Acoustic streaming in annular thermoacoustic prime-movers
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The theory of acoustic streaming in an annular thermoacoustic prime-mover is developed. It is
predicted that above the threshold for traveling wave excitation the device consfdéried does

not contain any moving parts or externally imposed pressure gragmotiuces circulation of fluid.

The heat flux carried by this directional mass flow inside the thermoacoustic stack exceéds
comparable with the heat flux associated with the acoustically induced increase of thermal
diffusivity of the gas. The effects investigated are important for optimization of the performance of
thermoacoustic devices. @000 Acoustical Society of Amerid&0001-496600)00309-X]

PACS numbers: 43.25.NfiMFH]

INTRODUCTION much less understood in thermoacoustic theory. Even an
. : . i ._order-of-magnitude estimate of the relative importance of the
A thermoacoustic prime-mover is a gas-filled acoustic

. . . L two heat-transfer mechanisms described aliaee an esti-
resonator in which a system of solid plates is installed par- bioree,

o o m f the ratioVi T T)), for example is not avail-
allel to the resonator axis.e., so-called stagkand which is ate_o the _ath m/ (P v<T)), for exampl@ s not ava
subjected to a temperature gradient by external heé\tingable in the literature.

. The first experimental observations of the acoustic

When the external thermal action on the system exceeds S . . :
" o ; §tream|ng in a standing wave thermoacoustic device were
some critical value, gas oscillations start in the absence o

any other driversuch as a loudspeakér? Thermal energy reported in Ref. 12. A photograph of acoustic streaming in a

. . . I tanding-wave thermoacoustic prime-mover is presented in
is transformed into the energy of acoustic oscillations whos 9 P P

amplitude initially grows. Subsequent saturation of soun hef. 13. Iisecen;ly, th? |rrlp8rtan?9 of ?COUS“C jtreamn:gtlnd
wave amplitude growth is caused by one of a number oF € operation of a pulse-tube refrgerator was demonstrate

possible nonlinear mechanism5¢ Among these mecha- experimentally** It should be noted that in these experimen-

nisms is reverse influence of the acoustic waves on the tenfd! configurations= the total time-averaged mass flow
perature distribution along the stack. In accordance with LéNfough any cross section of the resonatand, conse-
Chatelier's principlé, the excitation of the acoustic waves du€ntly, through any cross section of thermoacoustic $tack
should induce processes which lead to a reduction of th& €dual to zero. As the net mass flow along the tube must be
externally imposed temperature gradient. One of these prd-€ro; then in each cross sectlo_n of the resgnator there exist
cesses is well understood. In the presence of a temperatuf@ward and downward streaming curreths? in general, _
gradient the acoustic oscillations will induce effective heatthis situation is expected to diminish the role of the acoustic
transport via interaction with temperature oscillatidns. Stréaming in the heat transport along the stack in comparison
Speaking generally, we can say that in an ideal gas a nonzekyth the devices where there exists a closed-loop path for
enthalpy flowp,Cp(yT) is induced (wherep,, denotes the steady stregming a_nd Wherg, as a consequence, a nonzero net
mean densityg, is the isobaric heat capacity, denotes the Mass flow is possible. A discussion of how a nonzero net
axial component of the oscillating particle velocity in the time-averaged mass flow can arise in Stirling and pulse-tube
acoustic wave () =0), andT is the oscillating component cryocoolers whenever a closed-loop path exists for steady
of the temperature field(T)=0), (... standing for time av- flow can be found in Ref. 15. Recent experimé?}tmnﬁrm
eraging over a period of the oscillatipnin the case of a the existence of these circuldclosed-loop streamings.
thermoacoustic prime-mover, this flow can cause smoothingloreover, it was demonstrat€dthat suppression of the

of the externally imposed temperature gradfeht.Another  streaming leads to a significant increase in the efficiency of
process which is expected to be induced by the oscillationthe device performance. This observation confirms the ex-
and which is expected to contribute to heat trans}p'erthe tremely important role of heat transfer by acoustic streaming
excitation of acoustic streamirt.A nonzero mass flovi in pulse-tube refrigerator@vith an existing closed loop for
=(pmuxmt{pvy)) is generated in the acoustic field as a con-hydrodynamic streaminglt also leads to the conclusith
sequence of various nonlinear proces$&s[here, v, de-  that in the traveling wave thermoacoustic devidesiere
notes the mean axial component of the particle velogiis, there exists a closed-loop path for a unidirectional acoustic
the oscillating component of the densit§pf=0)]. The role  wave, and, consequently, there is a closed-loop path for a
of the associated enthalpy flowMc,T=pnCplvym  NONzZero mass flo¥’ the role of the acoustic streaming could
+{pv)/pm)1Tm (where T, is the mean temperatyrés  be very important as well. Recently, a traveling wave ther-
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({(vy)=0) andy is the lateral coordinate in Fig.]lwhich do

4 not contribute to flow excitation in a plane wave
approximation®?°2!(»,=0), can be important in traveling
; wave devices.
HS”‘W In Sec. | we formulate all the basic assumptions which
are necessary to make the problem tractable without losing
important physical features of the phenomena. In Sec. Il a
general solution for the cross-sectional average mass flow in
J@V T an annular thermoacoustic device is obtained. Section Il is
devoted to a detailed analysis of the mass flow and the
acoustic streaming velocity in the case where the interaction
between the acoustic waves and the stack is quasiadiabatic.
In Sec. IV the limiting regime of the quasi-isothermal inter-
FIG. 1. Schematic presentation of an annular thermoacoustic prime-moveaction between the sound and the stack is evaluated. Section
and the gas temperature distributiﬁg(x) along its axis(x axis). Here,L V presents the resu'ts Of a Comparison Of the magnitude Of
denotes the total_ length of the annular resonatef(& L_),Hs is the !ength the streaming-induced enthalpy flow with the enthalpy flow
of thermoacoustic stacki, is the length of region with decreasing tem- . . " . .
perature (T, /dx<0), andDy is the width of the waveguide. The inses ~ @ssociated with the additional acoustically induced thermal
presents the structure of the stack with plate separation denoted byhe ~ conductivity of the gas. This is followed by conclusions.
inset (b) presents the coordinate axyswhich is used in the theoretical
analysis of the thermoacoustic phenomena inside the stack. The comparable
coordinate axis for the waveguide part of the resonator is shown on the
left-hand side of the figure.

(b)

Dw

O

THEORETICAL ASSUMPTIONS

The goal of the present analysis is to gain insight into
the physics of the streaming phenomenon in thermoacoustic
devices and to derive theoretical relationships which provide

moacoustic prime-mover was created for the first time in . ) . .

practice!® The first experimental investigations of a role of reliable order-of-magnitude estimates for the effects consid-
the acoustic streaming in operation of an annular thermoa® gred. To achieve this in the simplest way, a few assumptions
coustic prime-mover has been reported in Ref. 19. Thesgoncernmg the geometry of the resonator and the stack are

experimental observatiohs*®make it of interest to develop made. The assumptions concering the structure of an annu-

the theory for acoustic streaming in annular thermoacousti
devices. (1)
The present publication addresses the theoretical analy-
sis of acoustic streaming in annular thermoacoustic prime-
movers. The schematic presentation of the device together
with a qualitative picture of mean temperatdrg(x) distri-
bution along thex axis of the device is given in Fig. 1. It is
assumed that the system is above threshold for thermoacous-
tic instability. The following specific features of this resona-
tor system are taken into account in the analysis of streaming
excitation:(1) the existence of spatial regions with very dif-
ferent resistance to hydrodynamic floive., the stack and
the rest of the resonator(2) the existence of regions with
spatially inhomogeneous propertig®or example, both the (2)
temperature T,(xX) and the density p,oc1/T(X) are
x-dependent inside the regionsk<Hg+H,y, in Fig. 1], (3)
the existence of regions where the acoustic wave is amplified
and regions where it is attenuatéce., regions of growing
and diminishing wave amplitugleParticular attention is paid
to identification of the sources of acoustic streaming. It is
demonstrated that volume Reynolds stresses, which can be
presented as am derivative of a potentia[for example,
(v 9x)=(1/2)3(v2)I9x] and which can play a major
role in systems where the path of the acoustic wave and the
path of streaming do not coincide complet&yare not ac-
tive in streaming excitation in annular devices. These volume
sources are totally compensated by pressure gradients be-
cause of the periodicity of both the acoustic wave and the (3)
streaming. On the other hand, such volume sources of
streaming as, for example;d{v,v,)/dy [wherev, denotes
oscillating part of they component of particle velocity
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@r thermoacoustic prime-mover are the following:

The looped tube in Fig. 1 has a rectangular rather than a
circular cross section, and we analyze it as a two-
dimensional problem neglecting the dependence of the
physical quantities on the coordinate (which is or-
thogonal to the plane of Fig.)1In other words, we con-
sider that the annular resonator is composed of two
wave-guiding surfaces parallel to tleaxis. This as-
sumption provides for a more compact presentation of
some of the results in comparison with the case of a
cylindrical tube. However, it should be noted that the
results obtained can be used for order-of-magnitude es-
timates for cylindrical tubes as well.

The looped waveguide has an interwall distari2g
which is significantly less than the total lendthof the

waveguide(W)

L>Dyy. @

This condition allows us to neglect the influence of chan-
nel curvature(i.e., of waveguide loopingon the propa-
gation of sound waves and on the hydrodynamic flow.
Because of this assumption the looped coordinate

Fig. 1 can be straightened in the subsequent analysis.
The looping will be taken into account in this paper by
imposing periodicity conditions on the physical quanti-
ties (x=L) = (x=0) (wherey stands for an arbitrary
physical function of the problem under consideration
The external action on the system is achieved by the
stack(S) in the region G=x<Hg in Fig. 1 and two heat
exchangers near its edgée cool the left edge and to
heat the right edge of the stackhe axial dimensions of
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(5

(6)

(7)
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the heat exchangers are significantly less than the lengtti, GENERAL SOLUTION FOR THE ACOUSTIC
Hg, of the stack. Their influence on the acoustic waveSTREAMING

and their hydrodynamic resistance to acoustic streaming
are neglected in the analydiand consequently they are
not presented in Fig.)1In order to achieve good cou-
pling between thermal and acoustic waves, the stac

The equation describing the lateral variation of the axial
streaming velocity,,, in the boundary layer in the presence
lgf an axial temperature gradient was derived by N. Rott

should contain many channélsConsequently, we as- 9 1 9 d
; indivi i Vm_zvxmz__(ph+9m<v >)+_(<va >)
sume that the widthDg, of individual channels in the y Pm IX X gy Y
stack is much less than the width of the waveguide P P
Ym
Dy>Ds. 2 - T_mW<<TWUX>) (8

For simplicity we neglect possible blockage of the SoundHere,y is the coordinate normal to the waig. 1), v, is the
waves and of the streaming by the stack., we assume  f,iq viscosity evaluated at the mean temperatuns, (
that the stack has a porosity equal fo 1 «TB*1), andpy, is the hydrodynamic pressufgvhich ac-
The length of the waveguide is much greater than thgompanies the streamipngNote that the last term on the
stack length, i.e., right-hand side(rhs) of Eq. (8) describes the excitation of
L>He. (3) streaming due to the dependence of fluid viscosity on
S 1,14 ;

temperaturé!1*The hydrodynamic pressupg, does not de-
This corresponds to practical experimental configura-pend on they coordinate.
tions (L/Hg>60 in Ref. 18. Importantly, for the funda- Equation (8) is based on the boundary layer equation
mental acoustic resonand@here the acoustic wave- and was supposed valid only in the boundary ldyedow-
length \ is similar to the resonator length, Eq.(3) is  ever, the streaming circulating in the annular device has, in
equivalent to the statement that thermoacoustic stack ifact, the form of a jetbounded by the plat¢snd the hydro-
acoustically thin. As a consequence, the inequdly  dynamic equations for a jet are known to have the same form
allows us a simplified analysis of acoustic wave propa-as those for the boundary layer fl&ibecause the important
gation in the stack where the medium is spatially inho-scaling propertyd/ 9x<d/dy is the same in both casesn
mogeneous due to heating and where the traditional reghe prime-mover we are considering, the scaling property
resentation of the acoustic field as the superposition of/9x<d/dy is effected by the conditionél), (5), and (7).

two counterpropagating waves is generally invafid. ~ Consequently, E¢8) can be applied to the evaluation of the
streaming velocity in the dominant part of the annular de-
(L/H9)(Dg/Dy)?<1. (4)  vice.

The terms which are neglected in E) should be
ken into account and the Navier—Stokes equation applied
or the lateral component,,, of streaming velocity near the
cross sections located @t 0, x=Hg, andx=Hg+H,y, but
. L only if a description giving a smooth transformation of ve-
occupying a significant amount of the resonator volumey, i nrofile in the vicinity of the stack edges and at the
The final assumption concerning the stack dimensions i, nqary hetween the heated and cold part of the resonator
Hs>Ds, (5) is desirable. However, the most important features of acous-
L L _ 1418 tic streaming in annular thermoacoustic prime-movers can be
which '5, fulfilled in all thermoacoustic deymé - ) described, when matching the flows at the interfaces between
The region G=x<Hs of the temperature increase is ac- itferent parts of the device, by using the conditions for the
companied by another region with spatially inhomoge-physical quantities averaged over the cross-section of the
neous properties where temperature gradually falls to itg,aveguide. For the present analysis, the most useful of these

ambient valueTc. The characteristic length of this re- conditions is continuity of the cross-sectional average mass
gion is denoted byH,y in Fig. 1. In the regiotHs<X  gon M

<Hg+H,y, the lowering of temperature is caused by o L
heat loss from the gas to the walls of the waveguide. The M= p v,m+(pvy)=const. 9

lengthH,, can be also fixed by installation of an addi- . L
. . . Here, the procedure of averaging over the cross section is
tional heat exchanger at ambient temperature in the po-

1 CECEEY = 1 oo i 1 -
sition x=Hg+Hy. The following assumptions are defined by_( )_(1/2)ff1.( )d7, where the _d|men3|on
made concerning the scale kify : less coordinate;=2y/D is introduced D =D(x) is equal to

' the separatio,, of the walls in the waveguide or equal to

L>Hy, (6)  the separatiolD g of the plates in the stagkRelationship(9)
can be proved by integrating the time-averaged continuity
Hw>Duw. (D equation  d(pmuxmt(pr)) X+ I prtsym+ (p1i)) /3y =0
These are similar to the assumptions expressed ilt3q. over the cross section of the channel. Applying the boundary
and Eq.(5), respectively. Note that Eq1) follows from  condition that at the walls of each individual channgl,
Eq. (6) and Eq.(7). =v,=0, we derived(ppvxmt(pry))/dx=3dM/dx=0, and,

This relates assumption®) and (3) and indicates that
the stack provides an important increase in the area q
boundary layers(where the interaction between the
acoustic and thermal waves mostly takes plagithout
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finally, we get Eq.(9). It describes a rather evident physical called the hydrodynamic resistance to the mass flow. If the
fact that under stationary conditions the mean mass flow iacoustic field is known, then Eq§l2) and (13) provide a
the same in the stack and in the waveguide. solution for the circulating mass flow. If the mass fltvis

The steps in the evaluation of E() are: (1) integrate  found, then the average streaming veloaify, can be evalu-
twice over then coordinate, taking into account the condi- gted in each particular part of the annular thermoacoustic
tions vy (7=0)=0, dv/dn(n=0)=0, vm(7=-1)=0,  prime-mover with the help of E9)
and the nondependence ©f, on #; (2) average over the

cross section. The result is _ 1 - —
Um="—(M—=(py)). (14)
v Pm
m
» - _
(D/2)= In accordance with Eq14), vy, (in contrast toM) depends

1 97 - on the axial coordinat.
= _( f dn'f” dﬂ"(ph+Pm<v§>)> The equation for the steady-state pressure oscillaons
Pm IX\ J -1 0 in thermoacoustic devices is well-knowA? It is presented
here for an ideal gas, neglecting the temperature oscillations
1 n 1 Vm d . . )
+ _f dy'| (o)~ == B={T—uwv)|. inthewalls of the tube and in the plates composing the stack
(DI2) ) -1 XY (DI T T\ an' Tt

n
d’p 1 |[f,—f of 1 dTy dp
10 — v X vt = 2 NZF
o WO Gt 1or | 1m0 TN a7, |[Ty dx dx
After the substitution ob,,,, from Eg.(10) into Eq.(9), it is . .
appropriate to present the result in the form 2 _ i
+k&y 1+ 1_fv[fﬂt(y 1)fy] TNp 0. (15
v
(D/2)* In Eq. (15) and later on we use the notatigh for the
5 complex amplitude of the harmonic functign in particular
O I Pm for the pressure oscillations=Rgpexp(—iwt)], where o
= d J d + 2\) | + p B pexp )
(9X< f—1 g 0 7' (P Pl 4)) (D/2) denotes the cyclic frequency of the oscillations &rid the
time. In Eq.(15) Ty denotes the mean temperature normal-
% J'” dn’((v v)— 1 ’Bﬁ Tiv ) ized to the temperatur€; in the cold homogeneous part of
1 V(DI T T\ an' Tt the resonator{y=T,,/T.), k.= w/a. is the adiabatic acous-

tic wave number in the cold gas in the absence of the solid
(12) boundariesa.= \ypm/p. is the adiabatic sound velocity in
the cold part of the resonatoy,is the ratio of specific heats,
Now, the integration of Eq(11) with respect tox over the ~ Pm IS the mean pressure, apg=pm(Tm="Tc).
closed loop (B=x=<L) provides an opportunity to eliminate The functions

Vm _—
+ (D/—2)2<va> :

the function _ (1+i0)5, D
K ’ 7' ” 2 " D : (1+|)§V ,
f dz f dn"(Pnt Pmf¥5)) (16)
-1 0 C(1+i0) 6 D
which includes the unknown pressure distributn This is fi= D n (1+i0)8,]’

possible because of the spatial periodicity of the considered

system(the period is equal to the total lengthof the annu- ~ characterize the interaction between the acoustic wave and
lar resonator Taking into account thdfiin accordance with  the solid boundaries. In Eq16) the width of the viscous
Eq. (9)] M on the left-hand side of Eq11) does not depend boundary layers,=+2v,,/» and the width of the thermal

on thex coordinate, we obtain boundary layes,= 2k, /» (Wherek,, is the thermal diffu-
sivity of the gas at mean temperatudepend on the mean
— temperature because,xk,xT2*! (8 is the phenomeno-
M= ¢ s(x)dx 39 2/D)%v,, dx. 12 ) m= m .
fﬁ (x) / (2ID)"vm (12 logical parametér?9. Consequently, the functiodfs andf,
Here, we call depend on the coordinate. Finally, in Eq(15) o=v,,/k,
denotes the Prandtl number.
2pm (7 2B vm vy 4y, It should be mentioned that there is an additional as-
s=——o dn'((vxvy>———<T ,> +—(pvy) sumption for the validity of Eq.(15) in thermoacoustic
D J-1 D Tm\ 97 D (13 prime-movers. In the case of the thermoacoustic prime-

movers, it is implicitly assumed that the stabilizatiatu-

the density of sources inducing the acoustic streaming. Wheration of the growth of the wave amplitude, when the sys-
integrated over between two cross sections of the resonatortem is above the threshold of thermoacoustic instability, is
the introduced density of the mass flow sources provides theot caused by the nonlinear effects in the acoustic wave
effective difference in Reynolds stresses between these cropsopagation. The corresponding nonlinear tefsee, for ex-
sections. Consequently, the denominator in @@) can be ample, Refs. 3, 6, 27—30are neglected in Eq(l15). The
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physical process leading to the stabilization of the acousti€15). In order to study the stability of the stationary oscilla-
wave amplitude in this case can be described as folléWs. tions, these coupled equations should be modified to include
If the temperature distribution induced in the stack by anthe transient processg$or example, the process of the
external heating is sufficiently steep and the amplification ofycoustic streaming developm&®33. However, both these
the acoustic wave inside the stack exceeds its attenuation Bhysical problems are far beyond the scope of the present

the.{legt of the resonator, ;hﬁ_smplituﬁs ﬁf the plresdsuref paper(though they provide clear a perspective for future ex-
oscillations starts to grow2) The rise of the amplitude o '%?nsions of the theoly

h i illations incr h ically in .
the acoustic oscillations increases the acoustically induce For the analysis presented below, it is important that Eq.

thermal conductioh®®3%32 and the acoustically induced _ )
mass flowt>16.1980th these effectéproportional to|”|5|2 to a (15) can be used to derive some general conclusions con-

first approximatioh cause the nonlinear increase in the heatt€Ming the acoustic streaming even without finding a spe-
transport between the limits=0 andx=Hg of the thermoa-  Cific solution. In fact, the solutions fa, vy, T, andp in the
coustic stack(3) In the case when the external thermal ac-lowest-order acoustic mode of the resonatoe., in the

tion on the system is fixeif, for example, the total heat flux mode which becomes a homogeneous plane wave if the vis-
supplied to the hot end of the stack is fixethe increased cosity and the thermal conductivity are negligibkre the
acoustically induced heat transport through the gas induceskmown functions ofp distributior?* (see Appendix A So,
smoothing of the temperature gradient across the stack andwge are able to present the density of soursfed as a func-
reduction of the sound amplificatiofd) The growth of the  tion of p, dp/dx, andd?p/dx?, and to estimate the sources
amplitude of the pressure oscillations and the smoothing off the mass flow in the different parts of the annular device.

the temperature distribution compensate each other when the;g possible to estimate the mass flow and to compare the

total amplification of the acougtlc waves in the prlme—moveremh(,ilpy fluxes carried by the directional mass flow and by
becomes equal to zero. At this point, the steady-state equ

. . . e acoustically induced thermal conduction.

tion (15) is valid. Using the result§Al)—(A4) presented in Appendix A
Consequently, in the case of the thermoacoustic prime- i ~

mover, the temperature distribution in E€L5) itself de- ~and the relatior(gh)=(1/2)Refh*) (where * denotes the

pends, in fact, on the acoustic field. For example, in order t¢OMplex conjugate, ang, h are the arbitrary functionswe

find the amplitude of the stationary wave in the system, thére able to find all time-averaged nonlinear terms contribut-

equation for the temperature distributigvhich includes ing to Eq.(13). For the sources of the mass flow we derive

acoustically induced heat transposhould be added to Eq. the following general formula:

= ! R 1 dTm dsznd ! —'8+1 'F 1+ —D zf)qb "FF*+| 1+ —)Zf o F*
ST 2020 O T dx Jdx| S G T2 | T (1+0)s,] v/ TrT T (1+0)s,) 1|7
T L = Sy ) B P LA S
ey Ay R e | A g vog—1 Vv g-—1 K'v
d?p dp* (7
+WWJ11C“7'(77'—¢V— n'F,+®,F})
w 2~d‘p* K ! ! i * * * *
13 Pax j_ldﬂ[ﬂ_ﬂ FoH(y=1) = (y=1DPF +B(y—1) P, — B(y— 1 F @7 ]
. 1 = 1 dT,|dp/? 1 (1+i)5ﬂm
20%pym | Tm dx |dx| (o—1)| D (Fit Py =FiFy)
w\?_ dp*[(1+i)s,]?
= P T} [1—Ft+(y—1>FV—<y—1>FkF:]]. (7

In Eq. (17), the last term in curly brackefsvhich does not tion of Eq.(17) is the separation of the terms proportional to
contain any other integration except the averaging over th€1/T,,)(dT,,/dx)|dp/dx|?, to (d?p/dx?)(dp*/dx), and to
cross section of the channetlescribes the contribution (w/a)?p(dp*/dx). The reason for this procedure will be-
(4vm/D2)(E> to the sourcess. We have not done any come clear later.

significant regrouping of the terms in E(L7) with the in- All the spatial integrals necessary for the evaluation of
tention of facilitating for the reader a verification of the so- Eq. (17) are presented in Appendix B. Consequently, Egs.
lution if desired. The only rearrangement during the deriva{12) and(17), together with the results presented in the Ap-
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pendix B, provide the description of the circulating mass In the cold part of the resonator, i.e., whete+H,y
flow in annular thermoacoustic prime-movers in terms of thesx<L, dTy/dx=0 (Ty=1) and hence Eq20) is addi-
temperature distribution and the acoustic pressure distributonally simplified

tion inside the resonator.

. d?p
Fpr example, with the help of Eq$B7) and (B8) the d_)g+kg(1+2ny)T):O_ (21)
solution for the componer{pv,) of the total mass flow can
be presented in a compact form In this cold part of the resonator the most importdeading
— 1 1 1 dT.,|dp|? . contributions both tdpwy) and toM can be found by retain-
(pv)=—53 T T = Im(f+of?) ing in Egs.(18) and (17) only those terms of zero order in
2w °py | (0°—=1) T, dx |dX
the small parametgf ,|<1.
o) [(1 P f*))~db* } 1 a1
=) Impi= — 7 k™ p . — - ap ~
a v +1 v dx QA _ | ( ) = 2 22
o » (pu@== 5 im| B | =5l (@2

where the relation betweeaip/dx andp is approximated by

As we have d?SC“bEd earlier, the d|str|bu.t|or_1 of thethe form it has in a wave traveling in the positix&lirection
mean temperature in the system and the acoustic field them-

selves depend on the mass flMvbecauseM contributes to dp/dx~ikcp. (23)
the enthalpy transport in the system. So, the derived descri[NOte that we are using the suffex(“cold” ) for functions

tion obtained in Eqs(12)_ and(17) is not, in facfc, a splution and parameters in the homogeneous region of the device
for the mass flow but just one of the equations in the SeEHSJrHstsL). The description of the density of the

describing the thermoacoustic processes in the system. WMass flow sources following from E@L7) for the cold re-

general, these equations should be solved simultaneousé}fon is

with the equation for the heat transport in the thermoacousti

prime-mover. However, it appears that using E4®) and on_ 1 d’p dp* [ w\?_ dp*

(17) we can reach conclusions concerning the direction of ~Sc = 6w2p, e dx T a. Pax (24)

the mass flow and the acoustic streaming velocity in the o
system without needing to solve the general problem. With the help of Eq.(21) and then Eq.(23) [taking into

For this purpose we analyze separately the limiting case@ccount the inequality19)], we obtain the density of the
of the quasiadiabatic and of the quasi-isothermal interactiogources of the mass flow in the cold part of the device Eq.
of the acoustic and thermal waves inside the stackx0 (24 in the final form

<Hg). Note that in both cases under consideration the ther- co (8,
moacoustic interactions in the rest of the resonator are as- s¥'=— ——3| =" )IT)IZ, (25)
3pcac | Dw

sumed to be quasiadiabatim accordance with all known

experimental configuratiofis?). where 6, is the thickness of the viscous boundary layer in
the cold part of the resonator. Note that the effective sources
in the cold part of the resonator are directed in a direction
11l QUAS'AD'ABAT'C REGIME OppOSite to that of the traveling wave.
For the estimates in the heated par(0¥<Hg+H,,) of
In the quasiadiabati@QA) regime of the interaction be- the thermoacoustic device, we adopt a strategy based on the
tween the acoustic waves and the solid surfagdsich is  following assumptions. First, we assume that the heated re-
characterized by the fact that the widths of the viscous angjion is acoustically thin
thermal boundary layers are significantly narrower than the

distanceD between the channel walls, i.ed, «<Dsw), (Hs+Hw)/A <1, (26
there is a small parameter in the theory where\ is the acoustic wavelength inside the stack. Second,
(1+i)6y(x)‘ vis, s, because the .heated region should provide the amplification
|fy|~\/;|fk|~ B |E 5 oc3<1, (19 of the acoustic wave, we assume for E20) that the term
X

related to the temperature gradidttie second terindomi-
Retaining in Eq.(15) only those terms not smaller than the nates over the last term. Thus, we approximate £@) in

@ [, (B+1) 1 dTy dp [ (Bt L dTvdp_
W—’_ 1- 5 (20+d)fvT_NW& dX2+ 1 2 (2C+d)fv Ty dx dX_O (27)

1 To get a rough condition for the validity of the transition
+k3(1+2cf,) T—T):O. (200 from Eg.(20) to Eq. (27) [i.e., for neglecting terms propor-

N tional to (w/a)?=1/\?], we can approximatep/dx in the
Here,c=(1/2)[ 1+ (y—1)/\/o] is Kirchhoff's constant and acoustically thin heated region by its value at the stack edge
d=(1o)[2(1+B) Y1+ o) 1= (y—1)] is Kramers (atx=0, for examplg The latter can be found from the
constant>2° condition of continuity of the average velocily, at x=0
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[Ty(x=0-0)=7,(x=0+0)]. This condition can be pre-
sented as

dp

(1—fWy— (o 0)—

). (28

iwpe

We see then that Eq&28) and(23) do indeed show that the
relationdp/dx~ ik p [Eq. (23)] holds in the first approxima-

The derived expressioni5) and (32) allow us to find
the source of the mass flow in the nominator of E®) in
the case of the quasiadiabatic sténkte that the waveguide
is always quasiadiabajic

= § s

tion in a QA stack and hence the ratio of the second and the

third terms in Eq.(20) can be estimated as(dTy/dx)/k; .
Substituting the crude estimate dTy/dx)«<[(Ty
—T)ITJ/H=(AT/T,)/H(H=Hg ), we come to the con-
clusion that the approximate equati®¥) is valid if

(ATIT)=kH=27m(H/\,). (29)

This inequality holds in thermoacoustic prime-movers be-

cause in the experimentsT=T, above the threshotfl and
the inhomogeneously heated region is acoustically fthée
Egs.(3), (6), and(26)].

When condition(29) is satisfied we can also neglect the
termsoc(w/a)zoc 1/\? in Egs.(17) and(18) when evaluating
{pu)y, andsP?. Here, we introduced the sufftx(“heated”)
for functlons in the heated part of the thermoacoustic device;
From Eq.(18)

1 otior @)i(m)j
(pun)i*= 753 pm \o(\o+1)(o+1) | D) Tyl dx /[dx
1 o+o+1 dTN>| 2
" 20peal Jo(Jo+1)(o+1) | D
dT 1 [ 8,c\(Ne)
Slg"( de)W F) ﬁ)|p|2. (30)

The final order-of-magnitude estimate in Eg0), obtained
making the approximationgrocTyoc(AT/T)ocl, dTy/dx
«(AT/T.)/H~const, is the most rough.

Hg Hs+Hy
=J s‘h?A(D=DS)dx+J
0

Hs

SPA(D =Dyy)dx

L
+f sRA(D=Dy,)dx
Hg+Hw

B (B ] T
:3pcac ¢ 2 B_l DS DW TC
2m(L—Hs—Hy) [ 6,
—c ( . S w) (Ec\:/)] (33)
Cc

From Eq.(33) it follows that, because of conditiof2), the
effective Reynolds stresses across the redidpn/dx<0 are

negligible in comparison with the stresses across the stack.
Thus, Eq.(33) can be rewritten in the form

- § somax
_2mcpl? [ S,c\[ 1 1er B+1\[Dy
~ 3p.aZ \Dy/ |27\ 7 2¢/| p—1)| Dg
T, (B—1)I2 . .
X T, -1|-1¢,

where the approximation of Eq26) and also that.~\

To find the density of the sources of the mass flow, wehave been applied. Because typic&ifif |d/2c|<1 and|(B

derive from Eq.(17)

~

Note that it was sufficient to retain in E¢31) only those
terms of zero order in the small paramdte < 1. First with
the aid of Eq(27), and then using Eq23), we transform Eq.
(31) into

_'E)Z
dx

1
6“’2Pm

1 dT,
T, dx

Sy = (31)

TOE dx

d2p d~p*)

on (C+d2) (B+1)(5,) 1 dT, P2
h 3w’p, 2 D T dx |dx
_(c+di2) [ B+1 5)dTN 12
"~ 3paZ | 2 /\D ax P!
dTn) 1 (8|1,
S'gr( dx | 3p.a2 D)ﬁ' | (32)

—1)/2<1 («0.1 in aip, we can additionally simplify the
expression as follows:

SQAE %SQAdX
2mclBl2 ] 8 1 (p+1\(D T
2w |p2| _vc) _(ﬁ_) _W>|n(—H)—1 . (34
3pca; \Dw/ (27 2 Ds/ 1\ Te

In accordance with Eq(34) the direction of the net stress
difference(inducing the mass flowdepends, in general, on
the stack heating. For example, it follows formally from Eq.
(34) that the direction of the net stress difference in the case
Ty— T, is opposite to the direction of the amplified wave
(and, consequentiyy will be directed anticlockwise in Fig.

1). However, in typical thermoacoustic prime-movers, above
the threshold the inequaliff,=2T_ holds. Then, because of

In the final order-of-magnitude estimate, we have assumedondition(2) the net source of the mass flow is positive. It is

thatcoc Boc Ty (AT/T.) =1 and|d/2c|<1.
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A (c+di2) [ B+1\[ 8,6\ A The latter rough, _order-of-magnitude estimate is thained un-
:W B8—1/|Dg der the assumptionsx Boc Ty (AT/T,) o< 1. Equation(38),
¢ together with the solution&2) and(30), provides in accor-
T\ 2 ], dance with Eq(14) a description of the streaming velocity.
X T_c) —1}|p| However, a comparison oi?* [Eq. (38)] with (pu,)*
oA both in the cold Eq. (22)] and in the heatefEq. (30)] parts
~ c(B+1) %) In(E) |T3|2 (35) of the annular prime-mover demonstrates that in the QA re-
6pca; |\ Ds Te ' gime M@ significantly exceed$pv,)?* everywhere in the

The superscript QA is used in E(B5) to denote that corre- dﬂceA[MQA/<PUX>SA°‘(1/677)(L/H8)(Dsl5vc)>.1! M4/
sponding functions are evaluated in the quasiadiabatic r#vn =(Ds/8,c)*>1, because of assumption8) and
gime. Note the weaKogarithmid explicit dependence of the (19)]. In these latter estimates we have omitted for compact-
streaming source on the maximum normalized heatindg'eSS the factors of the order of 1 contributed by the combi-
(Tw/Te). However, we should not forget that there is also innations of the dimensionless parametrg, v, ando (all of

Eg. (35) an implicit dependence on temperature, because th@hich are of the order of)1 Consequently, in the QA regime

amplitude of the pressure oscillations depends on the exteff the interaction between the acoustic and the thermal

nal heating. waves inside the stack, the velocity of the acoustic streaming
The denominator in Eq12), which plays a role of the C€an be approximated by
total hydrodynamic resistance for the induced mass flow, can _qa_ 1704
UVem=M~Yp,. (39

be rewritten in the form
The very rough order-of-magnitude estimﬁoc(lllzw)

j; (3)2 dx_<£)2 fHSTB+1(X)dX X(No/Ho)(Ds/8,0) %A([4|2/a,) which can be used for the
D) 'm"*"\Dg) Yefy N streaming velocity follows from Eq39), Eqg. (38), and the
. relation |p|~a.p.|7,| (approximately valid in the QA re-
stHwTA+1 . . . .
Do\ 2 g T T(x)dx gime). This estimate mainly demonstrates the dependence of
X9\ 1+ D_) fHSI_ﬁ+1(X)dX the streaming velocity on the acoustic thickness of the stack
W o 'N [(A;/Hg)>1 because of the conditiof26)] and on the pa-
D2 L rameter of the adiabaticiyDs/5,.)>1 because of the as-
+(_S> . _ (36) sumption(19)] when the amplitude of the acoustic oscilla-
Dw fos‘l'ﬁ”(x)dx tions is fixed. As an example, we have estimated that, for the
reported magnitude of the oscillating component of particle
Using a linear model for the temperature distribution in thevelocity [9,]~3 m/s in the annular prime-mover described in

regions G=x<HsandHs<x<Hs+Hy, the second term in  Ref, 18, this theoretical result predicts unidirectional stream-
the curled brackets in Eq36) can be approximated as ing with a characteristic velocity®:~0.1m/s.

~(Dg/Dyw)%(Hw/Hg)<(Ds/Dy)?(L/Hg). This latter

strong inequality follows from conditioii6). Using the in-

equality Ty=1 the third term in the curled brackets in Eq. IV. QUASI-ISOTHERMAL REGIME

(36) is estimated similarly as<(Ds/Dy)?(L/Hs). Conse- In the quasi-isothermalQl) regime of the interaction
quently, because of the assumpti@h both the second and petween the acoustic waves and the surfaces of the stack

the third terms in Eq(36) are negligible and hence we see (which is characterized by the fact that the width of the vis-
that the dominant contribution to the total hydrodynamic re-cq,s and thermal boundary layers is significantly larger than

sistance is provided by the stack since the distance between the channel waljs>Dyg), there is a
22 212 rHg further small parameter in the theory
il N B+1
% (D) deX—<DS) cho TN (X)dX. (37) (DS/5V)2<1 (40)

. . . Under condition(40) the functionsf,, , [Eq. (16)] controlling
Combining resuits(37) and (35, we derive the following Ifhe thermoacoustic interaction inside the stack can be ap-

solution for the average directional mass flow in the case o roximated b
the quasiadiabatic stack: P y

1(Dg\? 1 [Dg\* 17 [Dg\®
BL|[(Tu| P2 R N I P L e
_ . (c+d2) | g—1)|\ T, BN Y ! !
M@= 3 : = ¢(De|? o?[Dg*  170° (Dg® 4D
127Tpcac 1 HS B+1 HS fEl_l_I_ _ > I R = NP
ql, Ty “(x)dx K 6\5,/] 305, 9-8-7-5\ 6,
b Retaining in Eq(15) only the predominant terms impor-
x( S)|’p|2 tant for the subsequent analysis, we may rewrite it in the
Ouc form
1 Ae DS)QA 5 dp 1 dTydp 5,\%1
——| = Pl 38 —— — —— —+ik? —| =—Pp=
“12mpead | Hs (5,,C Pl 38 dx? (’3+1)TN ax ax " Ke(67) D) T’ 0. 2
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For the net amplification, the effects inside the stack causethis factor is<1, this source of mass flow can be neglected.
by the presence of the temperature gradients should domfFhen, the net Reynolds stresses inducing the mass flow can
nate over the effects of thermoviscous attenuation describelge presented in the form

by the last term in Eq(42). The estimate of the pressure

gradient inside the acoustically thin QI stdeihich follows
from the boundary conditiof28) and the relatior§23) in the
cold part of the resonatpis

P/ dxoc — 6Ky(8,c/Ds)’P. (43)

Hs a1 - A
SQ'EJ sﬁdx+f s dx
0 He+ Hy

With the aid of Eq.(43), we can compare the second and the

third term in Eq.(42) and we arrive at the conclusion that

under condition(29) (whereH=Hg) the wave equation in-
side the QI stack can be approximated by

d?p

dx?

Under the assumptiori29) of the dominance of the
dTy/dx-dependent effects, we neglect the term&w/a)?
«1/\? in Egs. (17) and (18) when evaluating pv,)Q' and
shQ' . From Eq.(18) [using the expansiongl) to evaluate the
functions presented in Appendix]Bve obtain

~(BHD T g =

(44)

2

e Yo 1 (D51 dTy|dp
PV =10.9.8-7 wipy\| 8, Ty dx |dx
170 1 (Ds\?dTy _,
:ﬁ)wpcaz 5, dX| |
17 1 [Dg\?\,
| o) AR s
140 mpcag |\ 6,c

The second form in Eq45) is obtained with the aid of Eq.
(43). The third form in Eqg.(45) is an order-of-magnitude
estimate under the crude assumptiers Ty (AT/T.)oc 1.

_2mC [ 8,6\ %(3(8B+17)a Dy |
~ 3p.aZ\ Dy 140mc |\ 8,
SHO =2
x| |- o an

It follows from Eq.(47) that the direction of the net source of
the mass flow depends, in general, on the stack heating.
However, in typical thermoacoustic prime-movers it is true
that (AT/T;)=1 above the threshold and, as a regbk-
cause of the inequalityl9) (8,./Dy)*<1] the net source

of the mass flow is approximately equal to the difference in
the Reynolds stresses across the stde§. (46)]. Conse-
quently, the flow is directed clockwise. Substituting Egs.
(46) and (37) into Eq. (12), we derive the solution for the
mass flow

Ty 1
MQ= (83+17)_3_0- k) (DS)2 T_C_ E
- 2807Tpca HS 51/(3 1 Hs +1 .
H— Tﬁ (X)dX
S

(48)

A comparison of the solutiof48) with solutions(22), (30),
and (45) for (pv,) in various parts of the device demon-

The solution for the density of the mass flow sources in thestrates that the direction of the acoustic streaming velocity

QI stack, obtained from an evaluation of EG7), is

o 1 1 Dg\*_ [ 1 dTy dp|?
sp=——— ——— R
h w’p, 9-8-7-5\ 6, Ty dx |dx
d’p dp*
X[9(B+1)~8B0—1T0]— 5 -

Using Eqgs.(44) and (43), we can transform this latter solu-
tion into the final form
Qe (88+17 0 1
h™ 9.8.7.5 wzpm 5
(8ﬂ+ 17 1 dTy
70 pca dx

p|?
dx

41 dTy
TN dx

-5 P12

Consequently, the difference in the Reynolds stresses across X
the QI stack contributing to the total source of the mass flow

in Eq. (12) can be found

shQ'EfHSs‘h?'dx (88+17)0c 1 AT
0

— [P~ (46)

70 pca T,

vym [EQ. (14)] can be different in the different parts of the
resonator. It is always clockwise in the heated quasiadiabatic
regionHs=x<Hg+H,,, because here, in accordance with
Eq.(30), {pwvy) is negativewhile M?' is always positivg In

the cold part of the resonator the directiormgf, depends on

the magnitude of the parametex (Hg)(Ds/8,c)?, which

in turn is controlled by the inequalitie®6) and (40). By
substituting Eqs(48) and (45) into Eq. (14), we find that
inside the QI stack

oo T ﬁ) (Ds>2 ?
XM 280mpmpcas \Hs/ |\ duc
1 H
8B+1 1——f STE+1(x)dx
HS 0 TH P
=——1]p*.
1 (Hs 44 c
—f TE Y (x)dx
HS 0
(49

Note that the term in the square bracket in E49) is nega-

Using Eq.(33), the source of the mass flow in the inhomo- tive for 8> —1, because the inequalifijy=1 holds inside

geneously heated quasiadiabatic regites<x<Hg+H,y is
estimated to be roughly a factor o (/D) ?* smaller than

the stack. Consequently, both the magnitude and the direc-
tion of the velocity in Eq.(49) depend significantly on the

the source described by E¢6) and, consequently, since temperature distribution inside the stack.
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V. COMPARISON OF THE ACOUSTICALLY INDUCED (52), we conclude that in the quasiadiabatic regime of the
AND STREAMING-INDUCED ENTHALPY FLOW thermoacoustic interaction inside the stack

The solutions for the mass flo [the general solution Mc, T |4 | M@ Dg\|?]A
(12) and (17), and the solutions in particular limiting cases — == =l=—all\5 >1. (53
(38) and(48)] provide an opportunity to describe the associ- PmCp(xT) (pvo)n ve

ated enthalpy floM c, T, in the resonator. Though, in prin- Thus, in the QA regime the streaming-induced enthalpy flow
ciple, this enthalpy flow is induced originally by the acoustic significantly exceeds the acoustically induced enthalpy flow.
waves we call it here thstreaming-induceeénthalpy flow in In the quasi-isothermal regime of the thermoacoustic in-
order to distinguish it from the enthalpy flopg,c (v, T), for  teraction inside the stack

which we retain the terracoustically induce@nthalpy flow.

Using the descriptions of the velocity and temperature Mcp T, ‘QIN M ‘ 8B
oscillations presented in Appendix JEgs. (A1) and (A3)], — ‘ = Q|‘ x1+ ﬁ“l'
the acoustically induced enthalpy flow can be presented in PmCp(vxT) {pu)y
the form Consequently, in this QI regime the streaming-induced and
T 1 dT,|dp|? the acoustically induced enthalpy flows are comparable in
PmCp{T) = ZDTm[T_d_md_ magnitude. More precise formulas compariNte,T,, and
@°pm ( Im AX]OX pmCp(vxT) can be obtained straightforwardly from the solu-
p 1 tions derived in the previous sections, if required.
X1m p— Fk—va— Fr— p— FkF’;> It is important to note that under the assumption of con-
dition (29) the net enthalpy flow inside the thermoacoustic
w)\? stack(i.e., the sum of the streaming-induced and the acous-
—(y—1) a tically induced enthalpy flowsis controlled only by the hy-
drodynamic velocityv,,, of the acoustic streaming. In fact,
_dp* with the aid of Eqs(14) and(52) we obtain
XIm| (1-F —F3+FF*)p ax ] (50 - e o
M, Tt pmCp{ i T)=CpT(M —(puy))
With the aid of Eqs(B7) and(B8) from Appendix B, we can _ _
present Eq(50) in the form =CpTmPmtxm=CpTchctxm-  (54)
T 1 1 dT,|dp|? This result underlines the importance of the evaluation of the
pPmCp{vxT)= 53 (02_1 T dx dx Im(f +of*) streaming velocityv,, carried out in Secs. Il, Ill, V. Of
Pm m particular significance, Eq(49) demonstrates the depen-
w\? 1 dence of the direction of the net enthalpy flow inside the QI
—(y— 1)(5) Im[(l— il stack on the heating of the stack.
- f*)bdb* ] (51
o+l )" dx VI. CONCLUSIONS

This solution coincides with one presented in Ref[Eq.

(A30)] (for the case of an ideal gas and negligible tempera- We have investigated the possibility of the generation of
ture oscillations of the walls and stack acoustic streaming in an annular thermoacoustic prime-

In general, the expression for the acoustically inducednover. The theory developed predicts that an annular ther-

enthalpy flow(51) should be compared with the solution for moacoust.ic prime-mpver a'lbove'the thre;hgld of trgveling
the streaming-induced enthalpy flow which follows from wave excitation provides circulation of fluidvithout using
Egs. (12 and (17). Here, to make the comparison of any moving parts and without an externally induced pressure

— . . radienj. The solutions show that the direction of the total
pmCp{wxT) andMc, Ty, for inside the thermoacoustic stack 9 I

(0=x=<Hg), we use the approach proposed in previous Sec(_:ross-sect|onal average mass flvivand the direction of the

tions (Secs. Il and 1V. Applying condition(29), we retain cross.—sec_tional average §treaming veloﬁ'w coincide With
in expression(51) only the terms induced by the inhomoge- the d|re.ct|o.n Of. prop.agatlon of the amphfleq ac_:oust]c wave
neous heatingi.e., we neglect the terms (w/a)?e1/\2]. (clockwise in Fig. 1 in the case of the quasiadiabatic ther-

. . ) . . moacoustic interaction inside the stack. In the quasi-
Then, a comparison of this approximate solution with ex-.

: — L A isothermal stack, the direction of,,, depends on the level of
pression(18) for {pv,) (similarly simplified provides stack heating and the paramef@fsee Eq(49)].

Pme<Ux_T>E —Cme(E% (52) It is demonstrated that inside the stack during operation
) o the net cross-sectional average flow of the enthéilgy, the
Consequently, a comparison of the streaming-induced and Q) of the streaming-induced and acoustically induced en-
the acoustically induced enthalpy flowdlc,Ty and  thalpy flows, Eq.(54)] is controlled by the streaming veloc-
pmCp(v4T) can be obtained comparing the total mass fidw ity v,,,,. In particular, the results of Secs. Ill and[¥ee Egs.
with its component(pv,). This has been done earlier in (39 and (53)] show that the enthalpy flow carried by the
Secs. Il and IV. Using the results in these sections and Ecstreaming significantly exceeds the enthalpy flux associated
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with the acoustically induced thermal conductivity of the

gas. Thus, the acoustic streaming is predicted to play the T’Z—T—mTJr a—yzND
dominant role in the enthalpy transport. m
It should be noted that the analytical predictions ob- 1 1
tained for the quasiadiabatic regime are currently the most T2 1- 1 ot ka
interesting for applications, because they can also be used for _
order-of-magnitude estimates for the intermediate regime Xi%@+i[l+( LR (Ad)
Ds=4, (which has been the most practical for thermoa- T, dx dx a® Y kIP-

coustic devices so fr In fact, the lowest threshold for de-
velopment of thermoacoustic instability in an annular ther-

moacoustic prime-mover was reportédto be for Ds cific heats. The function§ , , and®, , which describe the

~38. In Ref. 1, from both analyycal and numerical analy- .\ erse distribution of the acoustic field in the channels
sis the conclusion is drawn that “a practical engine can be re defined by

expected... to have all available cross-sectional area filleg

Here, p=v,/k,, is the Prandtl numbera is the speed of
sound(adiabatig, vy is the ratio of isobaric to isochoric spe-

with plates spaced fromé&, to 46,.” D
Finally, it can be expected that the theory developed cos%m ’7}
here will provide the necessary background for a theoretical F, = D - , (A5)
modeling of a traveling wave thermoacoustic device having cosr{.—}
a quasi-isothermal stack as realized experimentally in Ref. (1+1)8,k

19. However, clearly, for this application the theory will re- )—{ D }
sin

quire modification to take into account the additional acous- (140)5 a+)o.. 7
tic elements in the setup of Ref. 19 that are not in the basic ¢ ,= vk vk 1 (A6)
schemeg(Fig. 1) we have considered. D cosr{ D }
(1+1)6,
and, consequently,
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APPENDIX A: THE RELATIONS OF THE APPENDIX B: SOME SPATIAL INTEGRALS OF THE
OSCILLATIONS OF THE PARTICLE VELOCITY, OF FUNCTIONS CHARACTERIZING THE

THE TEMPERATURE AND OF THE DENSITY THERMOACOUSTIC INTERACTION

IN THE ACOUSTIC FIELD WITH THE PRESSURE

OSCILLATIONS The following integrals contribute to solutiofl7) for

the sources of the directional mass flow:
The components, , v, of the particle velocity, the com-

~ P E— . 5
plex amplitudesT,p of the temperature, and the densityJ" dy' @, =— A+ vk (1—1,0), (B1)
variations can be presented as function of the pressure oscil--1 " D "
lationsP and its axial gradient’p/dx as follows®?* T arhal

7 i)d,
i D " Ldn' n'Fy=2[T} (1-1)=1,, (B2)
Ux_i(,()pm[ - V]&’ ( )
__ 1 (Dj[d dp [ anwErs
Uy__iwpm(f)[d_x (7=®,) g4 -1
- 1 1[(1+i)s,]?
1 1dT,dp =f, 5= Z(f +f*)+—[—”} (f,—f*), (B3
oot 1‘I’k)T—mW& 2 2| D
2 (7,1 o1fa+ie]?
+¥[n+(y—1)<pk]r)], (A2) J_ldnd)yFV——gfvfy—g—D (1-17), (B4
5 1 A 1 c dT,, dp T 4t b 1 o 1 [(1+0)s6,)?
T Wt o—1 Y o—1 X dx dx J_l K ka‘_(a+1) Kv (g+1)| D
1 o—1 2
+ —[1-F,Jp, A3 - —f =1
pmcp[ kP (A3) x| 1=~ f« 0+1fy). (B5)
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Note that it is sufficient to assume in E@®5) thato=1 in
order to get Eq.B4). In order to get from Eq(B5) the
formula for

7
[ an arF,
-1

it is sufficient to interchanger—k (and, consequentlyg
should be replaced by &) and take the complex conjugate

fﬂd’Q*F—— T ity
PR T (o) KT (0 D)

1+i)6,)? -1
X L——l—i}(1+(r f*

D o+l

20
o+1

k .

(B6)
The simplest integral contributing to E(L7) is

fﬂ '’ = 1
LR Ty

For an evaluation of the contribution of the term2

(4vm/D2)(E> to the mass flow source, we also use

FkF;\; =

+
fi o+1

.I:*

o+l (B7)

Fv,k:fv,k' (88)
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