| My=(A+A")[p]% (A17)
(A9)

1+R
1-R

where the coefficienf\’ is given in Eq.(11). Subscript 1

indicates that Eq(A17) corresponds to the improved theory.
Concerning the contribution of the anticlockwise wave,

it would be possible to obtain a better estimation of the

tion o:]the first one. ‘o . ) doraq, coustically induced mass flux. Although this improvement
The porosity¢<1 of the stack must now be considered. j5 4caple, it is beyond the scope of our qualitative ap-

First, the hydrodynamic resistance of the stack increases by g, i fact, taking into account the anticlockwise wave is
factor (1/¢). The mass flux per unit area in the wavegwdenot trivial because the experimental value of the ragb

region is then =0.47 is close to the value of parameters-0.42 and|f |
M(p<1l)=pM(p=1). (A10)  =0.37. This further improvement might introduce inaccurate

correction terms of the order of magnitude of neglected

terms|f,||R|~[f,[><|f,| in Mo and ulf |[RI~|f,]°<]f,]

fin M. More accurate expressions of the density of stream-

ing sources and of the acoustic field need to be considered at

Tan(X) aP(X) =i wpcv(x)+0(|f,]), (A11) least by taking into account for terms proportional| g|?,

is proportional to the particle velocity(x). Therefore, the respectively, in EqsiA2) and (A4).

porosity of the stack induces a jump of the acoustic pressure

gradient at the extremity of the stack, the acoustic field being
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&xTN‘NIMI
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