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Abstract

The present paper focuses on acoustic streaming freeTjgss is to say that progressive
acoustic waves are used to generate a steady flow far d&roy wall. The derivation of
governing equations under the form of a non-linear hygrachics problem coupled with an
acoustic propagation problem is revisited. To do stima scale discrimination approach is
preferred to the usually invoked amplitude perturbatiexpansion. This is indeed more
consistent with experimental observations of acoussiteaming flows featuring
hydrodynamic non-linearities and turbulence. Expertaeesults are also presented together
with a review of former experimental investigations cono® the powerto-velocity
relationship for plane ultrasonic transducers in watercofparison of the shape of the
acoustic field with the shape of the velocity fieskows that diffraction is a key ingredient in
the problem though it is rarely accounted for in therditure. A scaling analysis is made and
leads to two scaling laws for the typical velocitydéin acoustic streaming free jets; these are
both observed in our setup and in former studies bgrotbams. We also perforia
dimensional analysis of this problem: a set of sevemedsionless groups is required to
describe a typical acoustic experiment. We find thdtll similarity is usually not possible
between two acoustic streaming experiments featurifigreht fluids. We then choose to
relax the similarity with respect to sound atteroatand to focus on the case of a sgale
water experiment representing an acoustic streamingcapph in liquid metals, in particular
in liquid silicon andin liquid sodium. We show that small acoustic powens gield relatively
high Reynolds numbers and velocity levels; this cdadca virtue for heat and mass transfer
applications but a drawback for ultrasonic velocimetry.

1. Introduction.

Acoustic streaming flows are steady or quasi-steadysflg@nerated by acoustic waves.
Acoustic streaming can be seen as a tool to enhagatand mass transfer in a number of
applicationd®. For instance, a number of studies show that uftrasowrsdsi during
solidification process can improve final material maes 2. However it can also
unwillingly affect some processes. A typical exampléhat of Acoustic Doppler Velocimetry
(ADV) in which ultrasounds are used to measure velackiea liquid. This technique has
been widely used since the late 1990s. It is in @adi an efficient way to investigate flows
in opaque liquids such as liquid mistd®’, muddy waters,etc. However, a recent
investigation shows that, depending on the usetingef commercial ADV systems can
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generate significant acoustic streaming flows so ¢hatas is observed in the measurement
itself 2. This reference studyhas been performed in water but no guideline is giverssess
whether acoustic streaming may significantly affebeotconfigurationse.g. for the case of
liquid metals. Acoustic streaming is present too athbexisting and developing medical
applications based on high intensity ultrasounds?’ but also on ultrasounds of lower
intensity?® the considered liquids are then corporal fluids sagtlood or amniotic liquid,
the properties of which can significantly differ from tlehtclassical engineering liquids. The
discussion developed hereunder might at first orderyatppthese very peculiar cases but a
detailed investigation of them is behind the scopehis paper due to their particular
rheology.

Two configurations are often distinguished dependingtle scale at which the flow is
observed compared to the sound wavelength and trebfeosnteraction of acoustic waves
with walls. Schlichting or Rayleigh-Schlichting streiagn is due to standing waves
interacting with walls to form acoustic boundary layefghicknesss = (2vi@)” where vis
the kinematic viscosity and is the pulsation of the wavé&’. In this configuration the
longitudinal size of observation is on the order of a feavelengths. An acoustically
reflective wall is opposed to the acoustic sourcehab standing waves occur in the fluid
domain. The flow created in the acoustic boundargrayrives a flow in the core of the
domain. This flow is observed under the form of recircoest which characteristic scale
corresponds to the half-wavelength of the acoustid.fi€he other configuration is that of
Eckart streaming®. The present paper is essentially focused on thigtmation. Here, the
longitudinal size of the observation domain is far gredlhan the acoustic wavelength; the
acoustic waves are progressive and attenuated waskast Btreaming is indeed directly due
to sound attenuation in the bulk of the fluid thrbowuay Reynolds-stresses-like mechan®&m
The fluid motion can be described as an incompresHiMedriven by an external volumetric
force which is proportional to the local time-averagedustic intensityl,, and to the acoustic
attenuation coefficientz. An acoustic beam of sufficiently high intensity shgeneratea jet
flowing in the direction of propagation in the regidoreg the beam axis. In closed cavitties, a
backflow wil also occur for the mass conservation lavibé verified.

In the case considered here, the acoustic beam dbésteract with the lateral walls, so that
no acoustic boundary layer is present in the probMevertheless, even in cases where
acoustic boundary layers exist, it can be shown ith&trge-scale channels (typically with a
size of at least one millimeter), the streaming indubg the boundary layers (Rayleigh
streaming) is negligible compared with the Eckart stiag™. In fact, the "Rayleigh force" is
much stronger than the "Eckart force" but it occursery thin layers along the boundaries,
so that its effect on the streaming is neglighflé® This effect would have some importance
only in micro-fluidic device¥.

Since the pioneering works on the topic, acoust&ashing has very often been presented as a
second-order flow. The initially proposed theoreticaldels leading to the expression of the
acoustic streaming forcerere indeed based on an expansion of each variablecaessive
approximations. The first order then accounted for tineali acoustic propagation &
quiescent fluid medium, while the second order rulesl dlcoustic streaming floW>33°
However, several authors conversely underscored thataimy experimental investigations
and applications, the observed flow was not of secamir’>®*’ Experimentalists also
observed turbulent acoustic streaming flows, whichoiscompatible with the assumption of
a second order flow, the inertia of which should be igédy weak'*.. The contrast between
the efficiency of acoustic streaming in the potentglgations cited above and what could
be expected from a second order flow is also questinglur contention is that a physical

2
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explanation compatible with these experimental olag@ms can be given by considering that
the relevant separation of the hydrodynamic problem tl@racoustic propagation problem
is a time-scales separation rather than an amplitudessc®paration. The frequency of
ultrasounds used in liquids is indeed commonly e Megahertz range or more, which is far
greater than the highest frequency component in theidemed streaming flosv However, to
our knowledge, no derivation of the acoustic streanfmge expression has yet been
proposed in the existing literature following this path

A number of experimental papers reports investigationscofistic streaming flovis®384°.
The results are all described in dimensional variabled most of these experiments are
conducted with water, in which a more or less limaeaount of particles is added to serve as
tracers. They differ in particular by the size and geonatityie water tank and by the value
of the ultrasound frequency and intensity. In some dfehgapers, experimental results are
compared to scaling laws in particular giving the delesce of the fluid velocityn the
acoustic power. Most authors expect the observed itie®to scale linearly with the acoustic
power, but some of them invoke the proportionality the power square-root. The
assumptions for these expected behaviors to be oldsema in addition not explicitly
formulated. A common limitation of the literature papsrghat they ofterdo not account for
diffraction of the acoustic field in their analysis. Inrtmaular, a number of them ds not pay
any attention to the existence of an acoustic nelak, fiehich extent can be several times the
diameter of the sound source for ultrasonic frequencie$iqinds. To the best of our
knowledge, dimensional analysis of an acoustic stirgpjat has never been reported in any
international papert is, however, a very efficient tool to reduce the invedtg parameters
space, but also to design model experiments, comie®nsional observations into more
universal non-dimensional form and extrapolate redudism one fluid to another. This
constitutes in particular the basis of the theory gijtal modeling, which allows performing
the quantitative conversion of experimental resultainbt in a model experiment to a real
case featuring potentially another fluid, another s#e,As such, dimensional analysis gives
the opportunity to link water experiments reportedhe literature and the above mentioned
applications. As our team is in particular intereste@applications involving liquid metals,
another objective of the present paper is thus to tigage the potential of acoustic streaming
in some liquid metals.

In the following, the derivation of the acoustic forogmession is revisited in section 2 using
a time-scale separation approach in which the aicosiseaming flow has not to be assumed
of second order. Some basics of linear acoustics apebefly recalled since the present
paper voluntarily takes a hydrodynamics standpoihe Velocity dependence on the acoustic
power will be investigated in section 3 using stglarguments and taking special care to
account for acoustic diffraction. Use will be made ect®n 4 of experimental results from
our proper setidy*:, as well as from former experimental studies of thealitee" ¢33, for
purposes of comparison and validation. Section 5heildevoted to the dimensional analysis
of the problem and to considerations on the use otheeay of physical modeling in the
present framework. The outputs of this section will thenapplied to selected liquids in
section 6. The considered fluids are chosen in ty@ipalications involving high intensity
ultrasounds and ADV: water (to which weakly concertlaguspensions and solutions might
be assimilated) and liquid metals, namely liquiden and sodium. An important step in this
approach is the determination of the sound attenuatefficient of the considered liquid.
This data is actually not always given in usuallgaband reference books since its
measurement can be difficult in some cases. An addiiconcern of section 6 is thus to give
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guidelines to assess the value of this attenuatefficient and to properly account for it in a
dimensional analysis approach.

2. Physical mechanismsinvolvedin acoustic streaming.

An explanation based on time-scalesdiscrimination.

The approach in the following derivation is to sp#ich variable into an acoustic part, varying
rapidly, and a streaming motion part, varying very $josompared to the acoustic part. The
acoustic part will be denoted with a subscept it is assumed periodical with zero average
over one period = 1/f. The streaming motion part will be denoted with bssupts; due to

its slow variations its instantaneous value carctwesidered equal to its average over one
acoustic period, T. We start with the continuity and Navier-Stokes aeuns for a
compressible fluid:

~

op .o, ~=
— +div(ptl) =0, 1
p (o) (1)

~

p% = —grad '|5+yvzﬁ+(77+%j grad(div d), @

where the tilde (~) denotes any “full” variable before its splitting, p, # and n are the fluid
density, shear viscosity and bulk viscosity, respetti The next step is to introduce the split
variables in these equations and compute their asevagr one period of time. The linear
terms will then disappear when they feature an acouatiable {.e. with the subscripac) or

be substituted with their instantaneous value wiey feature a streaming flow variable
(namely those with the subscrgt The non-linear terms will disappear when they feature a
cross product of an acoustic variable with a strearfiovg variable, so that will stay only
cross products in which both variables have the ssubscript. One can reasonably neglect
any variations in viscosity under the effect of thewstic wave, so that the right-hand side of
the Navier-Stokes equation is linear. The left-hamt $as terms similar to turbulence
Reynolds stresses and thus needs to be developedcAftgutation, the averaged continuity
and Navier-Stokes equations are:

e+ vyl + Av(p23) =0, 3

—

p, S =-arad v+ 4 aradtav )+ T o

where the last term is the acoustic streaming force kexsrfori™ component

4
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f == div(pacus,i Ljac-’_pat:uac,ius +pacuaqiljac+psuac,i ljac) ! withi = l’ 2or 3’ (5)

aci

in a Cartesian work-frame.

A simplifying assumption is that terms proportionajag in equations (4) and (6) can safely
be neglected with respect to terms proportiongdsfan particular in liquids. For example, in
the case of water, the isentropic compressibility cdefficis y = 5 10'° Pa’; assuming an
acoustic pressure amplitude pf. = 3 10° Pa, which can be reached in acoustic streaming
experiments, the density ratio can be estimatedpas/ps = 0.015%. An additional
simplification is made by considering that the aletd streaming flow velocities are always
far smaller than the velocity of sound £ 1480 m/s in water), so that the fluid flows at very
low Mach number and can be considered as incompresgibbther words, the time and
space variations gbs are negligible. Eventually, the obtained set of ¢iqua for the acoustic
streaming flow is:

fac,i = —,OsdiV( aci l_jac) ) (6)
divi, =0, ©
psd—tsz—gﬁj D+ VO + T, (8)

Let us underscore that the time derivative is not leepartial derivative but a particulate
derivative, so that the contribution of streamingaMlgelocity gradients to inertia terms is
effectively present in the left hand side of this formiala This is an important feature of the
present approach as opposed to the derivations basexnall perturbations expansions
formerly proposed in the literature.

Let us now consider the case of a plane sinusoidadressive wave propagating with
attenuation along the-direction; with an acoustic velocity amplitude oé tform:

U.=0e*. (9)

ac ~ Yac

From equation (6), the acoustic streaming force canlibewritten as:

fac = apsasce_zax)_{_ (10)

As for such a plane wave, the acoustic intensity beagivenas'

1 o o
| = pSCUSC = Epscuazu:e ? ’ (ll)
we thus get the following final expression for the force:

Facz%i. (12)
Such an expression has been previously obtainedorbiuhe basis of a small amplitude
expansion approach which to our mind has less physieaning than the present ori&/e
have indeed shown that the acoustic streaming flowuled by the full Navier-Stokes
equations for an incompressible fluid. The additidoede term, given by equatiotd), is the

same as that introduced by former autfo$® but here, the hydrodynamic non-linearity has

5
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not to be introduced posteriorinor artificially inthe formulation, as underscored above. The
flow is thus the solution to a weakly coupled problbetween a hydrodynamic sub-problem
and an acoustic propagation sub-problem with botbci@s possibly of the same order of
magnitude in the two sub-problems. The couplinghasde through the force term equation
(12, which is proportional to the sound amplitude raistion coefficientOne interest of this
approachis also that the fluid has not been assumed to besairghis formulation so that
flows driven by other external forces can be accounted for

The plane wave assumption leading to equati@ lfased on eq. (9) corresponds of course to
an idealized situation. In practice, it is reasonableonsider such an assumption to be valid
in cases where the acoustic wave propagates inmitliportion of space, namely under the
form of a beam. In such cases, the plane wave assameptjuation (9), is considered to hold
locally but slow spatial variations of the acoustielocity amplitude u,c have to be
considered, in particular in the transverse direction. The expression “Slow spatial variations”

can be understood here as variations with a far gregtieal le ngh-scale than the acoustic
wavelength. As a consequence the expression of the foost be used in conjunction with a
propagation model describing the spatial repartitioth@facoustic intensity.

The crudst propagation model is to consider an uniform beanylimdrical shape, which is
to say without any diffraction, non-linearity nor attatior®>>***"; in this case, attenuation is
neglected in the propagation problem and is only awead for through the attenuation
coefficient appearing in the acoustic force expressigonaton (12). This leads in particular
to 1D analytical solutions to the equations of mui6*3 More complex propagation models
may account for non-linear effects, diffraction and at¢ion’®, which generally necessitate
numerical methods. Former investigatiii€ have shown that diffraction is a key ingredient
to reproduce the theoretically observed acoustic sirepnelocity profiles, and it will be
made clear in the following that our opinion is théfraction should indeed be accounted;for
on the other handve have shown that a linear propagation model wasceuffito obtain
good results in a range of parameters corresponding &t t®a our experimental
investigatiod”*! which greatly simplifies the handling of the propagatproblem. Let us
recall that the account of diffraction leads to distisua near field and a far field in the
acoustic beam emitted by a localized sotfic&he near field is rather complex to handle
since it is strongly varying in space and time whieluires fine spatial discretization in
numerical approaches. The far field on the contraryesftdaime of smooth spatial variations
and plane waves are considered as a good approxinmatios part of the acoustic field. The
choice made in the present paper is to restrict theagedion model to linear propagation but
to include diffraction as a key ingredient of the problem

Prior to the scaling and dimensional analysis of phigblem, we think useful to recall in the
following some basics of linear acoustics in particaelamcerning attenuation and diffraction
It is an appropriate way to introduce the relevantsgat parameters of the propagation sub-
problem.

Basics of acousticsconcerning diffraction

In the following, the wave is assumed monochromatidhsit the acoustic field is fully
described by the spatial repartition of the amplitude the phase of the wave. As expected
from the linear theory of a piston source in a semnitédimedium, its structure exhibits a
near field and a far field Very strong spatial variations occur in the neardfiethile

6
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smoother variations are seen in the far field. The fiedrzone stretchs from the acoustic
source to the Fresnel lengtly, with :

D2
L, =—,

a2
where Ds is the diameter of the source, atwl/f is the acoustic wavelength. Note that, at
ultrasound frequencies, this near field region can behntanger than the diameter of the

source: a source of @nin diameter emitting 2MHz ultrasounds in water hasef@ample, a
near field length of; =30.4 cm, ten times the source diameter.

(13)

In the far field zone, the acoustic beam diameterrgelathan the acoustic source diameter
because of diffraction. Indeed, the diameter of the sd@ah increases linearly so that the
sonicated region can be seen as a cone of half-arggleh that

sing = 1.22Di : (14)

S

Let us recall from equationdd and (4 that small diffraction angle means long near field
region, since the Fresnel length to diameter raii®,, is inversely proportional to the half
angle. Ultrasounds wavelengths in water are commady than one millimeter while the
sources diameter is of tenth of millimeters. The nedd fiene is thus often far longer than
the source diameter and the diffraction angle is srAala consequence of the linear increase
of the beam diameter, the acoustic intensity rapidlyrelases along the longitudiraads of

the beam. Neglecting attenuation, this decreasesbstasl/X in the asymptotically far field.

Basicsof acoustics concerning attenuation in liquids

The acoustic attenuation coefficient inside a liquigl is very often assumed to have three
contributioné®. A first contribution is connected with the dynamii¢er shear) viscosity:, a
second contribution is related to the bulk viscosjtyand a final contribution takes into
account thermal effects. The expresgivoposed by Nasét al.*®is:

f 2 pc3

LAY

2 2 n2
N_a 2 (4 N +C,B/1T] s

wheref is the frequencyp is the density¢ is the wave velocityf is the thermal expansion
coefficient, 4 is the thermal conductivityC, is the specific heat, an® is the absolute
temperature. The dynamical viscosity and the properties involved in the thermal
contribution can generally be obtained for standardidg with an acceptable accuracy, so
that the main difficulty will come from the estimatiohthe bulk viscosityr. For example,
even for a fluid as studied as water, various estimstiér canbe found in the literatufé?®
from which different values of the acoustic attenuatioefficient can be obtained. We have
summarized the estimations of the different contrib@ida the acoustic attenuation
coefficient for water in each of these cases in tabléd alues of the properties used for
water at 20°C arg = 998.2 Kg/mi, = 2.07 10" K™, C, = 4180 J Kkg", ¢ =1480 m/s A =
0.61 W.m'K™, 1= 0.001 Pa.s). In table 1, the first column represemteypothetical water
where the bulk viscosity term can be neglected (Stdkgothesis). We see that for such
hypothetical fluid the term connected with thermal etfeis small; hence it is commonly
neglected, aglone here in the three other columns. The term associatddde dynamical

7
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viscosity is assumed to be well known, so thatian uncertainty comes from the bulk
viscosity which, according to existing litteratté®>'is not at all negligible for water. The
acoustic attenuation coefficient can thus vary, for Mtz wave in water, from 0.03 if we
neglect the bulk viscosity term (Stokes hypothesis).083, 0.09 and 0.105mdepending
on the value of the bulk viscosity according to litara. The estimation of given by Kinsler
et al** seems reasonable as it allows finding a valubl ofose to the measured value, which
is reported in the Kaye and Laby Tab%® beN = «/f 2 = 250.10° $/m for water at 20°C.
We use this measured value in the following. The cpmeding values of the attenuation
coefficient are typicallye = 0.1 m* for f = 2 MHz ande = 0.625 rit for f =5 MHz.

Water
Water at 20°C Water*® Water®! Water*?
(Stokes hypothesis)
Term connected with the bulk 0 olu=21 pdu=24 343
viscosity, n (mPa.s) LU= AH= 2 H=
Term connected with the
dynamical viscosity, 4/8 1.33 1.33 1.33 1.33
(mPa.s)
Term connected with therma
effects (mPa.s) 0.96 10° Neglected Neglected Neglected
2r? 6 6 6 16
Prefactore® (s/mPa.m) 60.63 10 60.63 10 60.63 10 60.6310
alf 2(52/m) 80.9 10'° 208 10'° 226 10' 263 10'
o (M) forf= 2 MHz 0.032 0.083 0.090 0.105
a (m”) forf=5MHz 0.202 0.52 0.565 0.66

Table 1: Estimations of the different contributionsto the acoustic attenuation coefficient in water.

3. ScalingAnalysis.

Order of magnitude of acoustic streaming flow velocities

In this section we consider a steady, laminar, a@sstaming jet in a semi-infinite medium.
Under these conditions, the pressure gradient doeglanpiany significant role. The flow is
thus governed by a balance between the combined®fieuiscosity, inertia and the acoustic
streaming force. We focus successively on the two ptytim cases of negligible viscous
effects and negligible inertia effects.
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Inertia dominated regime near the origin of the jet.

Let us first consider the acceleration zone near thggnoof the jet where inertia plays an
important role. The balance between inertial terms agwlistic force can be writteim an
order of magnitude sensanthe beam axis:

2
ou o 2ad 5. (16)
oX c

The overall power of the beat,, is given by:
P = [l o (r) 2z 1, (17)

(o]

where Ryeamis the radius of the acoustic beam. Still from an ooflenagnitude perspectiye
one can thus write :

P

ac
Iac o —5 -
i zbeam

(18)

From equation X6), the typical velocityu at a distancex from the origin of the jet is then
expected to follow the following scaling law:

200 P, 2aa P,
U [——2¢X be ux=g |——3~X, (19)
pC ﬂR]eam pC ﬂR}eam

where k1 is a multiplicative factor of the order of 1. At thimgeé let us just mention that such
a scaling with the acoustic power root is rarely mentiome the literature, but has been
observed in an experimental work by Mitoraeal. **.

Viscosity dominated regime far from the origin of the jet.

Further from the origin, the longitudinal velocity \&tfons can be expected to be weaker so
that the occurrence of a flow ruled by the balance ®etwthe acoustic force and viscous
forces is possible. Assuming the flow is laminar aedrly one-dimensional, the balance
between streaming volumetric forces and viscous forcas, be written in an order of
magnitude sense

2al . < u (20)
c R%
in which the acoustic power can again be introducgidguequation (18), which gives:
200 P, U
(21)

2 2
c ﬁRoeam Rjet

An order of magnitude of the velocitycan be obtained assuming that the jet has nearly th
same radius than the beam Rei~ Ryeam Solving equation (21) fou gives then:

oP, oP.
Uoc—2¢ be u=k,—2°,
7UC Uc

(22)
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wherex; is a multiplicative factor of the order of 1.

The proportionality of the obtained velocity with theoustic power is often reported in the
literature. In particular this scaling is claimed toddeserved experimentally by Frenket

al.®, Nowicki et al***° and Mitomé®. A deeper discussion about these observations is
proposed in the next section of the present paper.

This last discussion underscores the fact that the-s@stion of the jet has not compulsorily
the same size than that of the beam, as assumeztite @quation42). In particular, in a
semi-infinite domain, two mechanisms can be expmktiedrive the longitudinal evolution of
the jet and the beam: viscous diffusion and diffragtiespectively The question to answer is
thus: why would the jet cross sextiscale with the acoustic beam cross section whierirge
to do so? Scaling analysis can give clues to anthigequestionTo start with, we know that
diffraction leads to the enlargement of the acoustanbealong thex direction. For small
angle, we can approximate the angle by its tangdwt;acoustic beam is then found to
increase in diameter at the rate:

mdiffractim ﬂ,

=122, 23
™ D (23)

S

This radial growth of the force fielde. of the beam size, can be compared to the enlargement
law of a laminar jet by viscous diffusion accordinghe following scaling law/>3:

éRdiffusion: 14 _ Re;% . (24)

X u(x)x

Comparing diffraction and diffusion enlargement rate, waiobt
Ritracion _ 1.22Di Re'2. (25)

iffusion S

This ratio is proportional to the square root of theagise from the wallx. Close to the jet
origin, the transverse growth is due to vesdiffusion whereas far from there it is driven by
diffraction in the acoustic (force) field. Introducing expliess(22) in equation 25), we find
the distance after which the jet is govedlrby diffraction:

Xim _ 87 o f
L, 122 apP,
Note that, increasing the acoustic power leads tecaedse ;. Equation 26) can be seen

as giving an estimate of how long the domain of itigafon must be for the order of
magnitude given by equatio2g) to be observed in the acoustic far field.

(26)

4. Comparisonwith experimental data.

Brief description of our experimental setup.

We have designed a setup dedicated to the charati@mizof an acoustic streaming flow
which will be briefly presented here; the interestetles is referred to a former publicatidn
for a more detailed description. As shown in figure 12MHz ultrasonic circular plane
transducer, with effective diametBg = 285 mm, is placed in an aquarium filled with water.

10



Submitted to Physisof Fluids, 2013

Assuming the sound velocity in water tobe 1480m's, the Fresnel length valuelis= 27
mm. Two acoustically absorbing platare introduced. The first plate is put along the aall
the end of the cavity to avoid refleckwaves (on the right of the figure). The second plate is
drilled with a hole which is covered with a pladiim. This plastic film is seen as a rigid wall
for the hydrodynamic problem while it lets the acoustiaves enter the domain of
investigation on the right of the figure. Settingstiiall at the position corresponding to the
Fresnel length makes it possible to investigate @beustic streaming flow driven by the
acoustic far field in a rectangular cavity. The holenditer is about twice the transducer
diameter. Inner dimensions of the domain of investigagi®@ 16cm x 18cmx 47cm (depth x
width x length). The acoustic field is characterizeid pressure measurements. A three
dimensional motorized system is used to move a Ihameter needle hydrophone from
Precision acoustié¥ in order to map the acoustic pressure field in the botéd middle
plane (see figure 2). We use thabviewM software through a PXI unit from Nationd
Instrument®™ to supply the transducer via a power-amplifier and a wattmeter, to acquire
voltage on hydrophone terminals and to control theonm#d system motion. The wattmeter
allows us to read the incident electrical power setite transducer; this power is regulated to
stay constant all along the experiment. The amusiieaming flow is characterized by
Particle Image Velocimetry measurements (PIV) thanksather independent system. The
two characterizations cannot be made simulttaneousig she hydrophone and its holder are
intrusive; they are removed before carrying out PIV sessiMe formerly took care to check
that the measured velocity field is independent ef skeding’ (here, 5um diameter PSP
particles fromDantec dynamicd?).

Motorized
Free surface displacement (x, ¥, 1) Sound absorbant
\ = wall
Piezoelectric © I \
transducer =~ — \
“
\ 55 ~—— Hydrophone P
| < = Sound absorbant \ Acoustc =
i a wall with a hole beam
]
< . >
Near Far field
field

Figure 1: Experimental configuration (side view); he sound-absorbing wall with the hole is covered wh a plastic film to impose ano-
slip boundary condition for the hydrodynamic flow. The origin of the frame is chosen at the center ahis hole .The domain of
investigation, situated on the right hand side oftte absorbing wall with a hole § >0) is 16 cm deep, 18 cm wide and 47 cm lon

A typical acoustic pressure amplitude map in theziootal mddle plane of the fluid domain
is plotted in figure 2. To clearly show the near figdfield structure, the absorbing drilled
wall has been removed from its locationxat O; this location is however represented by a
vertical dash-line. The acoustic source is setat-275 mmj.e.x ~ - L:. It has been verified
that introducing this wall induces negligible chasge the acoustic field in the investigation
area x > 0). The diffraction cone is clearly visible on this pictukdind that the scale is very
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different on they-axis and on the-axis of this plot so that the represented region &at
very elongated.

a)
30 : 2:5
20 : 3
-10 |
T 115
£ 0
= 10 I. 11
20 ; 05
30 :

275 =200 -100 0 100 200 300 3
x (mm)

p 5
“C(P x10
35

Figure 2: Experimental map of acoustic pressure anhipude in the horizontal middle plane (xy). The
measurement has been made in three separate runshel acoustic source is situated at =~ -L;. These
measurements have been performed without the acousally transmitting wall otherwise situated atx = 0
and represented here by a vertical dash-line. Thitast has been remowed to show the near/far field
structure. Note that the scale is very different orthe y-axis and on thex-axis, so that this figure represents
in fact a very elongatedregion.

Shape of the jet vs shape of the beam.

Experimental acoustic intensity profiles and axmlocity profiles in the middle horizontal
plane are plotted together in figure a® x=0.5L¢, x=1L¢+ and x=1.3L; . The profiles are
normalized so that they reach the same valyelat= 0; their shape can then be compared at
a glance.

Clearly, the shape of the three velocity profiles lssely linked to that of the intensity
profiles. The dashed straight lines correspond to ffirection cone given by equationl(4);
these lines are seen to roughly correspond to theldaat minimum in the acoustic intensity
profiles, as expected from the theory. One can nataethis minimum is not a zero. Let us
recall that the analytical expression for the intengitpfile featuring a Cardinal-Bessel
function with zero at this poitft is valid in the asymptotically far field only. Hereeth
minimum is non-zero since the measurements are natelddar enough from the source for
this asymptotic case to be reached. The enlargeofetite beam can be observed on the
acoustic intensity profiles, plotted with dots: usthe dashed lines to define a measure of the
diameter, we find 24 mm at/Ls = 0.5, 34 mm at/Ls = 2 and 40 mm ai/Li= 1.3 The
transverse velocity profiles plotted as black linesevebtained for an acoustic power of
2.8W. Looking very carefully, a slight bending in thelhape even seems to be present at the
level of the secondary local maxima in acoustic sitgn Vertical solid lines represent both
the locations where profiles are taken in the aqua@awah the zero value for acoustic and
velocity quantities.

This picture clearly supports the assumption maddetive equationd?), namely that the
diameters of the jet and of the beam have similavegalNote that, as in figure 2, the
represented region is a very elongated one, dine%/1 >> Ds in our experiment. It is also
consistent with the scaling analysis of secBo8ince equation2g) predicts that the jet shape
could follow the beam shape after a few centimeterg: dwelrex;i/Ls = 0.13, bexjm = 3.7 cm.
This behavior shows that accounting for diffraction ikegy ingredient in the modeling of
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acoustic streaming for this configuration. Note thatmfer studies presenting transverse
velocity profiles focused on its very local shaperndg@ maximum velocity and maximum
acoustic intensity"*> so that no conclusion can be drawn on this point fthese papers.
Specific mention must be made of the work by Kama ket al3® which shows similar results
concerning the correlation of velocity and acoustensity profies in the near-field region.

x/Lf

Figure 3: Experimental profiles of normalized acousic intensity (dots) and normalized axial
velocity (solid blue lines) along they axis atx =0.5L;, x =L; and atx = 1.3L; for an acoustical

power of 2.8W. The two dash-dotted lines corresporid the diffraction cone (equation {4)). Note
that the scale is very different on they-axis and on thex-axis, so that this figure represents in fact

avery elongated regionsincel; = DZ/A>> D, in our experiment.

Confrontation of scaling argumentswith present and former experimental data.

Previous velocity measurements of acoustic streamiwvgrdby plane ultrasonic sources in
large cavities differ in particular b%/ the size of therseuand of the set-up and by the
frequency of the uftrasounds u8éd***°. The frequency varies from 2MHz in the present
study to32 MHz in the experiments by Nowicldt al>*“° As the attenuation coefficient of

sound in water is proportional to the squared frequetewalues are expected to vary by
more than two decades between these studies. Convdhge maximum power used in these
investigations ranges from 0.6 mW to 10 W, that is nibes three decades in power. This
offers a good opportunity to check the scaling lawsgiin section 3A summary of the

experimental conditions in these five investigatioa®ng with those in our own present
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work, is shown in table 3. These investigationsrablve circular plane transducers emitting
continuous waves. The main experimental parametergemadled in table 3; the Fresnel
length and the estimated attenuation coefficient &@ iadicated. Comparing the Fresnel
length to the length of the tank and the locatiothef measurement point, it can be inferred
that some of these measurements are made in the oeatiadield.

Nowickiet Present | Kamakurat

53940 Mitome® | Frenkeét af* study A3
Rectangular cavity _
dimensions Cylinder
. 6.4 x6.4x 9| 36 x30 x60| 25 x 17 x 14| 18 x 16 x 47| 4.3cm radius
(depth x width x 27cm length
length) (cm)
Fluid Water Water Water Water Water
Source DiameteDg
(cm) 0.8 1 2.52 2.85 0.9
Frequencyf (MHZz) 32 5.05 3 2 5
Attenuationa (m)
o =N f 2 with 25.6 0.637 0.225 0.1 0.57
N = 25.10°m’s?
L (cm) from 34.6 8.53 32 27.4 27.4
equation(13)
Distancex from the
transducer to the| 0to 1.5cm 0to20cm ~3cm
measurement poin| 0 to 0.04L; Oto 2.3 ~0.09¢ L to 3L Oto Lf
or area (cm)
Investigated acousti( 6 10° 12107
ower range to .
(agsuming 180% 6 10°W to 1.2 W 21010W 10.7t05.6 W) 0.68 W
efficiency)(W)

Table 3: Main parametersin former and pre sent experimental inve stigations

Except in Kamakurat al. who explicitly focus on the acoustic near-fieldfrection is not
discussed in these former papers. The investigatioa igoin particular not clearly situated
with respect to the near to far field transition. Fortanse, Mitomé® studies the
establishment process of acoustic streaming with an&© diameter 5.05MHz ultrasound
transducer. Numerical application of equatid®)( in this case, leads to a Fresnel length
value of 85.3 mm. Measurement points are chosen a&a@®0, 100 and 200 mm from the
transducer, so both in the near field and in the far figitlout distinguishing the two areas.
Likewise, Nowickiet al3**° measure velocities on the axis of an 8 mm diametasdraer
with a frequency of 32MHz up to a distance of 15 mm fthentransducer whereas the near
field length is 346 mm. Their investigation is threstricted to a very small area in the near-
field. Similarly, one can estimate that the quatitéadata given by Frenkett al? are taken

in the very acoustic near field. Finally, Kamaketaal3® explicitly investigate the flow in the
near acoustic field, over the whole Fresnel lengthh @i particular attention to diffraction
effects. As exposed here above, our investigation aggldon the contrary at the end of the
near field; its length is equivalent to twice the FReddength. Our study can thus be seen as
complementary to that by Kamakueaal>®.
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A test of equation9) is plotted in figure 4: velocities measured aloimg beam axis in these
five studies are plotted as a function of the groupeappg to the power 1/2 on the right
hand-side of equation (19). The values used for théuaan of this formula are the source
radiusRec, 2 = 1 mPa.s¢ = 1480 m/s andr = Nf 2 with N = 25.10" m’s?. The data attributed
to Mitome® are extracted from figure 2 of his paper; those attribtadedowickiet al.*° are
the first seven ([))oints of the velocity profile plottéd their figure 4. The dataset from
Kamakuraet al® corresponds to the first twenty centimeters of the tadgial velocity
profile plotted in their figure 6. Note that this lgsbfile is actually obtained numerically; it is
reported by these authors to be in agreement withrtdwided experimental data.

-1

[

[

10

|

Mitome x =20mm
Mitome x = 50mm
Mitome x = 80mm
Frenkel x =30mm
. o Nowicki Pac = 1.4mW

e Kamakura Pac =0.67TW

u (m.s_l)

0
*
*
*

10

7 777

[

N +  Present work x = 65.2mm -

4 ®* Present work x=126mm
10 E. r r rrrrrrf r r rrrrerf r r rrrrrref r r rrrrerf

7 -6 5 4 3 2

10 10 10 10 10 10
(2aP ) /(npchC Dx=x ) (m’.s%)

Figure 4: Test plot of equation(19). Velocities measured in several former studies qgited as a
function of the group appearing in the square roobn the right hand-side of equation (19)

This log-log plot of datasets obtained with differetteauation coefficient, source radius,
power, and distance from the wall shows the occurrehtleecexpected power ¥z behavior.
Note that Kamakurat al. and Nowickiet al. provide data for a fixed value of power and
varying the position, while Mitome, Frenket al. and us provide data at different value of
power and fixed value of the posttion. A steeper sispebserved at low values for Nowicki
et al. and Kamakuraet al; since these two dataset are plotted at fixed powkrevand
varying distance from the wall, this corresponds tovig near field: typicallw/Ls < 1% and
3% in the case of the data from Nowiekial. and Kamakurat al, respectively. This local
inconsistency with the behavior expected from expres§i®) may come from the great
complexity of the acoustic field in this area, whisot accounted for in the derivation. The
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oscillations observed at highvalues in Kamakura’s data are due to the strong, but slower,
spatial variations of the acoustic intensity alohg beam axis near the end of the acoustic
near-field®*. As equation18) is an order of magnitude expressitme observed values are
expected to match this equation while allowing fomaltiplicative factor x;, of order one
This pre-factor can differ from one dataset to anothecgsinis expected to depend on the
experimental geometry and on the location of the nreamnt point. The values of

ki obtained by a linear regression of the experimental ddth respect to equation (19) are
given for each dataseét the first rowof table 4; the second row gives the difference between
the regression and the corresponding datasetin a @t sguare sense.

Mitome Present work Frenkel | Kamakural Nowicki

X=20mm| x=50mm| x=80mm| x=126mm [ x=65.2mm| x=30mm

Multiplicative
factor
K1 1.28 1.48 1.68 1.85 1.63 1.85 1.35 4.53
with respect to
equation {9

rmsdifference

(ms? 6.2 10* | 16 10* | 37 10* | 12 10* 10 10* | 10 10" | 1010* | 910"

Table 4: Multiplicative factor x; with respect to equation (9) obtained by a linear regression of each datasethe rms
difference between the fit and the velocity data ialso given (values of the velocities are on theder of 102 m/s)

It must be underscored that our dataset is the @meyon this plot not to be taken in the near
acoustic field. The exact location where Frentkelataset is measured is not very clearly
reported by this authpas wellas the source diameter in Nowicki’s work. It must also be
noticed that Frenkel’s data-points appear in this plot to follow R, behaviour, despite the
fact that Frenkel presents them to be proportionalPgoin his figure 3. Here thems
difference is 0.001 mi’swhile it would be 0.0028 mi’sassuming proportionality tB, (as
listed in table 5); this confirms that m&’z model better describes this data than fhe
model. Frenkel’s data are actually taken only 1.4 diameters far from the sourgevhich is very
closeto the acoustic source.

Mitome® presents velocity data showing proportionality witk ficoustic pressure level for
three distances from the transduaerfigure 5 of his paperAs the acoustic power is
proportional to the squared pressure, this is consistéht equation 19 as seen herim
figure 4. Mitome also provides a plot of the longihadivelocity profiles (his figure 2) as a
function of the distance to the transducer, which rariges zero to 200 mm; it must be
stressed that the data used to plot his figure 5 lataken at a distance to the transducer
smaller than 50 mmin the following, we use the velocity values from Mitome’s figure 2 at
points further from the source to test our second sclalng namely equation2p).

The test for the scaling given by equati@®)(is plotted in figure 5: several datasets are
plotted versus the right-hand side of this equatidme Experimental dataset attributed to
Nowicki et al. *° has been extracted from their figure 2. The values egdnere for
Mitome®® are chosen 150 mm and 200 mm far from the acousticesdutbeir figure 2. Note
that other values given every ten millimeters betwbese two abscissa are not reported here
for the sake of clarity, but they obviously have thensdehavior since this range of abscissa
corresponds to a plateau in the velocity profiles.
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Figure 5: Test plot of equation (22)Markers correspond to experimental measurements oained
at different powers. The full line comesponds to quation (22) arbitrarily assuming a

multiplicative factor x, = 1/2; the dashed-dotted black lines are obtained binear regression to
the experimental data

The multiplicative factorx, is computed for each dataset through a linear regressidn
reported in table .50ne can consider that the order of magnitude givenduat®n @2
satisfactorily describes the datasets from Nowdtkal>**° Mitome™ and the present team.
Indeed the plots show that the variations are neeyat and the obtained valuesmfare on
the order of 1. Let us recall that the assumptions foatan @2) to hold are the validity of
the force expression given by equatidi?)( the occurrence of a viscous force dominated
equilibrium, and the equality between the beamthadet diameters. From table 3, it can be
seen that for Mitoms study and ours, the datasets are taken in the far fielthabthe
assumption concerning the diameter of the jet can dmvected into a condition on the
distance from the wallt should be greater than the valig, given by equation25). The
third line of table 5 gives the range of values spdrnex;, in the experiments, computed
from the range of involved acoustic power. This is tocbenpared to the location of the
measurement zone also given in table 5. One cathaé¢his assumption is fuffilled in the
case 0§80Uf dataset. It is also fuffilled in the uppegeaof acoustic powers investigated by
Mitome™.

On the other hand, Nowickt al***° operate in the very near field where , as far as we know
even the expression of the acoustic force in this zenaot clearly established from a
theoretical standpoint. The linear behavior obserwedl ®vicki and the order of magnitude
of the measured velocities are both found to be cobipawith equationX2); in the same
time, the data from Kamakuet al, Frenkelet al. and Nowickiet al. plotted in figure 4, all
taken in the near field, are also consistent with imla{19). This seems to indicate that
equation {2) is at least a good approximation in the near fieTthis question should be
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addressed in the future by means of numerical simafonfronted to a dedicated detailed

experimental investigation of acoustic streaming flawhie near fieftf.

Nowicki et Mitome™ Mitome™® Present

al 3940 x = 150mm |x = 200mm study
Multiplicative factor
with respect to 1.25 0.54 0.47 0.41
equation(22)
rmsdifference 0.8 10° 3.4 10° 4.7 10° 110°
(m.s?h) ' ' '
Range ofim 113 t0 1126 1.2 to 95 121095 | 1.7t06.6
eguation (25) ircm

Distance to the wallofm) 0.6 15 20 26.8

Table 5 Multiplicative factor x, with respect to equation (22) obtained by a lineamegression of each dataset
presentedin figure 5. The ms difference betweerh¢ fit and the \elocity datais also given (valuesf the \elocities are
on the order of 162m/s). The value of the range of;m from equation (26) and the distance to the wall.

To sum things up, we have thus presented a scatialysas giving orders of magnitude for
the velocities in acoustic streaming jets. Two scakws are proposed depending on whether
the momentum balance is dominated by viscous forcdxy mertia, namely equation23)

and (9, respectively Equation @2) requires in addition the assumption that the beadth a
the jet have nearly the same transverse dimensionhelnatoustic far field this can be
obtained in the case when the transverse growth oftbestic beam due to diffraction is
faster than the viscous diffusion induced transversetgrofvthe jet. The minimum distance
from the origin of the jet for this assumption to hadjiven by equation2@). As diffraction

is a key ingredient in this analysis, our own experital setup has been designed to account
for diffraction: the near and far field can be separatedhtgcaustically trans mitting wall and
the length of the investigation area is several tithesFresnel length. The proposed scaling
laws are shown to be globally consistent both witimierly published experimental data and
with our proper measurements.

5. Dimensional analysis.

Set of dimensionless parameters

As a consequence of the former developments, we corthide a good description of an
acoustic streaming free jet must necessarily feature hotiescription of the acoustic
propagation problem, including diffraction, and a dgd@n of the incompressible fluid flow
problem. Dimensional analysis necessitates first terdene the set of physical dimensional
parameters implied in the observed phenomena. Thehydseckingham theorem then
allows the computation of minimum number of dimenteiss groups needed to describe the
problem.

Let us consider that the aim of the analysis is testigate the link between the acoustic
power P of the sound source argh observed typical velocityJ. This velocity can for
example be chosen as the maximum velocity in thd domain or alternatively the velocity
at an arbitrary location in the domain. If we consideingple geometry with a fluid domain
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of square cross section of sidand length., the hydrodynamic problem features 5 variables:
the velocity,U, the liquid density and kinematic viscosityandv, and these two dimensions,
| andL. Five dimensional variables are required to describeatioustic problem: the power
and diameter of the plane source, respectiFedndDs, the sound attenuation coeffic iesaf
as well as the frequency and celerity of the wave gatgly, f andc. As discussed in section
3, in Newtonian fluids, the attenuation is knownlk® proportional to the square of the
frequency”*® This leads us to replacein the list of parameters By = a/f % the variableN
is a physical property of the material, as such, enftamework of our dimensional analysis,
it must be preferred ta which is frequency dependent. All these variablesliated in the
first column of table 6while the second column gives their usual units taedthird column
gives the transcription of this units in terms of theeé fundamental units of mechanics,
length (), time @) and massk(@). As ten variables are thus involved in our problemsinde
their units can be expressed with three fundamentas$ wmly, the Vaschy-Buckingham
theorem states that 10-3= 7 dimensionless groups emy@red to fully characterize this
problem. It is well known that these numbers are néihee uniquely so that the user can
choose the most convenient combination betweenralepessibilities. The groups we have
chosen are given in the fourth column of table 6.yThave been obtained by choosibg
52/vandp.Ds3 as characteristic scales for length, time and massctsgy.

Dimensional variables Usual units Fundamental units dim%%r;?osnpl(e)gglg?oup
N =g /P m* Hz* m's’ N=N f’_
f Hz s’ F=fD 2/v
A=clf m M S= 1.22)ID,
Lland D m M L=L/D, | =I/Dg
P W kg.m28 P=P.DJ/(p./})
U m.s" m.s U=U.DJ v
1% m2.s" m2.s" _
P kg.nm® kg.n’ -

Table 6: Variables of the problem, their units andthe corresponding dimensionless groups.
Each dimensionless group in this table can be agsdcwith a physical interpretation.

N is a ratio between the length of the domaiind the typical attenuation distancer. it can
give an estimate of the proportion of the acoustic pawehat is converted into a working
force within the fluid, and also an estimate of thegltudinal decrease in acoustic intensity
under the effect of sound attenuation.

F is the dimensionless frequency and can be seemna® af the period and the characteristic
time for viscous diffusion of momentum at the scRle’’. This number has very high values
except for microfluidic values dbs. Simple algebra shows thitz = D&/5 2 (see discussion
on Rayleigh-Schlichting streaming in the introduction),hish indicates that acoustic
boundary layers occurring in areas where the wave prgsmgng walls are far smaller than
the length scal®s.

S is typically the half angle of the diffraction cone bétsound beam (assumifgs small
enough to assesscsin(S) ~S, see equationld)),

L and | are simply the ratios of the cavity length and widthhe source diameter. Any other
length-scale introduced in the problem would regsulan additional aspect ratio similar to
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these two. This could be the case for the accountrairastrictly rectangular geometry but
also toaccaunt for a focused acoustic source of given focal length.

U, the dimensionless velocitys a local Reynolds number based on the observeditedowl

the source diameter. Note in particular that the moamnheat and mass transfer properties
of the flow, characterized for example through the dafmiof a Nusselt number, a
Sherwood number or even by the friction coefficient atadl, are classically expected to be
directly correlated tdJ.

P is the injected acoustic power normalized by actjppower dissipated by viscous effects

Indeed, the groupv */Dsis a typical power developed by external viscous fmeting on a
Dslong portion of a viscous jet with diametBg and at Reynolds number unity.

The dimensionless form of the governing equations thihset of dimensionless parameters
is given in annex of the present paper.

Implicationsof thetheory of physical modeling.

The transcription of the results from a model experimentater to experiments in other
fluids can be done relying on the former analysis anthertheory of physical modelings

an illustration, we consider hereunder the case in lhwaienodel experiment is made with
water to reproduce some application featuring anothardli This is an arbitrary choice since
one could consider, for example, a given scale taberiori chosen for the model; the
problem would then be to choose the appropriate mitudd! One of our concerns is also to
give an estimate of what characteristic size, poetrywould have an application that would
be similar to our setup but operating liquid metalse Telations proposed in the following are
still valid without loss of generality. If we considdiat the test case (the model experiment in
water) is at a scal@ with respect to the real case, then all the geocagdtdimensionless
groups, that id. andl, are automatically identical between the test cagkreality. A full
similarity then requires the othés dimensionless parameters to be identical too. In the
following, the dimensional and non-dimensional par@nsereferring to the test case and to
the real case will be denoted with a subsddptandreal, respectively. With these notations,
the scalas thus definedoy:

L[est
> = _test 2
I-real ( 7)

Let us introduce compact notations denoting_hy= MesiMea the ratio between the value of
any parametem in the test case and in the real case.

Let us first consider the similarity from the linear ast@uproblem standpoint. The spatial
variations of the acoustic field are characterized lytlinee dimensionless groups F and

S. Having a full acoustic similarity requires these ¢éhggoups to take the same value in the
test casasin the real one; the following set of equations has to be verified :
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Ntest/NreaI :1 RNRfZZ:l
Ftest/ I:real =1 be RfZZR;l =1 . (28)
Stestlsreal = 1 RR{lZ‘l = 1

As we consider here the fluid couple to be fixed gimen ambient condition®,, R. andRy

are fixed since they depend on the two fluids propedmy, while ¥ andR: relate to the
experimental configurations and must be chosen fortwhe cases to be in similarity.
Unfortunately this 3 equations system with two unknews over-determined and usually has
no solution. A full similarity is thus generally npbssible and a choice must be made to limit
the acoustic similarity to two dimensionless groapshe expense of the third one. Note that
in the general framework of fluid dynamics, it is rarébéoable to establish a full similarity
between two hydrodynamic problems (see for examplealse of free surface hydraulics in
which a similaritg in terms of Reynolds number andug® number is not possible in a water
model experimeni)

As discussed above, we consider that diffractioa key element in the modeling of acoustic
streaming flows, meaning in our opinion that the disienless grou® has to be conserved
in the problem formulatiorAs mentioned above, it can be inferred from equatidBsgnd
(14) governing the longitudinal growth of the far fieldoaistic beam that, in the absence of
attenuation, the acoustic intensity asymptoticedégreases as sthj/x* along the beam. This
can be compared to the”* intensity decrease due to attenuatidve choose to relax the
similarity condition concerning the account of attion in the propagation problem by
dropping the dimensionless grotdp This does not mean that attenuation is ne gleiotéae
problem, but rather that we accept the attenuatiomuroog in the test case to be not
guantitatively representative of the attenuation é sl case. The system of equatioB8) (

is then reduced to its second and third lines, asdthe following solution for the scale and
the frequency ratio:

™M
I

xR AR

(29)
and

R; = (30)

Now that this solution is determined, one can complg ratio of the dimensionless granp
for the test case and the reality as a function of tiesflproperties,

N _ RiR . (31)
Nreal R

As discussed above, this ratio is not equal to umnitthe general case. The difference with
respect to unity can be used to quantify how resteictias the choice made when we decided
to relax the attenuation similarity in the propagatmoblem.

Such a choice may appearpriori surprising since attenuation is the origin of thepdiog
between acoustics and hydrodynamics and, as suays p very important role in our
problem. To account for this coupling while the sanily for the dimensionless grodp has
been dropped out, let us replace the dimensionlessrg®by the grougNP. The meaning of
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this substitution is that, in view of streaming issughat matters most for the hydrodynamics
problem is the acoustic streaming foredhich is proportional to the attenuation coefficient
times the acoustic power (global standpoint) or theaust@intensity (local standpoint). This
is particularly clear in the dimensionless form of tleweyning equations given in annex of
the present paper (see equations (35) and (39) to @lMeaningful similarity is then
obtained forNiesPies™= NrealPrea Which yields:

3
_RR

= . 32
R (32)

Ro

Finally the Reynolds similarity can be written dgs=U ea, Which gives the following ratio
between test case velocity and real case velocity:

_R _
R, = =R (33)

One can notice that this last relation is equivatena Mach similarity in which the Mach
number is defined aBl = U/c. We preferably use the Reynolds number to the Mach eumb
since the generated flow imcompressible and its transport properties (Nusselt number,
Sherwood numbetc) are expected to be directly correlated to the Reymalkisber.

It is thus in principle possible to perform model expents in similarity with a real case,
assuming that the attenuation of sound only inteesein coupling with the acoustic power in
the fluid flow problem, which seems to be a reas@asdsumptionThe next section is
devoted to applying this approach to the specifisecef the design of a water experiment
dedicated to the modeling of liquid metal setupsothar concern of this section will be to
draw some conclusion concerning acoustic streaminigund metals from existing water
experiments (such as those cited above).

6. Examplesof application to selected liquid metals.

The particular cases of liquid silicon and liquid swdiare considered, which makes sense in
the general framework of electric energy production and pfldmental investigations in
planetary and earth sciences. Liquid silicon is m&dlin crystal growth processes for solar-
cells production, in which stirring by acoustic stréagrcould be of interest. Liquid sodium is
used in nuclear plants destdn® and in academic experiments concerning the earth and
planetary dynamo effect, applications that often invahitrasonic velocimetry°. Other
liquid metals or alloys could of course be of inteteSt?*>% we will here focus mainly on Si
and Nawhich, with their very different melting point and déwysare representative of the
behaviors that can be met with many metallic liquiden will also be considered as a
reference liquid metal that is better documented. Téwios can also be seen as giving
guidelines to assess acoustic streaming flows inNewytonian fluid.

Estimation of the acoustic attenuation coefficient for a selection of liquids.

One of the difficulties when extrapolating experimémsults obtained in water to other
fluids is to find the properties of the concerned fluids particular the acoustic attenuation
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coefficient is often poorly documented. We propose heteu a short review based on
equation 15), which expresses the attenuation coefficienterms of the mechanical and
thermo-physical properties of the liquid. This lead®s$timates of the attenuation coefficient
in liquid siicon and liquid sodium.

For liquid iron, silicon and sodium, the values o€ throperties that are useful for the
estimation of the acoustic attenuation coefficient gieen in Table 6. The values for iron
have been obtained from Nashal®, the values for silicon from different auth®§3, and
the values for sodium from Sobo¥vwWe see that the main values are available, except th
bulk viscostity for silicon and sodium. Note, howewigt an expression is proposed for iron,
n=(3/5)u, which will be used as a first approximation for siico

Property Iron at 1809 K*® | Silicon at 1700 K |Sodium at393K *
Specific heaCp (J K'kg™") 748.5 1000 1374
Thermal conductivityZ (W.mi'K™) 322 60 60 85.5
Thermal expansioff (K™) 0.82 10" 1110 2.55 10*
Sound celerityc (m/s) 3900 3900 61 2514
Density p (Kg/n) 6980 2500 & 922
u (mPa.s) 5 0.8 62 0.62
17 (MmPa.s) 3/5.u=3 ] -

Table 6: Property values useful for the estimationf the acoustic attenuation coefficient in liquid ioné silicon and
sodium. Ref. : Naschet al.8, Okhotin etal. %, Inatomi et al.?°, Hayashiet al.?*, Rhim and Oshak&? Sobole§*.

We can now estimate the different contributions to aheustic attenuation coefficient for
iron, silicon and sodium. These estimations arengivetable 7. We see that for these liquid
metals the thermal contribution is very large and my @ase much stronger than the
contribution connected with the dynamical viscasigrticularly for silicon where the ratio is
close to 17. Concerning the bulk viscosity, we seeitlis of the same order as the dynamical
viscosity for iron (factor 0.6), whereas it was a litHeger (factor 3) for water. For silicon, in
view of the small value of;, the contribution of the bulk viscosity can be eotpé to remain
small and, in any case, far smaller than the thermattiboition. This contribution could have
been neglected, but we chose to deduce it from thdiaedhip betweem and u used for
iron. The values of the acoustic attenuation coefficibus obtained for silicono( = 0.01 for

a 2 MHz wave) are larger than those for iren< 0.004 for a 2 MHz wave) due to the larger
thermal contribution, but they are small comparedht® talues found for water, about ten
times smaller. For sodium, the thermal contributionstf dominant, and we choose to
approximate the bulk viscosity by=1.25 & so that the value ot/f %is close to the
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measured value found in the Kaye and Laby onlineegfbior sodium at 383 K ¢/f 2 =120
10® /m). The values of the acoustic attenuation coeffic@iained for sodium are then
significantly larger than for the two other liquid mistaand closer to the values for water
(about half the values for water).

About 20°C above melting 56 s Sodium
temperature Iron Silicon
Term connected with the bul Approxmated by Approxmated by
) . 0.6 £=3
viscosity,77 (mPa.s) 0.6 1£=0.48 1.251 =0.77
Term connected with the 0.825
dynamical viscosity, 4/3: 6.66 1.07
(mPa.s)
Term connected with thermal 10.62 1815 7.3
effects (mPa.s)
272 6 6 13.510%
Prefactoree® (s/mPa.m) 0.476 10 13310
6
o [f(sm) 9.65 10° 26.2 10° 120 10
0.004 0.01 0.048
a (m*) forf = 2MHz
o (m'l) forf=5MHz 0.024 0.065 0.3

Table 7: Estimations of the acoustic attenuation aefficient in liquid iron, silicon and sodium closeabove the melting
temperature.

Implicationsfor experimental works.

Table 8 gives the numerical evaluation of equati{@® to (33 in the case of liquid silicon
and sodium a few degrees above their respective melimgs. As liquid metals exhibit both
lower viscosities and higher sound celerities thamew a water model should be bigger than
the setup it represents; the scale given in the fidstnon of table 8 shows that the model must
be more than eight times bigger in the case of siliedmle it is nearly twice bigger in the
case of sodium. Note that this means that a wateerexent must be 550 times bigger in
volume than its silicon counterpart, which might behibitive, and only 6.8 times of its
sodium counterpart. Another way to say this is that gbnicated volume in a given water
experiment represents a far smaller volume in the simdse with silicon. For the same
reasons, the frequency used in the water model showdd/sa be smaller than in the liquid
metal application; while the ratio is between onertfoand one fifth for liquid sodium, it is
less than one over twenty for liquid silicon. Letrasall that the ratidNi</Nreq in the third
column should be one for the similarity in term of aii&tion to be respected. Here again the
case of the sodium-water similarity is the most faviaralh water model cannot accurately
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reproduce a problem with liquid silicon in which attation would significantly influence the

spatial repartition of acoustic energy.

ScaleX from fieslfreal Niest/Nreal Prtest{Preal Utes!{Urea
equation 29) equation 80) equation 81) equation 82) equation 83)
Silicon
(1750 K) 8.2 0.046 0.17 8.9 0.38
Sodium
(393K) 2.5 0.23 0.28 4.9 0.59

Table 8: Scale andthe ratio of the main parameterfor a model experiment in water in similarity with test cases
featuring silicon and sodium (respectively first aml second line).

The power-ratio given in the fourth column can be saerthe ratio in acoustic powers to
reach the same Reynolds number in water and in thil ligetal. It is greater than one in both
cases; however, it is nearly identical to the scaldh®e silicon/water couple while it is twice
the scale for the sodium/water couple. Let us remarktkis ratio is very sensitive to the
ratio of the viscosities in the two fluids, which @&aps with a power three in equatid)
One can see that the required power to reach a givemolRleynumber in liquid silion is
nearly one tenth of what it is in water, a quite rerahlk feature in terms of potential
applications. In many applications, the Reynolds remis indeed the appropriate
dimensionless number to characterize the effect ofemdion, since heat and mass transfer
properties of the flow (characterized for example by thesiil and Sherwood numbers
respectively) are directly correlated to it. In the cafseelocimetry, what matteris rather the
dimensional velocity potentially induced by the ast@c streaming. In our setupd = 28.5
mm,f = 2 MHz), one watt of acoustic power produces a streaming V¥gloaithe order ofl
cm/s in water (which can be retrieved as an applicaticaguation 22)). Using this starting
point, the second line of table 8 shows that, imitlcsodium, a plane transducer of diameter
12 mm operating at 8.6 MHz would induce velocitias the order of 1.7 cm/s with an
acoustic power of only 200 mW. Because of the stalge can also say that these velocities
would be obtained after a smaller distance. As meaticaarlier, this numerical application
makes us think that it should be takear of acoustic streaming side-effects in ADV
measurements.

7. Conclusion.

The present paper focuses on acoustic streaming freeTjgss is to say that progressive
acoustic waves are used to generate a steady floheimulk of a liquid. In particular no
acoustic boundary layer is present in the problem dineeacoustic beam does not interact
with lateral walls.

The derivation of governing equations under the forra nbn-linear hydrodynamics problem
coupled with an acoustic propagation problem is mds To do so, a time scale

discrimination approach is preferred to the wusually keeb amplitude perturbations

expansion. Though the obtained expression for the sderm in the Navier-Stokes equations
is the same, this original approach provides a istai® framework with the experimental
observations of acoustic streaming flows that can featydrodynamic non-linearities and
turbulence.

A scaling analysis is performed on the basis of thegeations of motion including the
acoustic force. Two scaling laws are proposed for thecitgllevel observed on the acoustic
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beam axis, depending on the most significant termsidered as balancing the acoustic
streaming force in the steady state mome ntum bu@getsidering inertia, which corresponds
to the acceleration zone near the origin of the let, elocity is expected to scale as the
square root of both the acoustic power and the distiooethe wall x. When considering
viscous effects, the velocity is expected to varyalie with the power and to be nearly
independent ok. In the acoustic far fieldthis regime is expected if the jet thickening by
viscous diffusion is slower than the beam thickenipgliffraction, which should be observed
in long enough apparatus.

Experimental results are also presented together witleveew of former experimental
investigations concerning the powtervelocity relationship for plane ultrasonic transducers
in water. Our experimental study is focused on the fiowhe far field, which is in particular
complementary to that of Kamakuet al®*® which was restricted to the near field. Our
apparatus is well designed to observe the correlatgiwden the acoustic intensity and
velocity fields of the acoustic streaming driven yeder the effect of acoustic diffraction.
This is illustrated here by presenting normalized trarses velocity profiles plotted on the
same figure as normalized acoustic intensity profiEss comparison of the acoustic field
and the velocity field in our water experiment thus frtors that diffraction is a key
ingredient in the problem. This is an important cas@n since this aspect is rarely accounted
for in the literature. The literature review is also uasd test for the two scaling laws which
are both observed in our setup and in former studiesth®r teams. The observation of the
same scaling laws in the near acoustic field seermicate that the expression of the force
established in the acoustic far field, namely equafl®, is also valid at least in an order of
magnitude sense in the near field. This issue sHmulshvestigated by numerical means and
dedicated experiments in the near future.

Experimental investigations related to acoustic stie@ in the literature, including our own
one are yet limited to experiments in water. Howeveumlrer of applications makes use of
other Newtonian fluids, and in particular liquid metaWe thus propose a dimensional
analysis of this problem. As diffraction has been shtwioe a key ingredient in the problem,
the dimensional analysis of this problem must ineldlte acoustic parameters (celerity of
sound, attenuation coefficient and diameter of thed@ource), the geometrical parameters
(aspect ratios), and the incompressible fluid flow peri@rs (density and viscosity). A set of
seven dimensionless groups is then required to deseritypical acoustic experiment in a
parallelipipedic aquarium of square cross-section; twothese are dedicated to the
description of the geometry, so that for a model expmarinat any scale, five dimensionless
groups are to be considered. We show that a full gitgilg usually not possible and that the
similarity condition must be relaxed concerning oaeameter. We show that it is preferable
to relax the similarity with respect to sound atteimure since we consider experimental
configurationsa priori featuring liquids and relatively low frequencies in @fhneglecting
attenuation at first order when computing the acodg&ld would not be to critical. The scale
of the model experiment is imposed by the acoughigperties of the two considered fluids;
it is given by equation29). The ratio in frequency, power and velocity betweenrtizelel
experiment and the real case is given by equatd®s (32 and @3) respectively. Equation
(3D is itself a quantification of how restrictive is thelaxation of the similarity with respect
to attenuation.

When willing to apply relations2) to (33) to real cases, the need of data becomes pregnant.
In particular the sound attenuation coefficient is alatays known. This is in particular the
case for melt silicon and sodium, which we have amésellustrate the case of crystal growth
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applications, nuclear applications and earth andegpiday science experiment$t was
however necessary to rely on the knowledge of othesipaly properties to compute an
estimate of the attenuation coefficieBbncerning the similarity analysis, in the case ofitiqu
silicon, the striking result is that reacia Reynolds number within a silicon setup requires
only one tenth of the power needed to reach the samyieoRle number in the water model
experiment Such a flow would however be obtained in a far smalericated volume. This
part of the paper has been written with enough deatag&rve as guidelines for possible other
studies with different liquids. In the case of liquidigon, we show that our experimental
setup may be not far from being in similarity withradtonic velocimetry apparatus; a
numerical application shows that small powers caid y@gnificant acoustic streaming in
liquid sodium, which could yield a bias in velocime measurements and should better be
accounted for in the future.
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9. Annexes.

With the set of dimensionless parameters defined inoses, the governing equations (7) and
(8), (12, (13, (14) becomes, respectively:

divu =0 and du/dt = -Vp+V2u+FX. (34)
with t =tD¢%/v andp = p/p.Ds/V2. The force expressed by (13) becomes :

= 8x1.22 NP

E—-FX= SEL FLG (X,¥,2)X. (35)
T
whereG is the dimensionless spatial repartition of the amougensity defined by :
2
G- | 2D /4, (36)
P
Expressions (14) and (15) also give :
Ly 122
L =" 3
' D, 4S’ 57
singd=S. (38)

Similarly, the scaling relations of section 4, respedy equations 19), (22) and @6), can be
written with dimensionless variables only:

U [BXL22NP(x) (39)
7z SF\L
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U~ 1.22NP
27 LSF

(40)

Xim 81 FL
L, 1.22° NP

(41)
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