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Rayleigh streaming may hamper the efficiency of thermoacoustic engines by causing convective heat transfer
between the stack and the heat exchangers. The characterization of the effects of Rayleigh streaming is needed to
assess on quantify the efficiency of thermoacoustic devices. Streaming flows in 2D channels, between two infinite
plates, and in a cylindrical duct, has been described theoretically in the literature. Among the numerous effects
that make streaming in real devices differ from these ideal cases is the use of a square-section channel, which may
result in complex streaming structures. In the present study, acoustic streaming in a rectangular standing wave
guide was investigated experimentally. The velocity fields were measured using PIV (Particle Image Velocimetry).
The measurements were performed for various measurements planes. Three-dimensional cell structures were
reconstructed from the measured planar streaming velocity fields. Acoustic streaming in the near wall region was
studied by zooming near the wall of the channel. Results of measurements for streaming in the square cross-section
standing wave tube were compared to theoretical predictions for cylindrical wave guide.

1 Introduction
“Acoustic streaming” or “acoustic wind” refers to mean

flow generated by an acoustic wave. Two types of streaming
are generally considered depending on the origin of stream-
ing driving forces. “Eckart streaming” is due to absorption
in the main body of an irrotational sound beam. “Rayleigh
streaming” owes its origin in boundary layer effects between
a solid and a fluid. It was first modeled by Rayleigh [1] to
describe Dvorak’s phenomenon associated with dust pattern
in Kundt’s tube.

Thermoacoustic devices generally fail to behave as pre-
dicted by linear available model [2] and streaming is among
non linear effects that are at the origin of these discrepan-
cies. Acoustic streaming is important for the field of ther-
moacoustics because this nonzero time-averaged mass flow
is a mechanism for convecting heat transfer that can reduce
the efficiency of thermoacoustic devices. It can be present in
the main resonator and also in other elements of the devices
such as stack pores. A better understanding and characteriza-
tion of Rayleigh streaming flows is therefore useful to assess
their impact on the efficiency of thermoacoustic engines.

Rayleigh derived a solution for streaming generated by a
standing wave between two infinite, widely separated plates
[3]. Together with further studies by Nyborg [4] and Wester-
velt [5] , this work yields the so-called RNW streaming the-
ory. On the basis of this work, a number of authors worked
on the theoretical description of Rayleigh streaming in order
to take into account thermal effects [6, 7] and/or for chan-
nels of arbitrary width [8, 9], or to account for inertial effects
[10]. All theoretical developments to date, however, have
been limited to streaming generation in 2D channels, either
between two infinite plates or in a cylindrical guide.

Quantitative measurements of the streaming in a standing
wave guide have been performed [11, 12, 13, 14]. Exper-
imental studies by Sharpe, Greated and collaborators (e.g.
[11]) and by Thompson and Atchley (e.g. [13]) first allowed
quantitative comparisons between measured and calculated
streaming velocities in the core region using Particle Im-
age Velocimetry (PIV) or Laser Doppler Velocimetry (LDV)
measurements. Studies by Moreau et al. [15] allowed such
comparison in a cylindrical wave-guide for the near wall re-
gion and the core, boundary layer effects being of particular
importance in streaming generation. Both square [16] and
cylindrical channels: [13, 15, 12] have been investigated but,
because comparison with theoretical models is not system-
atic, the question of 3D effects linked with the use of a non-
ideal channel has never been addressed.

In the present study, as a first step towards the investiga-
tion of streaming in realistic cooler configurations, the acous-

tic wind in a resonator with a square cross-section was inves-
tigated. For a horizontal waveguide, velocity fields within
the horizontal plane were measured using PIV. These mea-
surements were performed at several vertical positions so
that 3D streaming cell structures could be reconstructed from
the different planar streaming velocity fields.The results were
compared to theoretical expectations for a cylindrical chan-
nel. Theoretical results for streaming in a cylindrical waveg-
uide are reviewed in Section 2. Experimental procedures and
measurements analysis are described in Section 3, and results
are presented in Section 4.

2 Rayleigh streaming in cylindrical
waveguides

In a 2D resonator with rigid walls in which a λ/2 standing
wave is set up, streaming vortices consist in toroidal axially
centered vortices with a periodicity of λ/4 along the wave
guide axis, as shown by figure 1, with λ = c/ fac the acoustic
wave length, c the velocity of sound, and fac the acoustic
frequency.

Figure 1: Schematic representation of streaming velocity
field in a half wavelength resonator. a) Acoustic streaming

vortices. b) Variation of axial streaming velocity with
respect to the transverse coordinate r for x = λ/8. c)

Variation of centerline axial streaming velocity with respect
to the axial coordinate x.

Outer vortices are present in the core, that is for R−3δν /

r / −R + 3δν, with R the tube radius, δν =

√
2ν
ω

the viscous
boundary layer thickness, ω = 2π fac the angular frequency
of acoustic oscillations, ν the kinematic viscosity of the fluid.
Neighboring cells circulate in opposite directions. As stated
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above, the variation of the axial streaming velocity along x is
sinusoidal, with the maximum value occurring at (2n+1)λ/8,
with n an integer. For the outer vortices, the variation of
the axial component of streaming velocity with respect to
r is parabolic. In the near wall region, the inner streaming
vortices rotate in a direction opposite to that of the outer one.
Note that in Figure 1, streaming is schematized for a thin
guide for which R/δν ≈ 10.

In order to help visualizing the shape of streaming cells
for further comparison with results of measurements in square-
section guides, theoretical predictions for streaming in a cylin-
drical wave guide on are presented on 3D graphs. Figure 2.a
shows iso-axial-velocity surfaces corresponding to streaming
a velocity of 0.006m/s. Figure 2.b shows iso-contour plots
for different vertical planes. Figure 2.c shows iso-contour
plots for two quadrants and for different horizontal and verti-
cal planes. In these figures, the corresponding acoustic veloc-
ity amplitude is 3.4m/s and streaming was calculated using
[8].

The goal of the present study was to determine the stream-
ing structures for a square channel. Because the thermovis-
cous function fν and fκ [17] or equivalently F(λ) or F(λT )
[18] for a square cross-section channel are closer from the
one of a circular-section channel than from the one of a par-
rallel plate channel [18], and because Rayleigh streaming is
due to boundary layer effects, we choose to compare stream-
ing in a square-section guide to the one in a cylindrical guide.

3 Experimental procedures

3.1 Experimental apparatus
The apparatus illustrated in Figure 3 has been used to

study the streaming velocity field generated by a monofre-
quency acoustic standing wave in air. The acoustic resonator
(j) has a square cross section 4x4cm, and a length of L =

98cm. The walls of the resonator were 9mm thick. A func-
tion generator (a) produced a sinusoidal excitation signal,
which was fed to a 200 W acoustic driver (e) via a 200 W
RMS power amplifier (d). A power analyzer (b) was con-
nected in parallel with the acoustic driver to monitor the in-
stantaneous true RMS voltage, current and power fed to the
acoustic driver. Two high-resolution ICP pressure transduc-
ers were mounted flush near the two extremities of the res-
onator for measuring acoustic pressure. The PIV system was
a dual-cavity, time-resolved (TR) Nd:YLF laser (g) with a
maximum repetition rate of 10 kHz per cavity. A CCD-
CMOS camera (f) with a frame rate of 2000 fps and a reso-
lution of 1280× 1024 pixels was used. The pixel pitch of the
camera was 12µm. The camera was mounted on a travers-
ing mechanism (i), which allowed mapping of the velocity
field over the entire length of the resonator. A controller unit
(c) supplied by the PIV system manufacturer was employed
in order to synchronize the camera and the laser. A Laskin
nozzle-seeding generator, using olive oil, produced 1µm par-
ticles, which were used to seed the flow.

3.2 Data acquisition and analysis
Using the apparatus set-up described above, velocity fields

within the horizontal plane were measured using PIV. To
extract the streaming component of the velocity field, the
phase-locked ensemble average method was employed, as

a)

b)

c)

Figure 2: 3D schematic representation of the axial
streaming velocity component in a cylindrical resonator.

described by Nabavi et al. [16]. The PIV system estimated
the displacement of particles issued from the correlation of
two images of the seeded field, the time step between the two
images being exactly equal to the acoustic period, so that the
acoustic component of the velocity naturally vanishes from
this estimation of the velocity. At the phase corresponding to
maximum acoustic velocity, 300 images, equally spaced in
time by the acoustic period, were captured, yielding the cal-
culated streaming velocity that is therefore an average over
299 values.

The system was driven at its third mode, corresponding
to L = 3λ/4 i.e. to fac = 245Hz. The loudspeaker input
voltage was set so that the acoustic velocity amplitude was
equal to 3.4m/s to limit non-linear propagation effects and
thus higher harmonics generation in the guide. For L = 3λ/4,
the length of a streaming cell, λ/4, is about 0.35m. In order
to obtain a sufficient spatial resolution, the studied streaming
cell was divided into six equal intervals corresponding to the
length of the camera field. The central streaming cell was
scanned at 6 successive axial positions with an overlap of
0.5cm. The size of the camera field was 7cm x 7cm, thus the
spatial resolution of the PIV image is ∆x = ∆y = 0.47mm.
Figure 4 shows an example of the measurement results of
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Figure 3: The experimental setup. (a) Function generator;
(b) Power analyzer; (c) Synchronization unit; (d) Power

amplifier; (e) Acoustic driver; (f) CCD camera; (g) Laser;
(h) Computer with frame grabber; (i) Traversing

mechanism; (j) Resonator tube.

the axial component of the streaming velocity u2x for the six
camera positions, and Figure 5 shows the corresponding re-
constructed streaming cell.

Figure 4: Example of results for u2x measurements for the
different camera fields. Here the Laser plane was set at

z/R = 0, i.e. at the mid-height of the resonator.

Figure 5: Typical results : (a) acoustic velocity and (b) u2x.
(c) Velocity vectors corresponding to the streaming field.

Measurements were performed at 18 vertical positions,
as shown in Figure 6 so that 3D streaming cell structures
could be reconstructed from the different planar streaming
velocity fields. In order to resolve the velocity with bet-
ter accuracy in the near wall region, a set of experiments
was also performed near the wall of the channel. Twenty-
five vertical fields were scanned at the location along the x-
axis corresponding to the maximum streaming velocity. For
these zoomed measurements, the size of the camera field was
6.5mm × 5mm consequently the spatial resolution of the PIV
image was ∆x = ∆y = 0.04mm.

40 mm

40
m
m

z x

y

Figure 6: Representation of the 18 vertical position at which
the velocity field was captured.x : axial direction,y :

transverse direction,z : horizontal direction.

4 Results
Figure 7 shows an isovelocity representation of the mea-

sured streaming structure. The corresponding theoretical pre-
diction is shown in Figure 2.a. This first qualitative compar-
ison suggests that overall, outer streaming vortices are not
greatly influenced by the geometry of the resonator section,
as the theoretical and experimental outer vortices have the
same shape and dimensions along the axial and transverse di-
mensions. However, streaming in the near wall region seems
to differ significantly in a square resonator compared to the
case of a cylindrical guide. In order highlight this trend, axial
and transverse profiles of the axial component of the stream-
ing velocity were obtained. Figure 8 shows a comparison be-

a)

b)

Figure 7: a) Isosurfaces showing points of streaming
velocity magnitudes equal to 0.006m/s over a measured
streaming cell. b) 3D reconstruction of a streaming cell

measured by PIV

tween measured centerline axial streaming velocity and the
corresponding theoretical prediction, u2c, as calculated from
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[8]. Here and in the following, the streaming velocity is pre-
sented in an a-dimensional form, being divided by the maxi-
mum Rayleigh axial streaming velocity given by 3A2

8c , where
A is the amplitude of the acoustic velocity at the acoustic
velocity antinode. As shown by this Figure, the measured
centerline streaming velocity is in excellent agreement with
the theoretical prediction for a cylindrical guide.

Figure 8: Calculated (solid line) axial component of the
centerline streaming velocity along the waveguide axis

compared to the measured one (pink points).

Data in the near wall region are shown in Figure 9 that
corresponds to similar comparison for z = 0.945R. The mea-
sured and calculated axial profiles were in good agreement.

Figure 9: Axial profile of u2x near the resonator wall, at
z = 0.945R. Solid line: calculation for a cylindrical wave
guide. Blue dots: measured in a square-section resonator.

Figure 10 shows both y and z profiles for u2x measured
and calculated using [8]. The z profile was reconstructed
from the different velocity fields scanned as shown by Figure
6. Here the profiles are given for the x position corresponding
to the centre of the streaming cell, i.e. x = λ/8. Considering
the difficulty of reconstructing a z-profile from different hor-
izontal velocity fields, the results are very satisfactory. Here
again, the experimental and theoretical results are in good
agreement. For this position, the measured z and y transverse
profiles comparable, symmetric, and in agreement with the
theoretical 2D predictions. Note that, as discussed in Section
2, streaming in a square-section wave guide appears to be
close to streaming in cylindrical waveguide, u2x going from
3A2

8c in the centerline to − 3A2

8c in the near wall region for the
outer cell whereas streaming between two infinite plates goes
from 3A2

16c to − 3A2

8c [9]. It is necessary to focus on the near wall
region to be able to characterize the 3D feature of stream-
ing in a square section resonator. Figure 11 shows transverse

profiles for near wall region: at z = 0.945R and at z = 0.85R.
This figure reveals that very close to the wall, from about
15 viscous penetration depth from the wall, the streaming
structure starts to deviate from the theoretical expectation for
a cylindrical guide. Indeed, for z = 0.85R both theoretical
and experimental streaming feature a characteristic parabolic
profile outside the near wall region whereas for z = 0.945R
the measured streaming departs from this shape. Note that
this last measurements suffers from a sligth misalignement
between the laser plane and the horizontal plane so that the
measured streaming is not symetric with respect to the y axis.
The accuracy of the results for 0 < y < 1 is doubtful. Nev-
ertheless Figure 11a shows that the transverse position of the
limit between the outer and the inner vortices differs signifi-
cantly in the case of a cylindrical wave guide (change of cell
at about y = 0.7R) and in the case of a square-section res-
onator (change of cell at about y = 0.9R). This is even more
clear when considering measurement results in the zoomed
configuration (size of the camera field equal to 6mmx5.5mm)
shown in figure 12 which shows a comparison between near
wall (from 0 to 35δν) measured and calculated y profiles of
u2x for planes at different z locations : from z = 0.98R or
1 − z = 2.3δν (figure 12.a) to z = 0 (figure 12.c) . In the
cylindrical case, because we slice toroidal vortices accord-
ing to z, the position of the limit between inner and outer
vortices depends on the considered z plane. On the contrary
and in agreement with figure 7.a, the position of the limit
between inner and outer cells does not change with the con-
sidered z-slice for a square-section configuration so that the
flow structure in the near wall region is coherent with the
guide geometry.

Figure 10: Calculated (solid line) u2x along the transverse
direction compared to measured one. (.): measured along
the y-axis and (*): reconstructed profile along the z-axis.

5 Conclusion
The study of streaming velocity fields in a square-section

waveguide, based on PIV measurements and comparisons
with calculations in an ideal cylindrical case, shows that stream-
ing in a square-section waveguide has many similarities to
streaming in cylindrical waveguide, being therefore quite dif-
ferent from the case of two infinite rectangular plates. Stream-
ing in non-cylindrical resonators is significantly different from
in cylindrical resonators in the very near wall region only. Al-
though this region corresponds to those of streaming driving
force, these differences do not seem to have an influence on
the overall shape of the streaming cells. However, regions
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a)

b)

Figure 11: (a) Transverse profile of u2x at z = 0.945R at x
position corresponding to the maximum streaming velocity

(λ/8), (b)Transverse profile at z = 0.85R at x position
corresponding to the maximum of streaming velocity.

Figure 12: Transverse profile of u2x(x = λ/8) for different z
positions. Solid line: calculation. Dots: experimental data.

The y-axis is adimensionized by δν

where fluid to solid heat transfer occurs scale as inner vor-
tices width. Therefore, because in these regions the actual
streaming velocities noticeably differ from the ones obtained
from available theoretical models, the actual heat transfer ef-
fects associated to streaming mass flow can be expected to
deviate from theoretical one when a non-ideal shape is used.
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