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Abstract: This dudy ams at investigating a
posshility to use surface aoustic waves (SAWS) in order
to drive aoustic streaming and cther nonlinea effeds
leading to hea transport through a microchannel. As a
beginning in this exploratory study, a solid-fluid interface
submitted to a temperature gradient is considered, and
three distinct medchanisms of hed transfer are estimated
analyticdly. The type of SAW that could be used for an
efficient transfer of hea isalso discussed.
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A. Introduction

The recent development of thermoacoustic engines
has brought to light the interest in studying amustic
streaming, i.e. the time averaged motion of fluid induced
by high amplitude amustic field. At the same time, rapid
advances in micromechanicd systems have produced a
variety of devices, among which some eperimental
demonstration of fluid motion induced in a microchannel
by the propagation of guided acoustic waves [1].

Viscosity effeds are indeed very important in
microchannels, so that nonlinear effeds driven by
viscosity such as acoustic streaming may be successully
used in microdevices as a micropump oF a micromixer
[2].

Attention is focused in this paper on the paosshility to
use a@ustic streaming in microdevices in order to extrad
hea from eledronic components. In this recantly initiated
study, a very simple geometry is first considered for
conveniency, i.e. a solid-fluid interface submitted to a
longitudinal temperature gradient (see Fig. 1(a)), where
the oscill ations (at order 1) of fluid/solid parces give rise
(at order 2) to a non-oscillating hea flux along the
interface Different mechanisms which could drive this
effed are mnsidered: steady streaming due to spatia
variations of viscosity, thermoamustic hea transport
aong the interface and steady streaming due to
transverse vibrations of the solid wall (in z-diredion).
Simplified analyticd models are provided and the type of
SAW which may be used for an efficient micro-hea-
exchanger isalso discussed.
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Fig.1. (a) Schematic representation o the problem under consideration : a solid-fluid interface where the mean temperature field
To(X) may vary linealy with coordinate x. (b) Vibration o the solid along x-axis will drive in the fluid a second ader mean flow
(with subsequent hea flow) due to dependence of viscosity on temperature. (¢) The propagation  a plane aoustic wave in the fluid
gives rise to thermoamustic hea transport in the vicinity of the solid wall. (d) Transverse oscill ations propagating along x-axis on

theinterfacelead to aseand ader steady streaning in the fluid.

B. Different mechanisms which may induce
heat transport along theinterface

B.1. Steady streaming due to dependence of
viscosity on temperature

A first mechanism of hea transfer is illustrated in
Fig. 1(b), where the excitation of vibrations along x-axis

in the solid induce oscill ation of fluid in the viscous
boundary layer. Here, variations of viscosity along x-axis
(due for instance to mean temperature variations) leal to
aseond order mean flow in the fluid, which can be eaily
estimated in case of small variations of viscosity.

Asauming constant fluid density po, the two-
dimensiona mass and momentum conservations
equations are
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0o (0w +0,uw+0,w2) = -3,P+naw +a,n(@,u+d,w) (1)

where u and w are x and z components of velocity,
respedively, P is the presaure in the fluid, n is the shea
viscosity of fluid, and A denotes Lapladan operator. The
boundary layer approximation (u>>w, d,>>d,) can be
applied to (1), leaing in the &sence of temperature
gradient to the dasscd result

u(z,t) = V,e™* cosut - kz), (2)
where k=(w/2v)” , and v=n/py is cinematic viscosity.

However, asauming wegk dependence of viscosity
with x-coordinate in the form n(x)=noten.(ex) with
€<<1, the longitudina velocity u oscillating at anguar
frequency w can be decomposed into its order €°
component

Uo(2,1) = Ve’ cost —k,2), (3)

with ko=(w/2vp)” and its order €' component (due to
variations of viscosity)

u, (ex,z,t) = k,V,e " {sin(t - k,2)
— cos(wt - k,2)} (4)

with ky=-kov1(ex)/2v,. Each unkrown f can be expanded
as f=fotef+e4f,+. .., so that at order !, we get w;=0 and
P,=0. At order €2, the mass conservation law equation is
Oy Uy +0,U,+0,W,=0 where w, is the tranverse velocity
oscillating at angdar frequency w, so that the time-
average of this equation leals to dy<u,>, where <.>
denotes time averaging and <u,> is the longitudinal
component of steady streaming welocity. Moreover, the
time average of the momentum conservation equations
leadsto

noa§z<u2>:poaz<uow2>+ax<P2>’ (5)

and 0,<P»,>=0, so that <P,> does not depend on z, and is
consequently equal to zero because the oscill ating
perturbation has no influence for z>>1. Findly,
integrating twice euation (5), and acwunting for
boundary conditions 0,<u,>|,_»=0 and <uy>|,-c=0 the
sewond oder in € longtudinal velocity of stealy
streamingis obtained :

Vo 2k ooz
e?(u,) :adxr]l4n—°we %o (ek0 coskoz)—koz—l). (6)
0

This dreaning velocity readies maximum at approximate
distance of 23,, where &,,=ko' denotes the viscous
boundary layer thickness and rapidly deaeeses far from
the solid wall. It is quadratic in V and propartional to the
viscosity gradient d,n, (note that in case of gases, n
grows with temperature T,, while in case of liquids n
generaly deaeases with increasing temperature).

B.2. Thermoacoustic heat pumpingin the
vicinity of the solid wall

A seaond medhanism of hed transfer is the dasdcd
thermoaoustic hea pumping effed which employs the
interadion between acoustic and thermal waves in the
vicinity of the solid-fluid interface This mecdhanism is
illustrated in Fig. 1(c), where the propagation of a
traveling plane aoustic wave in the fluid in the presence
of a temperature field To(x) is considered. The aoustic
presare is written p,(x,t) = Re(p,(x)e")  where
p,(x) =Pe™™, k=wlc, is the aoustic wave number (¢, is
the sound speed in the fluid), and where subscript 1 refers
to order 1 quantities, i.e. acoustic quantiti es oscill ating at
anguar frequency w. Far from the solid, as the fluid
oscillates along the solid at awustic frequency, it
experiences temperature fluctuations, which are due both
to adiabatic compresgon and expansion acmmpanying
aooustic presaure fluctuation and to the locd temperature
To(x) itself . However, at a distance of about one thermal
boundary layer thickness &.=(2x/w)” (where k denotes
thermal diffusivity of fluid), the thermal contad between
the oscill ating fluid and the solid results in a time delay
between presaure and temperature fluctuations, which
leads to a nonzero, seaond order time-averaged hed flux.
This well-known effed can be described through the
linea thermoawmustic theory [3]: using both the
momentum conservation and hed transfer equations with
appropriate  boundary  conditions, the amplitude
U, (x,z) of the amustic wave velocity and the amplitude

fl(x,z) of temperature oscillations in the fluid are

obtained, and substituted in the expresgon of the second
order time averaged thermoamustic hed flux along x per
unit areadriven by the thermoamustic efed

<Q2> = %poToRe(ia;)_% oBR plul) (7

where * denotes complex conjugate and 3 is the thermal
expansion coefficient of fluid. After cdculations, the

00

resulting lineic hea flux (Q,) :I(q2>.dz is
(o]

o5 a1 B
(@)= 4 1+0 p,yG,
, (8)
C, 1+Jo+o  _H
1- > 2TNOTO04 T
g \/E)TOB-FQ)CO l+\/g xog

where 0 and C,, are the Prandtl number and isobaric heé
cgpadty per unit massof fluid, respedively. From (8) it
appeas that if the temperature gradient is positive, the
thermoacwustic heda flux is negative (i.e. from hot to
cold). However, if diTy is negative (or equivaently if
temperature growth is oppdsite to the diredion of wave
propagation), thereis a aiticd temperature gradient
1-0 T,Bwc,

1+Jo +0 C,
below which the diredion of hed flux is reversed.

dTol, =- ©)




Paper #1677 Presented at the International Congress on Ultrasonics, Vienna, April 9 - 13, 2007, Session R24: Thermoacoustics

B.3. Steady streaming dueto oscillating
boundaries

The third mechanism of hea transfer which is
considered here is illustrated in Fig. 1(d) where the
propagation of a traveling surfacewave in the solid leads
via nonlinea effeds to a mean fluid flow, with
subsequent hea transport in the presence of a mean
temperature gradient. A simplified analyticd description
of the resulting stealy streaming velocity is proposed here
in case of smal vibration amplitudes, no temperature
gradient, incompressble fluid, and purely transverse
oscill ations of boundaries. The fluid flow Vv =(u,w)is
described by Egs. (1) (where gpatia variations of
viscosity are negleded) taking into acount the boundary
conditions due to vibrating wall :

V(x,z = ek cosfut — kx),t) = (0,—ewk ™ sin(wt —kx)) (10)
Scding for conveniency lengths by k™, time by w?
velocities by eak™, presare by enw, and defining the
non-dimensional parameter o by az=pywn*k?, Egs (1)
and (10) are rewritten in dimensionlessform as

0v=0, a2(pv+evin)=-OP+av, (11)

and V(x, z= scos(t —x), t): (0,—sin(t —x)) . (12
Considering small displacaments (e<<1), eatr unkrown
is expanded in the form f=fo+ef+...while the velocity at
the moving wall i s also expanded around pasition z=0:

v(x,z=ecodt-x),t)=v(x,0,t)+ecodt -x)0,v(x,0,t)+...

13

At order €°, introducing the stream function ¢, so that

Uo=-0,00 and Wo=0,¢o which satisfies AAG—0’d,ADo=0,

we seek asolution in the form

00 (x.2,1) =RelB, (x,,)) = Rl ). (14)

Acoounting for continuity of velocities at z=0 and

requiring that velocities sould be finite when z - o, the
following solution for ( isobtained :
-me”? +e™™

U(2) = ErE— (15

with m=1+ja2. At order €', the time aeraged mass and
momentum conservations equations are

09,20, a®(VoV,)=-0(P)+A(u,), (16)
with boundary conditions
(v, (x,0,t)) =~{codt -x)0,V, (x,0,t)) (@7

The geometry of the problem all ows us to seek a solution
(V,(2))  independent of x. Requiring that

(azvl(z)>|m =0, Egs (16) are solved, lealing to
<w;>=0 and
Gz Z Z, , }
(u1>:7L Q;LIJ,dZLIJi ~y,d,p, Jdz @12+C12+CZ (18)
Where qu :Re(l:lj), "IJi :lm(m),
Co == [lW v, -wid, Yoz, 19

1
and C; =(u,)],_, =2 d%u, (20

z=0

Note that, due to the choicein the scding of variables, the
longitudinal steady streaming is adually of order € in
magnitude. Note dso that this slution (18) is not redistic
far from the wall (<u,>|,_,=C,#0), due to the @sence of
boundaries in the half-space 20. In the expresson (18)
of the dimensionless seady streaming welocity, there ae
two sources which drive the mean flow. The first one,
present in constant C,, is the peristaltic pumping induced
by nonlineaity of boundaries, which drive the fluid in the
diredion of wave propagation ; the second source, due to
classcd Reynolds gresses in the viscous boundary layers
donot depend on the diredion of wave propagation.

C. Discussion.

When exciting SAW in a microchannel subjed to a
longitudina temperature gradient, ead of the &ove
mentioned processes of hed transport may be involved.
As a preliminary estimate, the hea fluxes associated to
eahh medhanism should be evaluated. However,
ameliorations sould be included in the model before
reasonable estimates of the global hed transport may be
provided. First of al, a fluid-solid interface ould be
replacad in cdculations by a fluid film bounded by two
solid half space; the fluid film thickness would be of
about afew boundary layer thicknesses, for which at least
the first and secnd hea transport mechanisms are the
most efficient. Also, the analyticd models presented
above should be andiorated. In particular,
compresshility of fluid should be taken into acount in
the first and third mechanisms, and the posshility of a
nonzero longitudina component in the oscill ating
interfacefor the third mechanism should be mnsidered. In
the presence of a SAW, the adual motion of a solid
particle & the fluid-solid interface is indeed €llipticd
more than purely transverse, so that the asciated stealy
streaming may be substantially different from that
estimated here.

Another important question arises when trying to
transport hea via SAW, i.e. what type of SAW may be
the more interesting for the given purpose ? Consider an
interface(z=0) of an isotropic solid and an inviscid fluid.
Introducing the velocity potential functions ¢, s, and ¢
S0 that U=0,0 -0, s, Ws=0,0s+0, s, U=0y¢s , and wi=0,+
where subscripts s and f refer to solid and fluid,
respedively, we seek the harmonic travelling wave
solution as

0, = Aewell ), (22)
Y, =Beel ™), (22)
¢f - Ce—kzzej(wl—kx) , (23)

where k is the wave number of the traveling wave, g=k*-
(wc)? SP=kP-(wlc)?, k2=k*(wlco)?, ¢ and ¢ are the
speeds of longitudinal and transverse waves in the solid,
respedively. The wave number is determined by ensuring
boundary conditions at z=0, i.e. continuity of transverse
velocities, and continuity of the tranverse and longitudinal
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components of the stress tensor. This leals to the
foll owing equation (the Scholte determinant) :

4
(2 +s?) —4k2qs:+kip—f “’E =0,

z S t

(24

which always has a red root ks and, in most cases, aso
has a complex root k gw. The red root ks corresponds to
the Scholte wave, i.e. an acoustic wave which is trapped
nea the solid-fluid interface ad which propagates along
X. The complex roat corresponds to the le&ky Rayleigh
wave, which is smilar to the Rayleigh wave for a solid-
vaauum interface except that it is le&y due to continuous
sound radiation in the fluid.

Table 1 presents different charaderistics relative to
Le&ky Rayleigh Wave and Scholte wave propagation at 1
MHz, in case of asili con-water interface(p=2329kg.m>,
€.=8432 m.s'c=4673 ms?, p=1000 kg.m?3c,=1481
m.s?), for a total energy density of 1 Jm? (for which
particle displacaments at the interface ae of about a few
nanometers). The two types of SAW present fairly
different charaderistics. In case of LRW propagation,
approximately 25% of the aoustic energy is locaed into
the fluid, and the wave is attenuated after a few
centimeters (Im(k_rw)=2.9 cm). However, the Scholte
wave is unattenuated (if viscosity is negleded) and all its
the energy is located into the fluid : the Scholte wave is
similar to a bulk wave traveling along the surface & a
velocity very close to sound speed in the fluid
(csv=148012), but locdized in depth (k, *=7mm).

Table 1. Various charaderistics of Le&ky Rayleigh Wave
(LRW) and Scholte wave (SW) propagationin case of a sili con-
water interface a 1MHz, and for a total energy density
E,o=1J.m". Note that viscosity is nat taken into acourt here.

LRW Sw
k (14553+33.8xj) m* 42449 m*

E/Ewt 25.6 % 99.7 %

W h=0 43 10° m.s* 2510°ms?

Ugh=0 285 10°m.s* 8.310°ms?

|Ul=o 157 10° ms? 754 10°m.st

Both the LRW and the SW can be eaily generated on
a fluid-solid interface using interdigitated transducers.
Each type of SAW sean to have alvantages and
disadvantages for the given purpose of hea transport
(LRW may be however more interesting due to larger
amplitudes of wall vibration) but before drawing any
conclusion, viscosity should adually be considered in the
cdculations [4] becaise ontinuity of longitudina
velocities is not ensured here (in case of SW, the
longitudina velocity in the fluid at the interface is
approximately 107 times bigger than in the solid).

Works are now in progressin order acount for the
weaknesses of the model that may impad significantly the
estimate of the global hea transport associated to SAW
propagation in a microchannel.

D. Conclusion

In this paper, three mechanisms of nonlinea hea
transport in the vicinity of an oscillating fluid-solid
interfacesubmitted to a longitudinal temperature gradient
have been considered and estimated with simplified
analyticd models. Each of these nonlinea effeds may be
involved in the heda transfer asociated to LRW or SW
propagation in a microchannel. The analyticd models
presented here must now be improved (acount of
compresshility and of the a¢ual wall motion) in order to
provide indicaions on the feasibility and the hea flux that
can read a SAW-driven hea exchanger.

E. Aknowledgements

Work suppated by the National Reseach Agency
under contrad n° ANR-05 BLAN-001601.

F. Litterature

[1] R.M. Moroney, R.M. White, « Microtransport induced by
ultrasonic Lamb waves », Appl. Phys. Lett., vol. 59(7),
pp.774776 1991

[2] K. P. Sdverov, H.A. Stone, «Peristdticdly driven
channel flows with applicdions toward micromixing »,
Phys. Fluids, vol. 13(7), pp. 18371859 2001

[3] G.W. Swift, « Thermoamustic engines », J. Acoust. Soc.
Am., vol. 84(4), pp. 11451180 1988

[4] Q. Qi, «Attenuated lesky Rayleigh waves » J. Acoust.
Soc. Am., vol. 95(6), pp. 32223231, 1994



