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Measurement of acoustic streaming in a closed-loop traveling

wave resonator using laser Doppler velocimetry

Cyril Desjouy,? Guillaume Penelet, Pierrick Lotton, and James Blondeau
Laboratoire d’Acoustique de I’Université du Maine, UMR CNRS 6613, Avenida Olivier Messiaen,
72085 Le Mans Cedex 9, France

(Received 25 March 2009; revised 24 August 2009; accepted 25 August 2009)

This paper deals with the measurement of acoustic particle velocity and acoustic streaming velocity
in a closed-loop waveguide in which a resonant traveling acoustic wave is sustained by two
loudspeakers appropriately controlled in phase and amplitude. An analytical model of the acoustic
field and a theoretical estimate of the acoustic streaming are presented. The measurement of acoustic
and acoustic streaming velocities is performed using laser Doppler velocimetry. The experimental
results obtained show that the curvature of the resonator impacts the acoustic velocity and the profile
of acoustic streaming. The quadratic dependence of the acoustic streaming velocity on the acoustic
pressure amplitude is verified and the measured cross-sectional average streaming velocity is in

good agreement with the value predicted by the theoretical estimate.
© 2009 Acoustical Society of America. [DOI: 10.1121/1.3238162]

PACS number(s): 43.25.Nm [OAS]

I. INTRODUCTION

Acoustic streaming is a net mean flow which is gener-
ated by sound. This nonlinear effect is known for more than
a century,1 and there is renewed interest in studying this ef-
fect because it may be used, for instance, to enhance heat
transfer,2 to generate fluid motion in microfluidic devices,3’4
or to drive ultrasonic motors.>® Acoustic streaming can also
disturb the operation of thermoacoustic engines7 because it is
responsible for generally unwanted heat convection within
the device. Even though the influence of acoustic streaming
on the efficiency of thermoacoustic engines has been already
studied,® it is still poorly understood. Thus, its effects on the
operation of engines are usually almost empirically con-
trolled, using jet pumpsm’ll and/or tapered tubes.'? The char-
acterization of acoustic streaming in thermoacoustic engines
is indeed a difficult task due to large temperature gradients
and complicated shapes of the different elements of the en-
gine.

Efforts have been devoted to the theoretical description
of acoustic streaming in acoustic resonators'>'® and in ther-
moacoustic devices.'’ ' The precise measurement of acous-
tic streaming velocity has also been recently achieved by
Thompson et al.*** and Moreau ef al.** using laser Doppler
velocimetry (LDV) and appropriate signal processing.
Thompson et al. measured the Lagrangian outer (i.e., outside
acoustic boundary layers) streaming velocity in a standing
wave and they studied the influences of the temperature gra-
dients and the fluid inertia on acoustic streaming. They no-
tably demonstrated that the dependence of viscosity on tem-
perature impacts the acoustic streaming velocity as predicted
by Rott."” They also showed that small temperature gradients
induce significant discrepancies between the observed ve-
locities and any available theoretical results. Moreau et al.
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measured both inner/outer and slow/fast streaming velocities
using LDV and they focused attention to the spatial distribu-
tion of acoustic streaming near the walls (inside the acoustic
boundary layers). It is, however, remarkable that, while re-
cent developments of thermoacoustic engines make use of a
closed-loop path to increase the efﬁciency,m’”’25 most of the
studies mentioned above are concerned with standing wave
devices. Just a few studies deal with traveling wave devices
for which the existence of a closed-loop notably allows the
streaming flow to be nonzero across the section of the reso-
nator.

Thus, this paper aims at contributing to a better under-
standing of acoustic streaming behavior in closed-loop
acoustic resonators. The device studied in this paper is not a
thermoacoustic engine. It consists of an annular waveguide
in which the acoustic field is a resonant acoustic traveling
wave generated and controlled by two loudspeakers (Fig. 1).
Laser Doppler velocimetry (LDV) measurements of acoustic
particle velocity and acoustic streaming velocity are per-
formed in this study, and the results are compared to simpli-
fied theoretical models. It should be mentioned that, though
the idea of using a closed-loop path to generate a guided
traveling wave is not new (see, for instance, Refs. 26-28),
we did not find in the literature any report of experiments in
the device which is described below.

In Sec. II, the experimental apparatus is briefly de-
scribed. In Sec. III, an analytical modeling of the acoustic
field and a theoretical estimate of the acoustic streaming ve-
locity are presented. The LDV measurement of acoustic par-
ticle velocity and acoustic streaming velocity are presented
and discussed in Sec. IV.

Il. EXPERIMENTAL APPARATUS

A schematic representation of the experimental device is
shown in Fig. 1(a). It consists of an annular resonator of
unwrapped length L=2.12 m and with a square cross-section

© 2009 Acoustical Society of America
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FIG. 1. (a) Schematic representations of the experimental device (top view
and side view). (b) Unwrapped schematic representation of the experimental
device, the cylindrical system of coordinates (r,6,z) [or (r,s,z) with s
=6L/27] being replaced by the Cartesian coordinates (x,y,z). The drivers
localized at s or y=0 (or L) and s or y=3L/4 are represented with details on
the volume velocities and their orientations. Simultaneous measurements of
acoustic and acoustic streaming velocities in the longitudinal direction (s or
y) are performed using a commercial laser Doppler velocimeter (Dantec
Dynamics, Flowlite 1D).

Sy=aXa=7.5%7.5 cm?. The waveguide, which is filled
with air at atmospheric pressure and at room temperature
(20 °C), is made of PlexiglassTM to allow LDV measure-
ments of acoustic particle velocity and acoustic streaming
velocity. Two electrodynamic drivers (loudspeakers Audax
PR170MO), set at positions s=0 and s=3L/4, and coupled
to the waveguide through a circular hole of diameter a, allow
to generate an acoustic wave inside the resonator. Particular
attention is paid to the accurate control of the drivers: a laser
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Doppler vibrometer (Polytec OFV 300) is used to measure
both amplitude and phase of the oscillating velocities at the
center of the loudspeaker membranes. Three microphones
(Briiel & Kjar 4136) are flush-mounted along the resonator
(located at s=0.57 m, s=0.66 m, and s=0.75 m from the
driver 1 set at s=0).

The specificity of the experimental device is that, under
some circumstances, it is possible to sustain a resonant rotat-
ing wave” which has the characteristics of a traveling wave
in terms of spatial distribution of the acoustic field (and in
terms of phase shift between acoustic pressure and velocity
fluctuations). More precisely, it has been demonstrated (see,
for instance, Ref. 26) that if the drivers are separated by a
distance of L/4, if each driver is sustaining sound at a fre-
quency f which corresponds to the first natural mode of the
air column (f=cy/L=~161 Hz, where c,~=~342 ms~! is the
adiabatic speed of sound), and if the drivers displacements
are equal in amplitude but /2 out of phase, then the result-
ing acoustic wave propagating into the waveguide behaves
like a resonant traveling wave (provided that the dissipation
of acoustic energy in the waveguide is negligible). This is
due to the fact that each driver generates two counterpropa-
gating acoustic waves in the resonator, two of them propa-
gating in one direction being coherently additive (in direc-
tion +s, for instance, if the driver 2 has a phase delay of
—1r/2 compared to driver 1) while the two other waves can-
celing out.

lll. ANALYTICAL DESCRIPTION OF THE ACOUSTIC
FIELD AND OF THE ACOUSTIC STREAMING

A. Acoustic volume velocity

A simplified analytical description of the acoustic field is
presented in this section. It is assumed here that the curvature
of the resonator has no influence on the propagation of the
acoustic wave inside the resonator, so that the closed-loop
waveguide [Fig. 1(a)] is assumed to be equivalent to the
unwrapped waveguide [Fig. 1(b)], the “closed-loop” prop-
erty of the resonator being taken into account by ensuring
continuity of acoustic pressure and acoustic velocity between
both ends of the unwrapped resonator. Assuming that a plane
acoustic wave takes place in the waveguide, the acoustic
pressure inside the resonator can be written p(y,?)
=R(p(y)e~'®’), where TR denotes taking the real part of the

complex argument and where " denotes the complex ampli-
tude. In the following, the axial component of the acoustic
particle velocity is denoted vy(x,y,z,t)=i)%(17y(x,y,z)e‘i‘“’).
The two loudspeaker membranes provide harmonic motion
at frequency f=w/(2m)=cy/L. The complex amplitudes of
acoustic volume velocities generated by the loudspeaker 1,
located at y=0, and the loudspeaker 2, located at y=3L/4,

are denoted by 171 and [72, respectively. Two regions, de-
noted by I and II [Fig. 1(b)], split the closed-loop resonator.
The complex amplitude pyy; of acoustic pressure in each re-
gion is written as follows:

Prn(y) = ﬁfn()’l,n)eﬂk‘”o ) 4 13;,11()’1,11)6_’.]{‘“()7_}’ (1)

where y;; denote any abscissa in regions I and II, respec-
tively, and where
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_ fv+(y_1)fK
kW—ko\ll‘l' 1—fV (2)

is the complex wave number which accounts for viscous and
thermal dissipation in the vicinity of the resonator’s walls
(the functions f,, and f, characterize the viscous and thermal
coupling between the wall of the resonator and the oscillat-
ing fluid,’ ko=w/cy, and 7y is the specific heat ratio). The
complex amplitudes of the acoustic volume velocities ity
=SW-<17},L”(x,y,z)>, where (---) is used to denote the cross-
sectional spatial average, are obtained from the acoustic
pressure as follows:’

Sw(l—f,) i

) 3
iwpy dy ¥

’71,11()’) =

where p, stands for the mean density of fluid. Setting y;=0
and yp=3L/4, and assuming that, at the loudspeaker loca-
tions, there is continuity of acoustic pressure [p;(0)=py(L)
and py(3L/4)=py(3L/4)] and continuity of acoustic volume
velocity [iiy(L)+U,=ii;(0) and ii(3L/4)+U,=iiy(3L/4)],
the constants p; (y;) and py(yy) can be expressed as func-
tions of 171,2. In particular, if 172=(71ei‘f’, this leads to the
following expressions for the acoustic volume velocity in the
entire resonator:

i = iU [(e i nLiA)=8) 4 gmik (L12)) piky

4 sin(k,,L/2)

— (MWL) . ik (L12)) ik, y] (4)
_ iU, ik, (L/4) | ik, (LI2)=d)\ ik, (y—(3LI4))
uuz —[(e w + e w )el wly=

4 sin(k,,L/2)

_ (e—ikw(L/4) + ei(kw(L/2)+¢))e—ikw(y—(SL/4))]. (5)

Moreover, notifying that for the given angular frequency
w=2mcy/L, the viscous and thermal boundary layer thick-
nesses &,= \V2v/w and 8= \V2k/w (v and & being kinematic
viscosity and thermal diffusivity of fluid, respectively) are
small compared to the hydraulic radius a of the resonator, the
viscous and thermal functions f,, ., can be approximated by30

5, <a S

VK

fox = (14025 (6)
a

Due to this, the complex wavenumber is approximated by
k,,~ky(1+€)+ikye, where € is a small parameter given by
e=8,[(y-1)+Vo]/(2a)<1 and where o=v/k denotes the
Prandtl number. Tuning adequately the relative phase shift ¢
between the membranes displacements of the loudspeakers
allows to generate a given kind of acoustic wave. In particu-
lar, if ¢p=—m/2, the approximate expressions of the acoustic
volume velocities iy obtained by expanding Eqs. (4) and
(5) over the small parameter €, can be written as follows:

pea AL IO RGN G

i(y) =
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() = %{ziefko<y_<sL/4>> . Eg2<y & )
' O(EZ)}’ (8)
where
gi1(§=m(1- i)[COS(kof) + (1 - %)eikof}, ©)

g (O =m(1+ i)[S cos(kyé) — (1 + i—g)eik0§:| . (10)

This result clearly shows that under the conditions men-
tioned above, the acoustic volume velocity can be separated
into two components: the first one (of order of magnitude
1/€) corresponds to a resonant acoustic wave traveling along
the direction +y and the second one (of order 1) corresponds
to some spatial variations in acoustic amplitude due to the
viscous and thermal boundary layers effects near the walls.
So, as long as the parameter € can be considered as small, the
present device can be used as a traveling wave resonator.

B. Cross-sectional average streaming velocity

When a high level resonant acoustic traveling wave is
sustained into the resonator, an acoustic streaming flow is
generated by nonlinear effects, which presents a nonzero
cross-sectional average value due to the closed-loop geom-
etry. An approximate expression of this streaming velocity
can be obtained using a successive approximation approach,
assuming (1) that the boundary layer approximation is valid,
(2) that the effect of the curvature of the resonator is ne-
glected, and (3) that the dependence of kinematic viscosity v
of fluid on temperature 7|, is taken into account (narnely,]3
v T, with 8 = 0.73).

In the following, the subscript m is used to denote the
second order in magnitude mean flow generated by acoustic
streaming. In order to compare the results of measurements
with the theoretical results, the cross-sectional average value
of streaming velocity (v,,,(y)) is expressed as a function of
acoustic pressure amplitude when the waveguide has a cir-
cular cross-section of diameter a. The details of calculation,
which are based on previous works,'® are given in Appendix.
The average value along the closed-loop waveguide
1/L${v,,,)-dy of the cross-sectional average streaming ve-
locity (v, is found to be proportional to acoustic intensity
as follows:

1
Z % <Uym> dy = ap%ms’ (11)

where p,, is the root-mean-square of the acoustic pressure
amplitude inside the waveguide, and where the parameter
a=~-18X10"7 ms™' Pa2. It should be mentioned that
acoustic streaming velocity is not constant along the wave-
guide, but the predicted variations in (v,,,) are lower than
0.5% of its average value. It is also interesting to note that
the direction of acoustic streaming is opposite to the direc-
tion of the traveling wave.

Desjouy et al.: Measurement of acoustic streaming



Ivg (ro,s,O)/<vs (r0 ,5,0)> |

s=L/4
(a) Axial position, s

s=L/2 s=3L/4 s=TL/8

)

o
%

Ivg (r(,8,0)/<v (r OS,O)> sI
2

0.4 e -
[ i i S -
o i i i i E|
s=—L/8 s=0 s=3L/4 s=T7L/8
(b) Axial position, s

FIG. 2. Normalized distributions of the axial velocity fields |v,(Ry,s,0)/{(v,(Ry,s,0)),| as function of the axial position s: squares correspond to the experiment

and full lines correspond to the theory. (a) ¢ = 0; (b) p=—m/2.

IV. MEASUREMENT PROCEDURE
A. Hardware and signal processing

For all the experimental results which are presented in
the following, the absolute values of the amplitudes of the
displacements of the loudspeaker membranes are equal
(|U,|=|U,)), and the operating frequency f=(2mc,)/L
~ 161 Hz corresponds to the frequency of the first natural
acoustic mode of the air column. We have verified experi-
mentally that this frequency also corresponds to a resonance
of the complete device (the presence of the loudspeakers do
not affect the acoustic resonance of the closed-loop wave-
guide). A commercial single component laser Doppler ve-
locimeter (Dantec Dynamics, 158.4 mm standard front lens)
is used to measure velocity field. The dimensions of the
fringe volume are of about 50 um in the direction of mea-
surement (along the s-coordinate) by 410 um wide (along the
r-coordinate) and 50 pm high (along the z-coordinate). The
LDV probe can move in the transverse direction r [or x if the
unwrapped geometry of Fig. 1(b) is considered]. The wave-
guide can rotate around its center, allowing to make mea-
surements along the axial direction s (or y). The signal pro-
cessing which is used here is similar to that used by Moreau
et al.** The signal is captured by a photomultiplier and is
analyzed by the BSA system (Dantec Dynamics 57N20-BSA
burst spectrum analyzer). Acquisition are performed over
40 000 samples in order to reach convergence of the mea-
surement results. Then, given a phase reference, a postpro-
cessing algorithm allows to bring back all samples on a
single acoustic period. A least squares method is used to
estimate the Eulerian particle velocity. The average value
(over an acoustic period) of the least squares fit of the signal
corresponds to the streaming velocity vy, (or vy, in case of
unwrapped waveguide), while the oscillating component cor-
responds to the acoustic particle velocity v(7) [or v,(z)]. The
measurement accuracy is provided by the signal to noise ra-
tio (SNR) defined as’' SNR=10 log(Vf/ZV[n(t)]), where V
denotes the peak amplitude of the acoustic particle velocity
v,(t) and where V[n(r)] is the variance of the noise n(r)
(which is the difference between measured and estimated
acoustic velocities). This SNR is used to calculate the mini-
mal errors attributed to the data acquisition and the signal
processing system, and in the following, LDV measurements
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are considered as valid for a SNR higher than 20 dB. How-
ever, it is worth noting that there are additional uncertainties
which are due to the experimental device itself. There are
indeed some parameters like the evolution of room tempera-
ture or the accuracy of the probe positioning, which we tried
to monitor with care. These parameters are not taken into
account in the definition of the SNR, but may impact the
accuracy of the measurements significantly. During measure-
ments, we took care that the variations in room temperature
do not exceed 1 K, and we considered that the accuracy of
probe positioning is lower than 1 mm.

It is also worth noting that, in our device, the cascade
process of higher harmonics generation should be considered
because it distorts the waveform and because harmonics gen-
eration may contribute to the generation of acoustic stream-
ing (this contribution is neglected in Sec. Il B). However,
for the largest amplitude of acoustic velocities used
(1.9 m/s), the amplitude of the second harmonic of particle
velocity does not exceed 5.5% of the amplitude of the first
harmonic. The assumption of a monofrequency acoustic field
is thus expected to be valid because the magnitude of the
acoustic streaming generated by this second-harmonic is ex-
pected to be less than 0.3% of the magnitude of the stream-
ing generated by the first harmonic.

B. Acoustic particle velocity measurements

The spatial distribution along the centerline of the annu-
lar experimental resonator [r=R,, s, z=0, see Fig. 1(a)] of
the acoustic particle velocity is presented in Figs. 2(a) and
2(b) for a phase shift ¢ between the membrane displace-
ments of the loudspeakers of 0 and —/2, respectively. More
precisely, the normalized distributions of the axial velocity
fields |v,(Ry,s,0)/{vy(Ry,s,0)),|, where (v (R,,s,0)), de-
notes the average amplitude of acoustic velocity along the
s-coordinate, are presented: full lines show the predicted spa-
tial distribution [Egs. (7) and (8)] and squares show the mea-
surement results. The experimental and theoretical results are
in good agreement. When ¢ = 0 [Fig. 2(a)], the spatial dis-
tribution of the acoustic field in the resonator is the one of a
standing wave. When ¢=—1/2 [Fig. 2(b)], the results show

Desjouy et al.: Measurement of acoustic streaming 2179
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FIG. 3. Spatial distribution of the amplitude of the axial acoustic velocity
v,(r,s0,0), measured by LDV at position s,=0.72 m=~3L/8 for different
amplitudes of acoustic pressure, with respect to the r-coordinate. Continu-
ous lines correspond to the calculated distribution [Eq. (12)].

that the measured amplitude of the acoustic particle velocity
(squares: []) is nearly constant along the s-coordinate, as
predicted by the theory (full line).

In Fig. 3, the measured spatial distribution of acoustic
velocity with respect to coordinate r is shown for different
amplitudes of acoustic pressure. The phase shift between the
two drivers is set to ¢=—m/2. The LDV measurements are
performed at position s,=0.72 m=3L/8. It was technically
impossible here to measure this acoustic particle velocity
inside the thermo-viscous boundary layers, so that the spatial
distribution in Fig. 3 does not show that the particle velocity
vanishes near the walls of the resonator, at positions r=R;
and r=R,. It appears clearly that the particle velocity is not
uniform across a section of the waveguide. This effect is due
to the curvature of the resonator, and an estimate of the ac-
tual velocity distribution can be obtained by assuming that,
in the closed-loop resonator of Fig. 1(a), the pressure wave is
a plane wave traveling in the (+s) direction without dissipa-
tion [p(r,s,z)=p(s)=p(sy)e*00] so that, using Euler’s
equation in the cylindrical system of coordinates (r,s,z), the
complex amplitude of the axial acoustic particle velocity

L 9p(so)
ippwr ds

175-(7,30,2) = (12)
is proportional to (1/r)d,p. The corresponding transverse dis-
tribution of the acoustic particle velocity is also presented in
Fig. 3 (continuous lines) and it is in good agreement with the
results of measurements.

C. Outer acoustic streaming velocity measurements

Acoustic streaming velocity measurement by LDV is a
tricky procedure in which several parameters such as the
number of seeding particles getting through the measurement
volume and their influence on the mean density of fluid, the
temperature, and the static pressure variations impact the ex-
perimental results. The most annoying difficulty that we have
encountered is the necessity to wait for quite a long time
after the introduction of seeding particles (wood smoke) be-
fore to proceed to reliable acoustic streaming velocity mea-
surements. Indeed, while the measured acoustic particle ve-
locity converges to a constant value only several seconds
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after the introduction of seeding particles, the streaming ve-
locity reaches its steady-state value after approximately 30
min, the initial streaming velocity value being one order of
magnitude higher than its steady-state value. It should be
mentioned that such an effect has already been reported by
Thompson et al.” and confirmed by Moreau et al** The
most plausible reason which can explain this effect is the one
invoked by Thompson et al., who have clearly demonstrated
that the thermal boundary condition imposed on the walls of
the resonator has a strong influence on both the characteristic
time necessary to reach the steady-state acoustic streaming
velocity and on the amplitude of the steady-state acoustic
streaming velocity. In the present experiments, no thermal
conditions are imposed on the resonator (this is referred to as
“uncontrolled” boundary condition by Thompson et al.). The
acoustic streaming velocity reaches its steady-state value
within 27 min (the time required for the acoustic streaming
velocity to reach 95% of its steady-state value), which is
twice longer than the time of 14 min reported by Thompson
et al. In the present device, this long time delay probably
corresponds to the time for stabilization of a heterogeneous
temperature distribution, which is due to various heat sources
(notably the loudspeakers). Actually, this thermal equilibrium
time is controlled by the convective heat transport due to the
acoustic streaming which itself is controlled by the tempera-
ture distribution. In practice, this means that after each intro-
duction of seeding particles into the waveguide, LDV mea-
surements cannot begin before this 27 min time delay, and
have to be stopped after approximately 1 h due to the gradual
decrease in the number of seeding particles getting through
the measurement volume, with subsequent decrease in the
signal to noise ratio.

The measurement of the spatial distribution of the outer
(“outer” meaning far from the boundary layers) acoustic
streaming velocity v,,,(Ry,s,0) along the centerline is pre-
sented in Fig. 4 for both ¢ = 0 and ¢p=—m=/2. It is important
to note that it was not possible to prevent from annoying
effects due to the loudspeakers in this device. This was not
the case in the devices studied by Thompson er al.** and
Moreau et al.:** Thompson et al. took care to proceed to the
measurements far from the acoustic sources (approximately
1 m) while Moreau et al. took care to design their waveguide
in such a way that separation effects due to the geometrical
singularities in the vicinity of the loudspeakers are mini-
mized. In the present device, the disturbances due to the
loudspeakers impact the measurement of acoustic streaming
along almost half the length of the resonator (approximately
from s=5L/8 to s=~L/8). However, far away from the
sources, after a stabilization distance of about 40 cm, we
consider that the observed streaming is the acoustic stream-
ing itself (i.e., the streaming resulting from nonlinear acous-
tic effects in the vicinity of the resonator walls). In Fig. 4,
both the acoustic particle velocity magnitude [Fig. 4(a)] and
the acoustic streaming velocity magnitude [Fig. 4(b)] are
represented along the waveguide. No matter how the phase
shift between the loudspeakers is adjusted (¢ = 0 or ¢=
—17/2), the spatial zone where the measurements of acoustic
streaming may be considered as reliable extends from s
~L/8 to s=5L/8. In this region, and in the case when a

Desjouy et al.: Measurement of acoustic streaming
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FIG. 4. (a) Spatial distribution of the amplitude of the axial acoustic veloc-
ity v4(Ry.s,0) and (b) of the outer acoustic streaming velocity vy,,(Rg,s,0)
with respect to the axial position s, measured by LDV for a phase shift ¢
=—m/2 (crosses: X) and ¢ = 0 (squares: []). In both cases (¢ = 0 and ¢
=—1/2), the root-mean-square amplitude of the electric voltage applied to
the loudspeakers is 1.8 V.

standing wave is excited by the loudspeakers (¢ = O,
squares: [-), it is interesting to note from the simultaneous
observations of acoustic and acoustic streaming velocities
that our results match the classical observations of acoustic
streaming in standing wave resonators. There is indeed a
periodic variation in acoustic streaming velocity, which can-
cels at the locations of acoustic particle velocity nodes and
antinodes. Moreover, it is also noticeable that the acoustic
streaming flow along the centerline of the waveguide is di-
rected toward acoustic velocity antinodes. In the case when
¢=—1/2 (traveling wave, crosses: X), the amplitude of the
axial streaming velocity v,,(Ry,s,0) is roughly constant and
negative. This observed negative sign is in accordance with
the theoretical results (see Sec. III B) which predict that, in
the present case for which §,/a=2X 1073<1, acoustic
streaming is directed opposite to the traveling wave.

The spatial distribution of the outer acoustic streaming
velocity with respect to the r-coordinate is presented in Fig.
5. Measurements are performed at position s,=0.72 m
~3L/8 and for different amplitudes of acoustic particle ve-
locity. It clearly appears that the transverse distribution of the
acoustic streaming velocity is not symmetrical with respect
to the centerline. It is also noticeable that the maximum of
streaming velocity is shifted toward the external wall [lo-
cated at r=R/, see Fig. 1(a)] of the resonator as the magni-
tude of the acoustic particle velocity increases. This behavior
might be attributed to the effect of fluid inertia which leads
to acoustic streaming distortion."* In order to evaluate if the
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FIG. 5. Spatial distribution of the absolute values of the amplitude of the
axial outer acoustic streaming velocity |v,,,(r,sy,0)|, measured by LDV at
position s,=0.72 m~3L/8 for a phase shift ¢=—7/2, with respect to the
r-coordinate and for different values of the typical acoustic particle velocity
Vo=(v,(r,50,0)).

influence of fluid inertia on acoustic streaming is important

or not, a nonlinear a dimensional Reynolds number is de-
14

fined as

VO 2( a )2

Rew. = ( c0> 25,) (13)
where V, is a typical value of acoustic velocity at position
50=0.72 m~3L/8 (in the following, V,=(v,(r,s(,0)), and
(+++), denotes taking the spatial average over the
r-coordinate). This number Rey;, which was first introduced
by Menguy and Gilbert,"* is an appropriate dimensionless
number which states the limit between slow and fast stream-
ing in the kind of device considered here (i.e., frequencies in
the audible range, radii of order a centimeter, acoustic levels
up to 160 dB). If Rey, <1, the corresponding streaming is
called slow streaming and the effect of inertia is assumed to
be negligible (so that the model presented in Appendix is
valid). If Reyp = 1, the streaming is called fast streaming (or
nonlinear streaming) and fluid inertia may influence the gen-
eration of acoustic streaming, notably by distorting the shape
of the transverse distribution of the acoustic streaming veloc-
ity. In the experimental results presented in Fig. 5, the pa-
rameter Rey; varies from 1.6X 1072 to 1.4 so the effect of
fluid inertia may be responsible for the observed asymmetry
of the acoustic streaming transverse distribution. When the
average amplitude of acoustic particle velocity V,, exceeds
1 m/s (i.e., when Rey; =0.4), the transverse distribution of
acoustic streaming indeed becomes asymmetrical. Another
plausible reason which may explain these results is that the
curvature of the resonator, which impacts the transverse pro-
file of acoustic velocity, also impacts the transverse profile of
acoustic streaming velocity.

The average value (v,,(r,s(,0)), over the r-coordinate
of the acoustic streaming velocity performed at position s
=0.72 m~3L/8 is presented in Fig. 6 as functions of pfms,
where p,, is the root-mean-square of the acoustic pressure
amplitude measured at position s=0.75 m. The continuous
line corresponds to the linear fit of the experimental data
(Vg =agp>). Tt is verified that the acoustic streaming
velocity is proportional to acoustic intensity, and the calcu-
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FIG. 6. Average values (v,,(r,s,0)), of the amplitude of the axial outer
acoustic streaming velocity [v,,,(r,sy,0)| over the r-coordinate, at position
50=0.72 m=~3L/8, with respect to the square of the root-mean-square am-
plitude of the acoustic pressure pZ, ..

lated slope of the linear fit is ap~—1.6X 1077 m s~ Pa™2,
This value is very close to the predicted value a=~-1.8
X 1077 m s~! Pa=? obtained from our simplified theory [Eq.
(I1)]. Tt is worth noting that, though the results obtained
exhibit a complicated structure of acoustic streaming with a
noticeable effect of fluid inertia and maybe of the curvature
of the resonator, the simplified analytical predictions are not
so far from experiments.

V. CONCLUSION

In this paper, an experimental study of a traveling wave
closed-loop resonator is presented and analytical interpreta-
tions are suggested. To our knowledge, this is the first ex-
perimental study which focuses on this original device and
specifically on the development of acoustic streaming gener-
ated by a resonant traveling acoustic wave. The distribution
of the acoustic field, which is controlled both by the relative
driving amplitude and phase shift between two drivers, is
measured using LDV and the results appear to be coherent
with the analytical results. The experimental analysis of the
acoustic streaming development is also carried out using
LDV. The obtained results show that the effects of fluid in-
ertia and maybe the effect of the curvature of the resonator
impact the spatial distribution of acoustic streaming through
the cross-section of the resonator. It is also demonstrated that
the measured cross-sectional average streaming velocity is in
good agreement with the value predicted by our simplified
theoretical model. It would be interesting in the future to
repeat these experiments in the presence of a controlled tem-
perature gradient and to compare the obtained results with
analytical predictions.
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APPENDIX: ESTIMATE OF THE ACOUSTIC
STREAMING VELOCITY

An order of magnitude estimate of the acoustic stream-
ing velocity can be obtained by using the model described in
Ref. 18. For the sake of simplicity, it is assumed here that the
unwrapped resonator has a circular cross-section of hydraulic
radius a/2 (calculations would be more complicated to carry
on in the case of a square cross-section). The coordinate
system necessary to describe the fluid motion thus consists of
an axial coordinate y running along the centerline of the
unwrapped resonator and a radial coordinate r running per-
pendicular to the centerline (with =0 along the centerline).
The fluid motion is assumed to be symmetric about the cen-
terline. Assuming that the boundary layer approximation is
valid, the equation describing the transverse variations of the
axial streaming velocity v,,, is obtained from a successive
approximations approach,l”18 leading to

1d( ov, ) 14 — 19, —
| ,2ym 2 _
vo——| r =——(p,+pov,) +——(rv,v
Or&r( ar Po Ay nrPo y) r&r( T

] Bmz(rﬂx),
Toror or

where ... is used to denote time averaging, 7 denotes acous-
tic fluctuations of temperature, v, is the fluid viscosity evalu-
ated at temperature T, (vy=TE, with 8 = 0.73),"° p, is the
hydrodynamic pressure accompanying the streaming, and
where v,(y,7,t) and v,(y,r,t) are the axial and transverse
acoustic velocities, respectively. Introducing the dimension-
less coordinate 7=(2r)/a, and notifying that the cross-
sectional average mass flow (M) is necessarily constant
((-++y=2[y...nd7m) due to the closed-loop geometry, it is
possible to eliminate the hydrodynamic pressure p, in Eq.
(A1) and to obtain the following expression of the acoustic
streaming velocity:

(A1)

0u(3)) = — () = (po)). (A2)
Po

where p denotes acoustic fluctuations of fluid density. The
cross-sectional average mass flow (M) is given by

(M) = (35 m(y)dy>/(4LVo/a2),

where the function m(y), which represents a density of
sources inducing acoustic streaming, is given by

Po 7]{ —* vy 1 ( &f)]
=\ — RO T )-2—R\ 72| -dny
m(y={ = fl @,0,) -2 R\ 72 ) | -dn

+23RGT) ).

(A3)

(Ad)

where the relation g_h=(1/ 2)9{(g77*) (* denoting complex
conjugate) is used to calculate the time average of the prod-

uct gh, g and h being the complex amplitudes of the arbitrary
functions g and .
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Moreover, the acoustic variables 7, Uy, U » and p can be
expressed as a function of the acoustic pressure p as

follows:'®
_ 1-F,dp
%= py dy’ (49
Po Ay
1-F
T= “5, (A6)
pOCp
_ 1+('}’— I)FK,..
p= 2 , (A7)
0
a d dp
5y=-— (—{w—cbv —”]
4iwpy \ dy dy
w2
+(C—> (p+(y=1)P)p ], (A8)
0

where C), is the isobaric specific heat of fluid. In the present
case of a circular cross-section, the functions F, , and @, .
are given by'9

_ JO(bK,Vn)

K,V ’ (Ag)
' JO(bK,V)
2 J(b
(I)KV= 1( K,Vn)’ (AlO)
’ bK,V JO(bK,V)

where b, ,=((1+i)a)/(26,,), and where J; are the cylindri-
cal Bessel functions of the first kind and order k.

As mentioned in Sec. III, it is possible to calculate the
spatial distribution of acoustic pressure p(y) in the entire
resonator, which can be reported in Egs. (A5)—(A8) in order
to calculate the average cross-sectional mass flow (M). Us-
ing Eq. (A2), the cross-sectional streaming velocity (v,,,) is
finally obtained. This acoustic streaming velocity depends
actually on the axial coordinate y, but in the case of a quasi-
traveling wave (when the displacements of the two drivers
are 7/2 out of phase), it is almost constant. Indeed, after
some calculations using the dimensions of the experimental
device (a=7.5 cm, L=2.12 m), it is found that the average
streaming velocity 1/L$(v,,)-dy along the closed-loop
waveguide is proportional to the square of the modulus of
acoustic pressure amplitude as follows:

1 1
Zﬂg@ym)-dy*—r ngﬁ(y)-dy ,

with I'=3.6X 1077 m s~! Pa=? and that the maximum varia-
tion of the cross-sectional average streaming velocity (v,
along the resonator is lower than 0.5% of 1/L$(v,,,)-dy.

(A11)
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