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This work deals with the study of an annular acoustic resonator, where the acoustic field is controlled
by two loudspeakers in order to generate a purely traveling wave. In the first part of this paper, the
theoretical acoustic field in this device is described by an electroacoustic modeling and compared to the
experimental results. The second part deals with the characterization of non-linear effects occurring in
such a device. The generation of acoustic streaming is especially investigated in our study. Laser Doppler
Velocimetry measurements are performed in order to characterize both first order (acoustic) and second
order (acoustic streaming) velocity fields. Works are now in progress in order to improve the accuracy

of streaming measurements and to compare the experimental data to the available theories.

This

study should contribute to enhance the designing of thermoacoustic devices and should have practical
applications in microfluidics, especially in frame of micro-pumps and micro-mixers development.

1 Introduction

Many thermoacoustic engines have been developed and
studied for the last twenty years. However the classical
linear theory of thermoacoustic [1, 2] is inadequate to
describe the complexity of some non linear effects occur-
ring in such devices, such as the generation of acoustic
streaming, i.e an acoustically induced mean fluid flow,
which disturbs the temperature field with subsequent
variations of the acoustic field. Many researches have
been driven last years to describe this acoustic streaming
in standing wave thermoacoustic resonators [3, 4, 5], but
a few yet in traveling wave thermoacoustic resonators
[6, 7, 8, 9], where the existence of a loop allows the av-
erage flow to be non zero through a cross section of the
resonator. The aim of this paper is to propose an ex-
perimental characterization of such a streaming in an
annular resonator.

The device studied in this paper is not a thermoa-
coustic engine. This is an annular waveguide, where the
acoustic field is controlled by two loudspeakers appro-
priately placed and phased in order to generate a trav-
eling wave (Fig. 1). Each driver generates two counter-
propagating harmonic plane waves. The complex am-
plitude p(z) of the acoustic pressure field p(z,t) =
Re [p(z) 7] is the sum of four traveling plane waves
written

() (1)
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where k = 27 /) is the acoustic wave number and ¢
is the phase shift between the sources. Then, if each
driver has the same amplitude displacement (so leading
the acoustic pressures to p* (z1) = p* (x2) = Py), if the
wave-length A is equal to the unwrapped length of the
resonator L = 2w Ry and if the phase and the distance
between the two sources are respectively 7/2 and L/4,
acoustic pressure field is p (z) = 2Pye %@ =1) which
is the formulation for a purely traveling wave.

Only a few works dealing with such kind of device
have been carried out [10, 11]. There already exists some
kind of ultrasonic motors [12] or some looped-tube ther-
moacoustic engines [13], but to the best of our knowl-
edge, no experimental works have been published on our
particular device. So this is why the present study has
been led, for its interest in thermoacoustics, but also in
microfluids, for the development of size reduced systems
like micro-pumps and micro-mixers [14].

Section 2 of this paper contains a description of the
experimental device. Section 3 provides theoretical el-
ements to calculate acoustic field in an annular waveg-

p(x) =pt (z1) e 7FETT) 4 5 (2y) e IHEHTD)
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uide and some experimental Laser Doppler Velocimetry
(LDV) results concerning acoustic field. Section 4 gives
results of LDV streaming velocity measurement.

x=0 or L

Figure 1: Diagram of the closed-loop resonator.

2 Experimental device

Figure 2: Experimental device photograph.

Fig. 1 and Fig. 2 show the experimental annular
resonator. Its square cross section is 7.5 X 7.5 cm and
its unwrapped length L is about 2.12 m. Two electrody-
namic transducers (Audax PR170MO), located at posi-
tions =0 and x = 3L /4, sustain an acoustic wave at a
frequency corresponding to the first natural mode of the
air column (f =161 Hz). Phase and amplitude of the
drivers displacements are controlled in order to produce
standing or traveling waves. Three electrostatic micro-
phones (Briiel&Kjaer 4136 at x = 0.41 m, z = 0.55
m and z = 0.67 m) monitor amplitude and phase of



acoustic pressure in these three points, allowing to de-
scribe the acoustic field in all the domain z € [0, L]
[15]. The waveguide, filled with air, is made of plexiglass
to allow LDV measurements of acoustic and streaming
velocities. Small cork closed holes allow to introduce
the smoke from burned wooden sawdust before LDV
measurements. Smoke particles are cool down through
cold water before their introduction in the waveguide.
LDV and microphone measurements are realized at at-
mospheric pressure and at a temperature of 20° C. The
LDV system (Dantec FlowLite) allows to measure axial
component of acoustic and streaming velocity. The laser
(HeNe) has an optical wavelength of 532 nm and a power
of 10 mW. Measurement volume is about 0.05 mm (di-
rection measurement) x 0.43 mm (width) x 0.05 with a
probe equiped with a 160 mm standard front lens. The
LDV probe is mounted on a system moving in the trans-
verse direction with a displacement precision of 1 pm.
The waveguide itself is mounted on a rotating board
which allows to make measurements along the axial di-
rection. The signal is captured by a photomultiplier
and analysed by the BSA system (Burst Spectrum An-
alyzer). Computer acquisitions allow a post-treatment
of results. Rotating machine algorithm brings back all
samples on a single acoustic period ; the average value
(over an acoustic period) of the signal then corresponds
to the streaming velocity, while the oscillating compo-
nent corresponds to acoustic velocity.

3 Acoustic field

Complex amplitudes of the acoustic pressure p (z,t) and
the acoustic volumetric flow @ (z,t) are written, in re-
gion I (x € [0,3L/4)),

pr(z) = f)b‘_eﬁk“m + f)o_eﬂkom, (2)
u _ Su sk mikor _ 5o hikor
ur (z) = ;555[ Te — py eTkor] ()
and in region IT (x € [3L/4, L)),
Prr (a) = Fhe— D) 4 retinteD) (g
Sw [+

iy (v) = — {pLeﬂ'k“(m*L) —ﬁZe”k“(m*L)} , ()

pPoco
where kg = w/co is the wave number with w = 27 f,
and where 153[ and ]5% are complex amplitudes of acous-
tic pressure at x = 0 and = L. Pressure and flow
continuity equations take, for x = 0, the forms

pg +Py = DL +PL=0n, (6)
S (b —Py) = S (f —pp) + U1, (7)
PoCo PoCo L L

and, for x = 3L /4, the forms,
pvg-efikogL/ﬁl + ﬁo_e+ik03L/4 (8)

_ ~t koL /4 ~— —ikoL/4 _ =
_pLe-Ho / + ppe ko / = Po,

S, . _
w (ﬁg-efszSL/Al _ 150—6+1k03L/4) (9)
PoCo
Sw (= ; P F
~: po_co (pze-'rlkolz/él _pLe 7}{3()[//4)_(J‘27
where p1 2 and Uy 2 correspond to the acoustic pressures
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Figure 3: Diagram of experimental device.

and acoustic volumetric flows at positions z = 0 and
x = 3L/4, respectively (in the two tubes coupling the
sources and the waveguide).

The driver i (¢ = 1 or 2) and its load are represented
by the electroacoustic equivalent network given on Fig.
4 when the driver j (j = 2 or 1) is turned off. On this
network, Z;,, represents the acoustic impedance equiv-
alent to the electromechanical part of the loudspeaker,
Cqr represents the acoustic compliance of the rear cav-
ity, Cy, the acoustic compliance of the front cavity, M,
the acoustic mass localized in the tube coupling the
front cavity and the resonator, R, the resistance local-
ized in this tube, and Z;,, = p;/ U; represent the input
impedance of the resonator. This input impedance takes
into account the presence of the turned off driver j of
which the impedance is denoted Z,, (Fig. 5).

Z1s; Ma Ra

PRl

Figure 4: Electrical equivalent circuit of source ¢ (at
x=0fori=1and at x = 3L/4 for i = 2).

The use of the equivalent networks of Fig. 4 and
Fig. 5, when the driver 1 (z = 0) is turned on and the
driver 2 (x = 3L/4) is turned off, leads to the following
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Figure 5: Electrical equivalent circuit of the acoustic
impedance presented to the resonator by turned off
source j (at z =0 for i =1 and at © = 3L/4 for i = 2).

expressions,
D Z er Z(Z’U
- < ~ S
Psy Zter, Y JMow + Ry Zeg + Zis,
- 1
- + Zis
Zgy =2 — Ry + jMuw+ —4Ce (4
U2 1+ sz +]WZl51 Ca'u

where Z,, is the first source’s acoustic front load impe-
dance, function of Cgy, My, R, and Zi.,,, and where
Zeq is the global acoustic load (front and rear).

Equations (6-11) form an eight equation system with
nine unknowns, p*(0), p*(L), P12, @12 and pg,. Pres-
sure response at axial coordinate x = 0, p1/ps,, can
now be found. Equations (2-5) allow next to build spa-
cial distribution of acoustic field in all the resonator, so
that pressure response p(x)/ps, for any axial coordinate
along the resonator is finally obtained.

Then, the same approach allows to express the pres-
sure response p(r)/ps, (With ps, = ps,e/?) when the
driver 2 is turned on and the driver 1 is turned off. The
superposition principle drives us finally to the global
transfer function. Fig. 6 shows theoretical and experi-
mental pressure responses at coordinate x =0.4 m.

Amplitude (dB)

50 100 150 200 250

Frequency (Hz)

300 350 400 450

Figure 6: Experimental (continuous line) and
theoretical (dashed line) transfer function p(x)/ps, at
axial position x = 0.4 m when the driver 1 receives 1 V
and the driver 2 is turned off.

The acoustic velocity distribution along the axial co-
ordinate is given by Fig. 7 and Fig. 8 for a phase dif-
ference between the two loudspeakers of 0 and 7/2, re-
spectively, and the same amplitude displacement for the
two drivers. These theoretical results are here compared
with the LDV measurements which are all performed at
the center of the cross section. When the amplitude
displacement of the two drivers are phased (Fig. 7), the
wave in the resonator is a standing wave. Field distur-
bances appear near the position of loudspeakers (i.e at
x = 0 or L and at * = 3L/4). These perturbations
are produced by the connection between the waveguide
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and the loudspeaker’s front cavity. This connection is a
20 mm in diameter hole which may create small vortex
and disturb velocity fields. A way to decrease those ef-
fects is to increase hole diameter, but this may increase
coupling effects between the waveguide and the sources.
When the phase difference between the two loudspeak-
ers is /2 (Fig. 8), the wave inside the waveguide is
a traveling wave. It still exists some variations which
mean that the acoustic field still have a stationary com-
ponent. However the standing wave ratio is lower than
10 % . The traveling wave ratio can be optimized by con-
trolling more precisely the relative amplitude and phase
of the loudspeakers.
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Figure 7: Normalized profiles vq4./Vmas (where v, and
Umae are the amplitude of acoustic velocity and the
maximum of acoustic velocity along the waveguide,
respectively) of experimental (continuous line) and
theoretical (dashed line) acoustic velocity field with

respect to the axial position x for ¢ = 0.

Acoustic velocity (m/s)

=

0 0.5 1.5 2

1
Axial position, x (m)

Figure 8: Normalized profiles vgc/Umaz 0Of experimental
(continuous line) and theoretical (dashed line) acoustic
field with respect to the axial position z for ¢ = 7/2.

Fig.9 shows acoustic velocity field with respect to
the transverse position. The phase shift between the
two drivers is 7/2 and their amplitude displacements are
equals. LDV measurements are performed far away from
the sources. Velocity is not constant across a section
of the waveguide. This effect is due to the resonator’s
curvature.

4 Streaming velocity field measure-
ment

Measurement of streaming velocity is very tricky. Ma-
ny parameters, like number of smoke particles getting
through the measurement volume, temperature and sta-
tic pressure variations, smoke influence on density of
fluid, are questioned. It appears that one of the most
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Figure 9: Profile of experimental (continuous line) and
theoretical (given in dashed line by the classical linear
theory of acoustic) acoustic field with respect to the
transverse position.

influent effect is the stabilization time of streaming ve-
locity field. Fig.10 and Fig.11 show variations of acous-
tic and streaming velocity fields after the introduction
of seeding particles. While the amplitude of acoustic
velocity converge to a constant value after only 20 s,
streaming velocity amplitude converges to a constant
value after 2000 s. It means that between each introduc-
tion of smoke particles into the waveguide, LDV mea-
surements cannot begin before this stabilization time.
However, measurements cannot be performed more than
4000 s after the introduction of seeding particles, due to
the graduate decrease of seeding particles quantity with
subsequent decrease of signal to noise ratio.
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Figure 10: Variations of measured acoustic (dashed
line) and streaming (continuous line) velocities with
respect to time, after introducing seeding particles.
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Figure 11: Variations of measured streaming velocity
with respect to time, after introducing seeding
particles (zoom of Fig. 10).

Streaming velocity through a section of the waveg-
uide is not symmetrical with respect to the center axis
(Fig.12). This is due to the acoustic velocity which is not
constant on the resonator section. This acoustic veloc-
ity variation acts inevitably on the streaming velocity
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distribution. From the transverse coordinate 0 to the
coordinate R (from inner to outer radius of the annular
resonator) the uncertainties decrease, because there are
less smoke particles near the inner radius than near the
outer radius.
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Figure 12: Profile of streaming velocity field with
respect to the transverse position.

The quadratic dependence of the streaming velocity
with respect to the acoustic pressure [16], vs = a.p2,
(where v, is the streaming velocity, p,. is the acoustic
pressure and « a proportionality factor) is checked at
a fix point (Fig.13), far away from drivers and at the
center of the waveguide section. The value of alpha is
adjusted (here, o = 0.3.1077) to fit experimental results.
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Figure 13: Experimental (continuous line) and
theoretical (dashed line) streaming velocity with
respect to the acoustic pressure amplitude.

5 Conclusion

In this paper, the analytical and experimental study of a
traveling wave closed-loop resonator has been presented.
An electroacoustic model is presented which describes
the coupling between the two drivers and the resonator.
The distribution of the acoustic field, which is controlled
both by the relative driving amplitude and phase shift
between the two loudspeakers, is also measured using
LDV and compared with the model. The experimental
analysis of the acoustic streaming development is also
carried out using LDV. It is shown that this measure-
ment is quite difficult to manage, due to its strong sen-
sitivity to environment parameters and to the quality
of seeding (stabilization time, number of smoke parti-
cles...). However, our preliminary results allow us to
check the quadratic dependence with acoustic pressure
of the acoustic streaming velocity, and the analysis of
the transverse profile of acoustic streaming distribution
shows an asymmetric profile which is attributed to the
waveguide’s curvature. Works are now in progress in
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order to characterize more deeply the development of
acoustic streaming in such a device, and to compare the
experimental results to an adequate numerical model.
The effect of the introduction of a stack in the waveg-
uide will be also investigated in the future.
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