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a b s t r a c t

The velocity fields of an acoustic standingwave in a rectangular channel are investigated. A new approach
is used to measure the velocity fields using PIV. In this approach, the velocity fields are sampled at
different phases in a given experimental run without synchronizing the PIV system with the excitation
signal. The results show that the RMS velocities measured from this approach are in excellent agreement
with the theoretical values, indicating that this new and simple approach accurately measures the RMS
velocities. At the velocity antinode, the difference between the RMSmeasured and theoretical velocities is
less than 2.4%. The results also show that this approach can be used tomeasure velocity fields of a standing
wave in different small segments at different times and to reconstruct the entire waveform. That is, the
basic statistical properties of the entire standing wave can be obtained without synchronizing PIV with
the acoustic signal.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

When a standing acoustic wave is generated in a tube, the fluid
particles oscillate under the influence of the standingwave and ex-
perience velocity and pressure variations. By exploiting the vari-
ation of these properties, the acoustic energy can be utilized to
perform some useful work. For example, the acoustic energy of
the standing wave in a tube has been used for refrigeration [13].
There are relatively few studies on the experimental measure-
ments of the acoustic velocity field. Different techniques have been
used to measure the acoustic particle velocities. It includes, laser
Doppler anemometry (LDA) [14,17,15], hot-wire anemometry [5],
condenser or piezo-electric microphone [1], pressure measure-
ments [8] and acoustic sensor [16]. Of these techniques, LDA is a
non-intrusive technique which measures the particle velocity re-
motely based on the intensity of the light scattered by the parti-
cles as they pass through the fringed measurement volume which
is modulated at a frequency of ∆F (the frequency shift between
the two laser beams). However, all these techniques provide ve-
locity measurements at a point in space. As a result, detailed and
simultaneous two-dimensional flow structure cannot be obtained
from these techniques. Particle image velocimetry (PIV) pro-
vides two-dimensional velocity fields with high spatial resolution.
Although PIV has been used for a variety of flowmeasurement ap-
plications [7], very few studies have reported the velocity mea-
surements of the standing wave using PIV. Hann and Greated [3,4]
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measured particle velocities of an acoustic standing wave in a
square channel at a frequency of 1616 Hz and the sound intensity
of 150 dB. The camera exposure was set at 4 ms in order to capture
approximately five periods of the oscillation. The particle velocities
are obtained from these images by using the autocorrelation func-
tion. However, they did not present detailed velocity characteris-
tics. Campbell et al. [2] presented a review of PIV technique with
its application to the measurement of sound. Shin et al. [9] stud-
ied the velocity field of an acoustic standing wave in liquid within
small tube using PIV. They conducted the study for two different
liquidmediums; water and amixture of glycol andwater. The tube
is square shapedwith the inner dimensions of 3mm× 3mm. A bi-
morph piezo-disk is used as the acoustic driver at one end, while
the other end of the tube is open. The velocity field ismeasured in a
region 190µm×150µmnear thewall. The velocity fields aremea-
sured at different temporal locations with respect to the driving
sinusoidal signal using a set of delay generators. Recently, Nabavi
et al. [6] presented a novel approach to simultaneously measure
two-dimensional acoustic and streaming velocity fields using syn-
chronized PIV technique in any region along the resonator and at
any wave phase.
To obtain velocity measurements using PIV at a specific wave

phase, the laser pulses and the camera have to be synchronized
with the acoustic driver. For this purpose a specialized synchro-
nizing circuit is needed. Furthermore, to map the velocity charac-
teristics of the entire wave using the synchronized approach, the
velocity measurements have to be made at different wave phases
in separate sets of experiments. At least 20 experiments at differ-
ent phases have to be conducted to resolve the entire wave. In the
present studywe have presented a simple approach to obtain basic
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Fig. 1. Schematic of the experimental setup and instrumentation.
statistical properties of the entire standing wave without synchro-
nizing PIV with the acoustic signal. In addition to the simplicity of
the experimental setup and instrumentation, another advantage of
the proposed approach is that the sample size to compute the RMS
velocity at any spatial location is significantly larger than that for
the synchronized approach.

2. Experimental setup

Experiments are conducted in a Plexiglas channel of square
cross-section. The inner cross-section of the channel is 7×7 cm.An
8 � electro-dynamic type loudspeaker with the maximum power
of 50 W is used as the acoustic driver. A function generator model
Agilent 33120A is used to generate the sinusoidal wave. The signal
from the function generator is amplified by an amplifier (MPA-
25, Realistic). The loudspeaker is driven by this amplified signal. A
movable piston is attached to the other end of the channel, which
allowed to change the length of the channel depending on the
frequency of the acoustic driver (see Fig. 1). In the present study,
the length of the channel is set equal to twice the wavelength
at a given frequency to allow the formation of two complete
standingwaves inside the channel. Air at the atmospheric pressure
is used as theworking fluid. The acoustic pressure ismeasured by a
condenser microphone cartridge Model 377A10 PCB Piezotronics.
The microphone consists of a microphone cartridge and a
microphone preamplifier. A preamplifier Model 426B03 is used in
order to measure the sound pressure level. The cartridge screws
directly onto the preamplifier housing. The frequency response is
almost flat between 5 Hz and 100 kHz. During the experiments,
the microphone is placed inside a hole in the adjustable piston and
flashed with the piston inner surface. Thus, the microphone and
piston are always at the same position i.e. at the pressure antinode,
and the microphone measures the maximum pressure fluctuation
(see Fig. 1).
The thickness of the channel walls is 6 mm. To confirm that

the rigid wall assumption holds for this channel, the wall vibration
is measured using a Brüel & Kjær laser vibrometer. The laser
vibrometer consists of a Helium–Neon laser velocity transducer
type 8323, a power supply type 2815 and a signal analyzer
unit type 2035. The maximum wall displacement is found to be
approximately one micron which is approximately 200 times less
than the maximum displacement of the acoustic driver. Thus, it
is concluded that the channel walls are rigid under the given
experimental conditions.
The two-dimensional velocity fields inside the channel aremea-

sured using particle image velocimetry (PIV). The measurements
are made in a plane parallel to the channel length at the mid-
channel location (i.e. 3.5 cm from both vertical walls of the chan-
nel) as shown in Fig. 1. A Continuum Minilite 25 mJ Nd:YAG laser
is used as a light source for the PIV measurements. A CCD camera
(JAI CV-M2) with the resolution of 1600 × 1200 pixels is used to
image the flow. The camera is connected to a PC equipped with a
frame grabber (DVR Express, IO Industries, London, ON, Canada)
that acquired 8-bit images at a rate of 30 Hz. A four-channel digi-
tal delay generator (555-4C, Berkeley Nucleonics Corporation, San
Rafael CA) is used to control the timing of the laser light pulses.
Olive oil mist with the mean diameter of 0.5 µm is used as the
tracer particles. An aerosol generator (Lavision Inc., Ypsilanti MI) is
used to generate the oil mist.
An important issue related to the tracer particles is their

response time. That is, how quickly the particles respond to any
change in the flow behavior. In the present study, the density of
the tracer particles is much higher than that of the air; therefore, it
is important to find the response time of particles. Furthermore, as
the particles oscillate under the action of the standing wave, this
issue becomes evenmore critical. The characteristic response time
of the seed particles is computed by,

TP =
uT
g

(1)

where, TP is the particle response time, uT is the particle terminal
velocity and g is the acceleration due to gravity [12]. The terminal
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Fig. 2. Fields of view of the CCD camera for PIV measurements in different sections. The size of the field of view is same for all sections (i.e. 11.2 cm in horizontal and 8.4 cm
in vertical). However, the overlap between any two sections is not constant.
velocity is computed by,

uT =
(γ − 1)D2g
18ν

(2)

where D is the diameter of the tracer particles, ν is the kinematic
viscosity of the fluid and γ is the ratio of the density of particle
to the density of fluid [11]. Using the above equations, it is found
that for D = 0.5 µm, uT = 7 µm s−1 and Tp = 0.7 µs. For the
driver frequency of 1040 Hz (time period = 961 µs), the particle
response is approximately 1400 times faster than the time period
of the acoustic wave. Thus, we conclude that the tracer particles
accurately follow the flow.
Shin et al. [9] estimated the errors in the PIV acoustic velocity

measurement based on the error due to slip and error due to
Brownianmotion.We followed the same approach to compute the
error in the present velocity measurements. The error due to slip is
based on the difference between the fluid and particle velocities.
This is identical to the particle response time estimated above.
Using this analysis we found that for the given conditions with
the particle diameter of 0.5 µm, the maximum particle slip or the
maximum difference between the fluid and particle velocities is
0.011 m/s. For the maximum velocity of approximately 2.4 m/s,
the maximum error due to slip is 0.46%. Shin et al. [9] found
that the error due to the Brownian motion is insignificant in their
experiments. In the present study, we found that the error due
to Brownian motion is equal to 0.074% which is insignificant and
consistent with the observation of [9].
The wavelength of the acoustic standing wave corresponds to

the driver frequency of 1040 Hz is 33.08 cm. As mentioned earlier,
the length of the channel is adjusted to allow the formation of two
full standing waves in the channel. If the field of view of the CCD
camera is set in a way to measure the velocity field of the entire
wave, the resolution of the velocity vectors decreases significantly.
In addition, the particle displacement between the two images of
an image pair reduces which increases the uncertainty in the PIV
velocity measurements. The field of view of the camera is set in
a way to measure the velocity field within the entire height of
the channel. That is, the field of view of the camera is set equal
to 11.2 cm in horizontal and 8.4 cm in vertical. The horizontal
dimension of the camera field of view is less than thewavelength of
the standingwave. In order tomap the flow field of the entirewave,
the measurements are made at four different horizontal locations
that cover all regions of the wave. The first set of measurements
is made in the region adjacent to the wall (piston end). In the
subsequent sets, the region of interest is shifted towards the driver
end with an overlap between the adjacent regions of interest.
Hereinafter these sets are referred to as Q1,Q2,Q3 and Q4 (see
Fig. 2).
As mentioned earlier, in the present study, we adapted a

different and simple approach from the experimental viewpoint to
measure the velocity fields. In this approach, the acoustic driver is
not synchronizedwith the laser pulses. That is, the data acquisition
is started at a randomphase for every experimental run (i.e. at each
section). Furthermore, the PIV technique measures velocity fields
at 15 Hz which is not the integer multiple of the given standing-
wave frequency (i.e. 1040Hz). Therefore, during each experimental
run, the velocity fields are sampled at different phases of the
standing wave. For each set of measurements, 1800 velocity fields
are obtained (i.e. the total sampling time of two minutes).
The selection of the proper separation time between the two

images of an image pair is important. Due to the oscillation
of the particles, the time separation between the two images
of an image pair must be much smaller than the quarter of
the time period. Otherwise, the particle displacement computed
by cross-correlating the PIV images will be smaller than the
actual displacement of the particles. This will result in the
underestimated velocities. On the other hand, for very short
separation time, the particle displacement will be too small
that will significantly increase the uncertainty in the velocity
measurements. For the given frequency, the time separation is set
equal to 80 µs which is a factor of three smaller than the quarter
wave period.
The height of the camera field of view is greater than the height

of the channel. Before computing the velocity vectors, the images
are preprocessed to remove the regions outside the channel. That
is, all the regions above the inner surface of the upper wall and
below the inner surface of the lower wall are chopped off. Thus
after preprocessing, the PIV images consist of only the inner region
of the channel. The PIV technique computes velocity vectors by
cross-correlating the interrogation region in the first image with
the corresponding search region in the second image of an image
pair. In the present study, the size of the interrogation region is set
equal to 32×32 pixels and the size of the search region is set equal
to 64×64 pixels. A 50%windowoverlap is used in order to increase
the nominal resolution of the velocity field to 16 ×16 pixels. This
resulted in the spatial resolution of 1.1 ×1.1 mm of the velocity
field. This provides very high spatial resolution for the given wave
that is, the velocity field is resolved at approximately 300 locations
along the entire wave. A three-point Gaussian sub-pixel fit scheme
is used to obtain the correlation peak with sub-pixel accuracy. A
scheme is used to identify the spurious velocity vectors and then
correct them using a local median test [10]. Less than 1% of the
velocity vectors are spurious.

3. Results

An instantaneous two-dimensional velocity field in the region
adjacent to the piston (i.e. sectionQ1) is shown in Fig. 3(a). The plot
shows that the velocity magnitude decreases when approaching
the piston and becomes almost zero immediately adjacent to the
piston. This is an expected behavior as the pressure fluctuations
are maximum at the piston (i.e. pressure antinode). Moving from
right to left in the plot, the velocity increases up to a certain
distance and then starts decreasing. The maximum velocity occurs
at the location where the pressure fluctuations are minimum. In
the present figure, the maximum velocity is located at 8.25 cm
from the piston end. The depth-averaged horizontal velocity of
the velocity field in Fig. 3(a) is shown in Fig. 3(b). The horizontal
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Fig. 3. (a) An instantaneous velocity field in section Q1 . (b) The depth-averaged
horizontal velocity of the plot shown in (a). X is the distance measured from the
piston wall (closed end).

velocity shows the behavior of a typical standing wave. Since the
PIV measurements provide velocity field in a two-dimensional
plane, the cross-channel variations in the horizontal velocity are
also analyzed. These variations are found to be in the range
3–6 cm/s which are insignificant compared to the horizontal
velocity magnitude.
As mentioned in the previous section, the acoustic driver is not

synchronizedwith the laser pulses and the PIV sampling frequency
is not the multiple of the standing-wave frequency. Therefore, the
present dataset comprised velocity fields measured at different
phases of the standing wave. The depth-averaged horizontal
velocity profiles in some consecutive velocity fields in sections Q1
and Q2 are shown in Fig. 4. Note that the same frame numbers in
Q1 and Q2 do not represent the same time as the velocity fields
in each section is computed in separate sets of experiments at
different times. The plots show that the successive frames captured
the velocity fields at different phases of the standing wave. At
each section, 1800 velocity fields are measured. This sample size is
large enough to represent the velocity fields at different phases of
the standing wave and thus provides good statistical information
about the standing-wave-velocity characteristics.
The root-mean-square (RMS) horizontal velocity of the com-

plete standing wave is shown in Fig. 5. The velocity profile of the
complete wave is obtained by combining the RMS velocity pro-
files computed in sections Q1,Q2,Q3 and Q4. The overlapping re-
gions between the two adjacent sections are marked with the thin
straight lines. The excellentmatching of the data in the overlapping
regions confirms that the number of velocity fields in each section
Fig. 4. The depth-averaged horizontal velocity in consecutive velocity fields in,
(a) section Q1 , (b) section Q2 . The time difference between each frame is 1/15 s.
The frames in shown in (a) and (b) are taken at different times. X is the distance
measured from the piston wall (closed end).

is large enough to provide reliable statistical properties of the given
standing wave. It should also be noted that the data acquisition in
each section is started at a random phase. The results also indicate
that the statistical characteristics of the full standing wave can be
obtained by combining the statistical characteristics that are com-
puted in different sections of the wave at different times. The plot
shows that the RMS velocities approach zero at the pressure antin-
odes which are located at λ = 0, 12 and 1, where λ is the wave-
length of the standingwave. Similarly, themaximum velocities are
observed at velocity antinodes which are located at λ = 1

4 and
3
4 .

To confirm that the velocities obtained from the given approach
(i.e. by sampling at differentwavephases) are accurate, the velocity
characteristics from the experimental data are comparedwith that
obtained from the exact analytical solution. For a tube filled with
a fluid, the particle velocity under the action of acoustic wave is
given by,

u(x, t) = −(1/ρ)
∫
(∂p/∂x)dt (3)

where, ρ is the density of the fluid and p(x, t) is the pressure. For
the given case, the boundary conditions are p(0, t) = P0 cosωt ,
and ux(L, t) = 0, where, P0 is the pressure amplitude at the
acoustic driver, L is the length of the channel, ω is the radian
frequency and ux is the velocity derivative with respect to x. For
the given boundary conditions, the pressure is given by,

p(x, t) = P0
cos k(L− x)
cos kL

cosωt (4)
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Fig. 5. The root-mean-square (RMS) horizontal velocity of the complete wave obtained by combining the RMS horizontal velocities in each section. The thin lines represent
the overlap region between two adjacent sections. X is the distance measured from the piston wall (closed end).
Fig. 6. The comparison between the theoretical and experimental RMS horizontal velocities at a frequency of 1040 Hz. Solid line, theoretical;©, experimental. X is the
distance measured from the piston wall (closed end).
where, k = ω/c and c is the speed of sound. Substituting p(x, t)
from Eq. (4) into Eq. (3), the particle velocity is given by,

u(x, t) = u0
sin k(L− x)
cos kL

sinωt (5)

where, u0 = P0/ρc. The uncertainty in the estimation of u0 is
due to the uncertainties in the pressure measurement, position
of the microphone relative to the pressure node and the change
in air density due to seed particles. The total uncertainty in u0 is
estimated to be less than 5%.
All experiments are conducted in air at 25 ◦C (c = 344m/s, ρ =

1.2 kg/m3). The value of P0 for this case is 938 Pa. The RMS
velocities from the experiments and analytical solution are plotted
in Fig. 6. The results show a good agreement between the
experimental and theoretical results, which confirms that the
given approach accurately measures the RMS velocities of the
standing wave. At the velocity antinode, the RMS velocities are up
to 2.4% higher than the theoretical values.
To further confirm that the proposed technique is capable
of measuring the acoustic velocity field accurately, we have
conducted another set of experiments in another channel. This
channel is 105 cm long with the cross-section of 4 ×4 cm.
The experiments are conducted at a frequency of 976 Hz. The
correspondingwavelength is 35.2 cm. This results in the formation
of three full standing waves inside the channel. The field of view
of the camera is set equal to 10.3 cm in horizontal and 8 cm in
vertical to map the flow field in the quarter-wavelength section
of the channel. The separation time between two PIV images of
the image pair is set equal to 80 µs. The value of P0 for this case
is 640 Pa. The RMS velocities for this case are plotted in Fig. 7.
The RMS velocities obtained from the analytical solution for the
given conditions are also plotted in the figure for comparison. At
the velocity antinode, the experimentally obtained RMS velocities
are 2.2% lower than the theoretical values.
Good agreement between the experimental and analytical re-

sults for different frequencies, excitation amplitudes and channel
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Fig. 7. The comparison between the theoretical and experimental RMS horizontal velocities at a frequency of 976 Hz in quarter-wavelength section of the second channel.
Solid line, theoretical;©, experimental. X is the distance measured from the piston wall (closed end).
dimensions (Figs. 6 and7) confirms that the given approach (i.e. out
of phase PIV) correctly measures the RMS acoustic velocities.

4. Conclusions

The velocity fields of an acoustic standing wave in a tube are
investigated. A new approach is used to measure the velocity
fields. In this approach, the PIV system is not synchronized with
the acoustic wave signal and therefore, the velocity fields are
sampled at different phases in a given experimental run. The
experimental setup and instrumentation for the present approach
is simple and the RMS velocity at any spatial location is obtained
from a larger sample size compared to the synchronized approach,
which improves its accuracy. The limitation of this approach is
that the velocity field at a particular phase cannot be resolved. The
results show that the RMS velocitiesmeasured using this approach
are in excellent agreement with the theoretical values, indicating
that this new and simple approach accurately measures the RMS
velocities of the acoustic standing wave. At the velocity antinode,
the difference between the RMS measured and theoretical
velocities is less than 2.4%. The results also show that this approach
can be used to measure velocity fields of a standing wave in
different small segments at different times and to reconstruct the
entire waveform. This enables measuring the velocity fields of
longer standing waves with high spatial resolution.
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