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Abstract 
 
Nonlinear phenomena in oscillating flow devices cause the appearance of a relatively minor secondary flow known as acoustic stream-

ing, which is superimposed on the primary oscillating flow. Knowledge of control parameters, such as the time-averaged second-order 
velocity and pressure, would elucidate the non-linear phenomena responsible for this part of the decrease in the system’s energetic effi-
ciency. This paper focuses on the characterization of a travelling wave oscillating flow engine by measuring the time-averaged second-
order pressure and velocity. Laser Doppler Velocimetry technique was used to measure the time-averaged second-order velocity. As 
streaming is a second-order phenomenon, its measurement requires specific settings especially in a pressurized device. Difficulties in 
obtaining the proper settings are highlighted in this study. The experiments were performed for mean pressures varying from 10 bars to 
22 bars. Non-linear effect does not constantly increase with pressure.  
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1. Introduction 

Oscillating flow prime mover is an energy conversion sys-
tem that can convert thermal energy to acoustic energy. This 
system uses non-polluting fluids, nitrogen, helium or air, and 
is of interest to researchers. Most oscillating flow machines 
designed for high energy performance have shown a coeffi-
cient of performance of about 20% of the Carnot coefficient 
[1]. Few devices [2-4] have achieved a coefficient of perform-
ance of 41%–49% of the Carnot coefficient. Backhaus and 
Swift [2, 3] designed and built a new type thermoacoustic 
engine based on travelling waves. At its most efficient operat-
ing point, the author succeeded in obtaining an efficiency of 
41% of the Carnot efficiency. By using a similar type ther-
moacoustic engine, Tijani and Spoelstra [4] achieved a record 
performance of 49% of the Carnot efficiency.  

Low energy efficiencies are related to the multiplicity and 
complexity of the underlying physical phenomena. Combina-
tion of acoustic, thermal, and thermodynamic phenomena [5, 
6] complicates the understanding and control of these energy 
conversion systems. The main obstacle to their development 
and the reason for their low energy efficiency is now a central 

concern of the oscillating flow community [7-11]. To improve 
this situation, all sources of energy losses must be identified 
and reduced. Acoustic streaming, a secondary flow superim-
posed on the first-order oscillating flow, has been identified as 
one of the major sources of energy dissipation in oscillating 
flow devices [12-14]. It is generated by non-linear propagation 
of the high amplitude waves occurring in an oscillating flow 
system. From energy considerations and despite its low level, 
this second-order phenomenon constitutes an undesirable loss 
mechanism. Acoustic streaming was observed for the first 
time in 1831 by Faraday [15].  

After this above-mentioned observation, numerous investi-
gations have been conducted. Early studies were mainly theo-
retical. The first theoretical description of acoustic streaming 
appeared in 1884 [16]. Lord Rayleigh found an analytical 
solution describing the phenomenon in large channels sub-
jected to acoustic standing waves. Subsequently, many theo-
retical solutions have been proposed [17, 18]. Experimental 
investigations on acoustic streaming emerged subsequently. 
After the first observation was made by Faraday [15], the sec-
ond experimental study appeared only a century later. In 1931, 
Andrade [19] investigated the pattern of acoustic streaming 
generated by standing waves in a cylindrical resonator. The 
pattern of the secondary flow observed by Andrade was in 
agreement with the pattern obtained by Rayleigh's analytical 
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model. 
Experimental investigations of acoustic streaming, which 

were qualitative initially, became increasingly quantitative 
with the development of laser measurement techniques, such 
as Particle Image Velocimetry (PIV) and Laser Doppler Ve-
locimetry (LDV). The first quantitative investigation of acous-
tic streaming was conducted by Arroyo and Greated [20] in 
1991. They measured the three components of acoustic 
streaming velocity by PIV in a rectangular resonator subjected 
to acoustic standing waves. Experimental results were com-
pared with Rayleigh's theoretical results, and a satisfactory 
agreement was observed. 

Thompson and Atchley [21] obtained good agreement be-
tween Rayleigh's theory and their measurements. Their meas-
urements of acoustic streaming velocity were performed by 
using LDV in a circular section resonator. Subsequently, 
Thompson et al. [22] investigated the influence of three tem-
perature boundary conditions on the behavior of the acoustic 
streaming velocity. They imposed three different temperature 
conditions on the resonator, as follows: isothermal, insulated, 
and uncontrolled. The uncontrolled condition means that no 
special disposition was made. For the insulated and uncon-
trolled configurations, they observed that the acoustic stream-
ing reached its steady state after 15 min to 35 min. In steady 
state, they observed the existence of a temperature gradient 
along the resonator tube for the two configurations. To inves-
tigate the influence of the temperature gradient on the acoustic 
streaming, they switched off the loudspeaker and then turned 
it on long enough to make the secondary flow disappear but 
short enough to maintain the temperature gradient. Then, they 
measured the acoustic streaming velocity and observed that 
the values obtained matched the steady state values. Therefore, 
they deduced that the transition state of acoustic streaming 
was due to the establishment of the temperature gradient. 

Moreau et al. [23] were the first to measure the inner vortex 
described by analytical models. Their investigation focused on 
the influence of the non-linear Reynolds number on the shape 
of the inner and outer vortices. They compared the transverse 
profiles of the acoustic streaming velocity for different values 
of the non-linear Reynolds number (Rnl) between 1 and 247. 
When the Reynolds number increased, i.e., the inertial forces 
increased, the measured streaming velocity decreased, deviat-
ing from the theoretical values. 

Moreau et al. [24] also investigated the effect of the stack 
on acoustic streaming. They measured the axial profile of the 
acoustic streaming velocity in the center of the resonator by 
LDV. The measurements were performed, first of all, without 
stack and the authors observed a classical structure with 
Rayleigh vortex. They introduced a stack in the resonator and 
observed that the structure of Rayleigh vortex was not affected. 
The streaming velocity field was modified only in the vicinity 
of the stack. The major perturbations occurred when the stack 
was located near the maximum velocity. 

All above-described experimental investigations on acoustic 
streaming were for standing waves. There have been few ex-

perimental studies on the acoustic streaming generated by 
progressive waves. In this area, the investigation performed by 
Desjouy et al. [25] can be cited. They measured the acoustic 
streaming velocity in an annular loop. The acoustic waves 
within the system were generated by two loudspeakers. The 
phase control of the loudspeakers allowed for the selection of 
the wave type (standing or progressive). When the system 
operated with standing waves, a classical structure with 
Rayleigh vortex is observed. The axial profile of the acoustic 
streaming velocity was sinusoidal. The streaming velocity 
nodes were located at the position of the acoustic velocity 
nodes and anodes. When the device operated with progressive 
waves, the axial profile lost its sinusoidal form and became 
uniform. In agreement with their theoretical results, the au-
thors observed that the measured velocity was oriented toward 
the opposite side of the propagation direction of the acoustic 
waves. 

Many investigations on acoustic streaming have focused on 
resonant systems. Acoustic streaming has been little studied in 
oscillating flow devices. Among the experimental studies, the 
investigation of Biwa et al. [26] and the investigation of De-
besse [27] can be cited. 

Biwa et al. [26] studied the effect of a jet pump on the 
acoustic streaming. The role of a jet pump is to minimize the 
mass flow circulating in a system loop [2]. The authors meas-
ured the axial profile of the acoustic streaming velocity in the 
loop of an oscillating flow engine for two different positions 
of the jet pump. The pump was placed first in one direction, 
and subsequently, in the other direction. The profile of the 
streaming velocity was totally modified by the direction of the 
jet pump. Biwa et al. [26] highlighted the importance of the jet 
pump on the secondary flow. 

Debesse [27] measured the acoustic streaming velocity by 
PIV in a standing wave oscillating flow engine pressurized to 
20 bars. He measured the streaming velocity and observed 
recirculation cells with different shapes compared with those 
predicted by the theoretical models. To explain the difference 
between the theoretical and experimental results, Debesse 
hypothesized the existence of a third type of flow. To verify 
this hypothesis, measurements were obtained immediately 
after the oscillating flow device was turned off and in the ab-
sence of acoustic waves. In this configuration, he observed a 
residual flow with a velocity an order of magnitude smaller 
than the acoustic streaming velocity. According to Debesse, 
this flow could be due to a thermoconvective phenomenon 
and could be the reason for the breakdown of the recirculation 
cells. 

Heat losses between the two exchangers are due to the axial 
velocity. Thus, the experimental studies on acoustic streaming 
have mostly focused on this parameter. However, this non-
linear phenomenon is also characterized by its excess pressure, 
called the time-averaged second-order pressure. This variable 
has not been investigated much experimentally. Smith and 
Swift [28] investigated this pressure in an acoustic device 
subjected to standing waves. This quantity is small. Thus, the 



 
 

  

authors focused their attention on the accuracy of the sensors. 
To minimize the linearity error of the sensor, they used a 
polynomial function of order 3. Then, the longitudinal profile 
of the time-averaged second-order pressure is measured along 
the resonator. Good compliance with the theory is obtained. 
The antinodes of the time-averaged second-order pressure 
corresponded to the nodes of the acoustic pressure. 

Acoustic streaming has been little investigated in an oscil-
lating flow engine. Major investigations have focused on the 
axial streaming velocity, to the detriment of the time-averaged 
second-order pressure. Bboth the time-averaged second-order 
axial velocity and pressure were measured in a pressurized 
travelling wave oscillating flow engine. The behavior of the 
streaming under variation of the mean pressure is also studied. 

 
2. Experimental set-up  

The experimental apparatus is an oscillating flow prime 
mover composed of a closed loop and a 4.25 m long resonator. 
The length of the system leads to acoustic waves with a fre-
quency of 22 Hz. The active part of the system in which the 
energy conversion is made is located in the loop. The tempera-
ture of the heat exchanger is produced by the Joule effect and 
can reach 930 K. The temperature of the cold exchanger was 
maintained by the circulation of tap water. The device was 
filled with nitrogen and can operate up to a mean pressure of 
30 bars. Acoustic waves appear only 14 min after the ignition 
of the engine. The steady state is reached after 78 min. In this 
case, the authors chose to define the steady state when the 
acoustic pressure amplitude has a variation of less than 1%. 
The measurements of the acoustic pressure and the time-
averaged second-order pressure were obtained during the 
steady state by Kistler 701A piezoelectric pressure sensors 
flush mounted on the travelling wave engine at the positions 
Cp1 to Cp8 (Fig. 1). This sensor has a calibrated partial range 
from 0 to 2.5 bars and is able to withstand pressure up to 400 
bars. Its linearity is lower than 0.5% of the full scale output. 

The measurements of acoustic and streaming velocities 
were performed by LDV (Fig. 2). To visualize the flow, this 

non-intrusive method needs an optical device and a seeding 
system. The optical device is composed of a cylindrical tube 
on which a lens is flush mounted. It was designed to resist 
pressures up to 40 bars. 

To seed in a pressurized device, a specific system is re-
quired. In fact, the seeding pressure has to be higher than the 
operating pressure. The seeding system used in this investiga-
tion is composed of a nitrogen bottle, a pressure controller, a 
mixing drum, an intermediate volume, a manometer and a 
filter tank. Magnesium oxide powder is used for the seeding 
particles. Silicon dioxide (1%) was mixed with the magne-
sium oxide powder to reduce the risk of aggregation. Placed in 
the mixing drum, the particles were ready to be seeded into the 
device. As shown in Fig. 3, the seeding circuit was composed 
of primary and secondary circuits. Both circuits link the nitro-
gen bottle to the intermediate volume. The primary circuit is 
composed of two valves, the pressure controller, and the mix-
ing drum. The secondary circuit is composed of a valve and 
the manometer. As the mixing drum does not resist a mean 
pressure over 10 bars, the primary circuit is limited to that 
pressure level. The secondary circuit and the intermediate 

 
 
Fig. 1. Oscillating flow prime mover. 
 

LDVOptical device

Optical device Lens  
 
Fig. 2. Measurements of velocities by LDV in the oscillating flow 
prime mover. 

 

 
 
Fig. 3. Seeding system. 

 



 

 

volume allow seeding at a pressure higher than 10 bars. Seed-
ing the particles into the device is done in two steps. During 
the first step, the drum delivers an appropriate amount of 
powder to the intermediate volume. Then, the particles are 
seeded by the second circuit into the system via the optical 
devices. Seeding is performed locally to avoid the risk of ob-
structing the regenerator. As the connectors used for the sec-
ondary circuit are limited to pressures up to 20 bars, the meas-
urements performed by LDV in the device do not exceed a 
mean pressure of 18 bars. The filter tank is linked to the opti-
cal access and to the intermediate volume to evacuate the par-
ticles at the end of the experiment. 

 
3. Experimental results 

This section presents the results of the measurements per-
formed in the oscillating flow prime mover. Inside the device, 
each time and space dependent variable F(x,t) can be written 
as a function of its order [2], as follows: 

 
( ) 1 2,0 2,2,     i t i t

m e eF x t F R F e F R F ew wé ù é ù= + + + +¼ë û ë û  (1) 
 
Fm is the mean value that exists in the absence of any acous-

tic wave. The subscript “1” represents the first order term and 
the subscript “2” the second-order term. “2,0” and “2,2” re-
spectively represent the independent time term and the time-
dependent term of the second order. 

 
3.1 Acoustic fields 

The streaming is generated by the acoustic wave. Thus, the 
acoustic fields were investigated first. The results of the meas-
urements of the acoustic pressure and velocity are presented in 
this section. Fig. 4 shows the acoustic pressure distribution 
(|p1|) along the device for a mean pressure (p0) of 14 bars for 
three heat powers 165, 190 and 210 W. The theoretical acous-
tic pressure numerically calculated by DeltaEC [29] matches 
the experimental data well. The relative errors are less than 
6%. As the pressure nodes depend only on the geometric con-
figuration, they were located at the position x = 2.23 m regard-
less of the mean pressures and the heat powers. 

To investigate the effect of the mean pressure, the distribu-
tions of the acoustic pressure versus the mean pressure for the 
Cp3 sensor and for several heat powers are plotted in Fig. 5. 

These curves show that for each heat power, p1 tends to in-
crease parabolically with the mean pressure. The measurement 
of the acoustic pressure versus the mean pressure was limited 
to a mean pressure of 22 bars because the acoustic pressure 
amplitude did not reach a stable value for higher pressures. 

Fig. 6 represents the axial profiles of the acoustic velocity 
(|u1|) at the centerline of the duct for a heat power of 165 W 
and three different mean pressures, as follows: 10, 14 and 18 
bars. The lines represent the theory, and the dots represent the 
measurements performed by LDV. The LDV measurement 
has been performed through the optical devices in the resona-
tor at the positions x = 2.25 m and x = 3.52 m and in the 
closed loop at the position x = 4.50 m. To obtain the experi-
mental data, the signal was processed in accordance with the 
method described by Moreau et al. [23]. Good agreement was 
observed between the theoretical and the experimental values. 

 
3.2 Acoustic streaming 

After the experimental investigation of the acoustic fields, 
measurements of the acoustic streaming were obtained. How-
ever, to measure the streaming velocity in accordance with the 
method described by Moreau et al. [23], specific settings are 
required. Fig. 7, which represents the axial streaming velocity 
versus the number of samples, shows the criterion for obtain-
ing an accurate measurement. To enhance the criterion, the 
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Fig. 4. Distribution of acoustic pressure for a mean pressure of 14 bars 
for three heat powers, as follows: 165, 190 and 210 W. 
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Fig. 5. Acoustic pressure versus mean pressure for the pressure sensor
Cp3. 
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Fig. 6. Amplitude of acoustic velocities versus x for a heat power of 
165 W and three mean pressures, as follows: 10, 14 and 18 bars. 

 



 
 

  

streaming velocities are normalized by the value obtained for 
a number of samples equal to 70000. In this configuration, 
particles less than 45000 provide an incorrect value. The value 
of the streaming velocity was stable and is considered as ap-
propriate only for a number of particles higher than 45000. 
This result is in agreement with that obtained by Moreau et al. 
[23]. The measured velocities presented later in this article 
have been obtained for a number of particles equal to 50000. 

The second important parameter to set is the time acquisi-
tion. This parameter, as shown in Fig. 8, affected the thickness 
of the processed signal. Thickness increases with the time 
acquisition. The influence of the thickness on the measured 
streaming velocity has been investigated. Its evolution versus 
Δt/T is represented in Fig. 9. Δt is the thickness, and T is the 
signal period. As the correct value is assumed to be obtained 
for the smallest thickness, the velocities are normalized by the 
value acquired at Δt/ T = 1.4%. Fig. 9 shows that the stream-
ing velocity depends strongly on this parameter. When Δt/T is 
higher than 4%, the streaming velocity deviates by 63% from 
its initial value. When it is smaller than 4%, the relative error 
is less than 5%. To obtain correct values of the streaming ve-
locity, each measurement needs to have a Δt/T smaller than 
4%. Under our conditions, an acquisition time of less than 30 s 
provides a signal with a Δt/T smaller than 4%. Thus, the max-
imum acquisition time is set equal to 30 s. 

To obtain an accurate measurement of the streaming veloc-
ity, the acquisition time has to be less than 30 s and the num-

ber of particles has to be higher than 45000. However, these 
parameters are not independent. They are linked by a propor-
tional relationship, as follows: 

 
_

_average

Particles numberFa
Acquisition time

=   (2) 

 
Faaverage is the average data rate. It is defined as follows:  

 
_

0

1 .
Acquisition time

averageFa Fa dt
T

= ò  (3) 

 
Fa is the data rate, and T is the period of the acoustic wave. 

This parameter cannot be adjusted. It depends on external 
conditions such as the seeding and the flow. The link between 
the two parameters makes their simultaneous adjustment diffi-
cult. As shown in Eqs. (2) and (3), higher data rate leads to the 
easy achievement of a large number of particles for a short 
time acquisition. However, in the present configuration, the 
data rate decreases quickly after seeding. Moreover, this de-
crease is accentuated by the increase of the mean pressure. 

Despite this difficulty, the measurement of the acoustic 
streaming velocity (u2,0) has been performed in the resonator 
and in the closed loop for a heat power of 165 W and three 
different mean pressures, as follows: 10, 14 and 18 bars. The 
radial profiles are represented for x = 3.52 m in Fig. 10. η is 
the adimensional radial coordinate. The theoretical values 
represented by the lines were calculated using the model of 
Paridaens et al. [30]. Good agreement was obtained between 
the theory and the measurements, except in the vicinity of the 
wall. The difference near the wall could come from the theory 
because the model neglects the effect of the curvature of the 
wall. It could also come from the measurement because the 
seeding particles may not correctly follow the flow near the 
wall. At the line center, the streaming velocity is negative, 
which means that the velocity is oriented toward the pressure 
node located at x = 2.23 m. This result is in agreement with 
the result obtained by Hamilton et al. [31]. 

Fig. 11 represents the LDV measurements of the acoustic 
streaming velocities in the closed loop for x = 4.50 m. The 
measurements have been realized for a heat power of 165 W 
for three different mean pressures (10, 14 and 18 bars). As the 
measurement of the second order velocity in the closed loop is 
more difficult to perform than in the resonator, fewer points 
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Fig. 7. The streaming velocity versus the number of samples. 

 

 
 
Fig. 8. The thickness of the curve, a setting parameter. 
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Fig. 9. Measurements of streaming velocities versus Δt/T.  

 



 

 

are represented on Fig. 11 compared to Fig. 10. It is not easy 
to obtain a proper measurement of the streaming velocity, 
since the mass flow circulates in the closed loop [12]. This 
mass flow would carry away the seeding particles from the 
measurement volume. As the measurements seem to not vary 
with η, the average values are represented in a full line. On Fig. 
6, the values of the acoustic velocities are lower in the closed 
loop than in the resonator. This result could explain the higher 
values of the streaming velocities on Fig. 10 compared with 
those on Fig. 11. However, although the acoustic velocity is 
higher for 14 bars than for 18 bars (Fig. 6), the same result is 
not observed for the streaming velocity, neither in the closed 
loop nor in the resonator. In the device, the streaming veloci-
ties increase when the average pressure increases from 10 bars 
to 18 bars. Thus, the average pressure seems to be an influen-
tial parameter on the acoustic streaming. It would have been 
interesting to further investigate the effect of the mean pres-
sure on the acoustic streaming velocity. Unfortunately, this 
investigation could not be conducted for two reasons. The first 
reason is the accuracy of the mean pressure measurement. Its 
measurement has only an accuracy of 0.8 bar because of the 
disturbance related to the particle injection. The second reason 
is the seeding device. It could not exceed a pressure injection 
higher than 20 bars. Thus, the measurements were performed 
only at lower pressures. 

However, as the time-averaged second-order pressure (p2,0) 
also characterizes the streaming phenomenon and does not 
require seed particles [32], the effect of the mean pressure on 
the acoustic streaming could be conducted via this parameter. 
As the standing wave ratio is higher than 98% in the resonator, 
the measurement method used by Smith and Swift [28] is 
applied to obtain the time-averaged second-order pressure in 
the oscillating flow device. A polynomial law of order three is 
used to minimize the error because of the non-linearity of the 
pressure sensor and to obtain a high accuracy. Before investi-
gating the effect of the mean pressure on the time-averaged 

second-order pressure, its distribution along the resonator is 
plotted in Fig. 12 for a mean pressure of 14 bars and three heat 
powers, as follows: 165, 190 and 210 W. The lines and the 
dots represent the theoretical and the experimental values, 
respectively. The experimental results match the theoretical 
ones quite well. The location of the pressure node, at the left 
side of the curve, explains the discrepancies observed for the 
sensor Cp1. The relative error between theory and experiment 
is approximately 6%. The distributions of the time-averaged 
second-order pressure have the same form as the ones meas-
ured by Smith and Swift. Moreover, the minimum pressure is 
reached at the position of the acoustic pressure node. 

As the measurement of the time-averaged second-order 
pressure was validated by the theory, the effect of the mean 
pressure could be conducted on it. Its evolutions, normalized 
by its minimum |p2,0min|, versus the mean pressure are shown 
in Fig. 13. The evolutions of the time-averaged second-order 
pressure are parabolic and do not depend on the position. For 
each sensor, this variable characteristic of the non-linear ef-
fects reaches a maximum value for a mean pressure of 17 bars. 

 
 
Fig. 10. Acoustic streaming velocity proles in the resonator for x = 
3.52 m for a heat power of 165 W and three different mean pressures: 
(a) 10 bars; (b) 14 bars; (c) 18 bars. 

 

 
 
Fig. 11. Acoustic streaming velocity profiles in the closed loop for x = 
4.50 m for a heat power of 165 W and three different mean pressures: 
(a) 10 bars; (b) 14 bars; (c) 18 bars. 
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Fig. 12. Time-averaged second-order pressure distribution for mean 
pressure of 14 bars. 

 



 
 

  

For the streaming velocity (Figs. 10 and 11), an increase of the 
mean pressure from 10 to 18 bars generates an increase of the 
time-averaged second-order pressure. The evolution of this 
pressure could be explained by two antagonistic effects. In 
fact, the time-averaged second-order pressure could be ex-
pressed by the following relationship [28]: 

 
1

2,0
m

p
p

r
µ   (1) 

 
In the evolution of |p1| versus pm shown in Fig. 5, the time-

averaged second-order pressure tends to increase when the 
mean pressure increases. However, when the mean pressure 
increases, the density increases, thereby amplifying the inertial 
effects. As shown by Moreau et al. [23], the inertial effects 
tend to reduce the streaming phenomenon. Furthermore, a 
decrease of the streaming phenomenon could also be seen in 
Eq. (4). 

 
3. Conclusion 

An experimental investigation of the acoustic streaming 
phenomenon has been conducted in a pressurized travelling 
wave oscillating flow engine. To measure this phenomenon, 
specific settings are required. To measure the velocity, the 
number of acquired particles and the time acquisition need to 
be adjusted precisely. As these two parameters are not inde-
pendent, and the oscillating flow device is under pressure, the 
parameters are not easily adjusted. For the time-averaged sec-
ond-order pressure, a specific house calibration has been per-
formed, and a polynomial law of order three has been used to 
minimize the errors because of the non-linearity. The experi-
mental pressure and velocity are compared with the theoretical 
values, and a good agreement is observed. Because the meas-
urement of the streaming velocity is limited by the seeding 
system, the influence of the mean pressure on the acoustic 
streaming has been investigated on a large range for the time-
averaged second-order pressure. In the present configuration, 

a maximum pressure was obtained for a mean pressure of 17 
bars regardless of the location in the resonator. Understanding 
the behavior of acoustic streaming in an oscillating flow sys-
tem is an important step in reducing this phenomenon and in 
increasing the efficiency of oscillating flow devices. 

 
Nomenclature------------------------------------------------------------------------ 

Cpi : Position of the piezoelectric pressure sensors; i varying 
from 1 to 8 

F(x,t)  : Time and space dependent variable 
Fm : Mean value of the variable F(x,t) in absence of any 

acoustic wave 
F1  : First order term of the variable F(x,t) 
F2,0  : Time-averaged second-order of the variable F(x,t) 
F2,2  : Time-dependent second order of the variable F(x,t) 
p1 : Acoustic pressure [Pa] 
|p1| : Amplitude of the acoustic pressure [Pa] 
p0 : Mean pressure [bar] 
p2,0  : Time-averaged second-order pressure [Pa] 
u1 : Acoustic velocity [m/s] 
|u1| : Amplitude of the acoustic velocity [m/s] 
u2,0 : Time-averaged second-order velocity [m/s] 
x  : Axial coordinate [m] 
T : Period of the acoustic wave [s]  
η : Adimensional radial coordinate 
Δt : Thickness of the measured signal [s] 
ω : Angular frequency of the acoustic wave [rad/s] 
ρm  : Mean density in absence of any acoustic wave [kg/m3] 
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