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Particle Motion in a Macroscale,
Multiwavelength Acoustic Field
Particle motion due to ultrasonic acoustic radiation in a macroscale, multiwavelength
acoustic chamber is investigated and compared with available theories. Primary acoustic
radiation force theory has been extensively developed to predict single particle motion in
a microscale, single-node acoustic chamber/channel. There is a need to investigate the
applicability of this theory to macroscale, multiwavelength acoustic channels utilizing
the acoustic radiation force for separating polydispersed particles. A particle-tracking
velocimetry (PTV) approach for measuring individual particle motion is developed specifically to track particles as they densify at an acoustic pressure node. Particle motion is
tracked over the lifetime of their motion to a node. Good agreement between the experimental and theoretical results is observed in the early stages of particle motion, where
particles can be considered individually. Only in the densified region of the acoustic pressure node is there some mismatch with theory. The acoustic energy density of the acoustic
chamber, a parameter intrinsically associated with the system by the theory, is also determined experimentally for different conditions and shown to be constant for all investigated system settings. The investigation demonstrates the capability of available theory
in predicting the motion of polydispersed particles in macroscale, multiwavelength
acoustic chambers. [DOI: 10.1115/1.4027777]

Introduction
The need to separate or sort fine particles from liquids has led
to the use of the ultrasonic acoustic radiation force in microscale
flow systems, including the areas of biotechnology [1–3] and drug
delivery [4–6]. Ultrasonic acoustic pressure has been used to concentrate mammalian cells in cell culture fermentations where efficiencies up to 99% are achieved in removing cells from the
stream without cell damage [1]. Separation of blood cells suspended in a microchannel is also continuously performed using
this approach [2] with maximum efficiency of 99.975%, which is
comparable with other more traditional methods, such as centrifugation. Here, the advantage is in that the separation is applied to
only a very small sample volume. The method is also applicable
and being used in medical applications, such as drug delivery
[4–6]. In Ref. [4], it is shown that the efficiency of targeted imaging with microbubble-base agents can be improved by using ultrasonic acoustic radiation force, and localized drug delivery can
also be improved [5].
In all of these applications, the sizes of the flow channels are of
a similar order of the wavelength of the acoustic field. Also, particles are well dispersed and can be considered to act independently of each other. Under these conditions, the force applied by a
standing acoustic field can be well described by the currently
available single particle/acoustic field interaction theory [7]. The
theory finds the primary acoustic force on a single particle in an
inviscid fluid. There are various approaches based on this theory
for estimating primary acoustic force in the literature for different
conditions, such as the primary acoustic force on a single particle
suspended in viscous fluid [8] or the primary acoustic force on a
compressible particle [9]. These theories allow the design and development of processes and technology at the microscale. At this
scale, the piezoelectric transducers are designed to have a singlewavelength [10], half-wavelength [11], or quarter-wavelength
[12] resonance within the width of the microchannel. While the
acoustic pressure force and consequently the separation efficiency
1
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increases by having these setups, the piezoelectric transducers
become more complex and there is a limit to the maximum system
volume flow rate.
Although this technology has been developed well at the microscale, it has not however been utilized to address larger scale
problems, such as particle separation in macroscale channels with
relatively large volume flow rates. There are several applications,
such as the treatment of water [13,14] and food processing [15], in
which ultrasonic acoustic separation technology have been implemented through removal of its volume flow rate limitations by
using batch operation. There are a limited number of works on utilizing ultrasonic acoustic pressure at the macroscale in a continuous system, such as Ref. [16], in which micron-sized beads are
separated from water in a 25.4  25.4 mm (1  1 in.) cross section
flow channel.
The aim of this research is to study the applicability of using an
ultrasonic acoustic radiation force for particle separation in macroscale flows where polydispersed distribution particles are suspended in the containing fluid. In these systems, the scale of the
flow field is many times that of the wavelength of the acoustic
field and can be termed a multiwavelength system. As the larger
particles separate to pressure nodes (or antinodes), it can be
expected that the properties of the acoustic field (i.e., coherence
and dampening) will be affected. Smaller particles, which are
traveling to the closest pressure nodes (or antinodes) at a slower
rate due to their smaller size, are affected consequently by the formation of densification bands by larger particles. The densified
particles at the pressure nodes can potentially increase the acoustic dampening effect, resulting in lower primary acoustic force on
the particles. Dampening of the pressure acoustic wave and scattering of the pressure acoustic wave off the walls and densified
particles bands can also be expected in the multiwavelength
acoustic chambers/channels [17]. These effects, which are difficult to theoretically predict [18], need to be experimentally
investigated.
Imaging methods have been used to investigate and characterize the acoustic radiation force and the separation process by different investigators [19–22]. The movement and aggregation of a
suspension of yeast cells under the influence of a standing ultrasonic field has been investigated [19]. During the aggregation process, the velocity of cells was measured using particle image
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velocimetry (PIV) and compared with current theories [7] that
describe cell and particle motion. In Ref. [20], the primary and
secondary acoustic radiation forces on single monodispersed particles are measured. The acoustic energy density is also determined by tracking individual particles affected by ultrasonic
acoustic pressure. Acoustophoresis in a 377 lm microchannel is
also studied [21] by imaging and tracking polystyrene particles
affected by an acoustic radiation force in the channel. The monodisperse particles were tracked individually, and the resultant velocity measurements were compared with a single particle theory
governing the primary acoustic force. The primary acoustic radiation force on single particles is also investigated using lPIV [22]
and the results compared with available theories and results in
Ref. [21]. In all of these cases, the particles are homogenously
mixed field before the acoustic field is applied. PIV, which
requires an optimum seeding density, can only be applied in a limited fashion during the initial stages of the application of the
acoustic field. No information is collected on the phenomenon
once the particles are too segregated to PIV to be applied
consistently.
The validity of the current particle/acoustic field interaction
theory, which only describes the forces generated on a single particle in a homogeneous acoustic field, needs to be tested in largescale, multiwavelength systems. This would allow the theory to
be used for design of particle separation systems using an acoustic
field at the macroscale. Determining particle motion and hence
the forces applied using imaging techniques has many advantages.
However, the complexity of the acoustic separation process in
macroscale acoustic chambers limits the ideal conditions needed
for accurate PIV measurements. The time-dependent process at
the macroscale taking place on a real polydispersed size distribution of particles changes their distribution homogeneity dramatically. Information on the homogeneity of the acoustic field in a
multinode acoustic system to determine the impact of system
scale on the modeling approach is also lacking.
A method is needed that allows for the tracking of particles
through a complete cycle of the separation process as the acoustic
field becomes more inhomogeneous. The data collected can then
be used to compare with the predictions of ultrasonic acoustic
pressure single-particle theory [23] over the complete field. The
data collected can also be used to characterize the macroscale
acoustic chamber used to develop the standing acoustic field by
studying the acoustic energy density for different cases. A custom
approach based on PTV has been developed to investigate these
systems [24]. The main issue in using a classic PTV method is the
gradual change in the distribution of particles. Here, the source of
particle motion is the acoustic pressure force, which depends on
the position of particle relative to the acoustic field rather than the
force on the PIV seeding particles due to the fluid flow. This paper
investigates the validation of single particles theory for a macroscale, multiwavelength acoustic chamber using the developed
PTV method. The experimental setup for generating the phenomenon is discussed, and the velocity field results for three different
particle/acoustic field cases are compared with single particles
theory; the acoustic chamber is also characterized.
Primary Acoustic Force Theory. The acoustic radiation effect
was first identified in Ref. [25] while observing suspended cork
dust in water. The cork dust was trapped in a resonated acoustic
tube, originally to measure the speed of sound in 1874. The phenomenon was studied by investigating the primary acoustic radiation force on particles for different conditions [7]. By introducing
a velocity potential for an inviscid fluid containing an incompressible sphere smaller than the wavelength of the standing acoustic
wave, the time-averaged acoustic radiation force on the sphere
was derived. Later, the work was continued and developed in Ref.
[9], where the primary radiation force on a compressible sphere
particle in a fluid was calculated. The time average force on a particle was also derived as the gradient of a potential function

defined as the summation of the kinetic and potential energy of
the acoustic wave at the location of the particle [23].
Assuming that particles are suspended in an ideal fluid, the particles are compressible and their diameters are small compared to
the wavelength of the acoustic field; the force on a single spherical
particle is defined as the gradient of the acoustic potential energy
[23]. For a standing-wave acoustic field where the radiation force
is much larger than a progressive wave, fluid pressure and velocity
can be expressed as functions of spatial location and time using
pðx; y; z; tÞ ¼ pa ðy; zÞ sinðjxÞ sinðxtÞ

(1)

vðx; y; z; tÞ ¼ va ðy; zÞ cosðjxÞ cosðxtÞk

(2)

where pa and va ¼ ðpa =qf cÞ are the fluid pressure and velocity
amplitude of the wave as a function of spatial location ðx; y; zÞ and
time ðtÞ with y the coordinate in the direction of gravity, c the fluid
sound speed, qf the density of the surrounding fluid, j ¼ ð2p=kÞ
the wave number of the wave, x ¼ 2pf the angular frequency, f
the frequency of the acoustic source, and k the unit vector in the x
direction.
The time-averaged ultrasonic primary acoustic force [26] on a
single particle suspended in an inviscid fluid is
Fac ¼ 3V0 Eac jg sinð2jxÞ

(3)

where V0 is the particle volume and Eac is the acoustic energy
density, which is a measure of the effect of acoustic chamber
through the effect of generated acoustic pressure pa in the field
and is defined as
Eac ¼

p2a bf
4

(4)

where bf is the fluid compressibility and is inversely proportional
to speed of sound in a material. The acoustic contrast factor
(ACF), g, is a function of the density ratio (~
q) and compressibility
~ of the particle to fluid. This factor is defined as
ratio (b)


1 5~
q2 ~
b
(5)
g¼
3 2~
qþ1
where particle-to-fluid density ratio (~
q) and particle-to-fluid com~ are defined as
pressibility ratio (b)
qp
qf

(6)

bp
b~ ¼
bf

(7)

q~ ¼

where indices p and f refer to particle and fluid, respectively.
The ACF (g) plays an important role in the primary acoustic
radiation force and is a function of two different properties of the
system. The influence of this parameter can be investigated by
comparing the effect of particle acoustic properties (density and
speed of sound) for cases in which particles are suspended in
water. The acoustic specifications of different example materials
are listed in Table 1. These materials are also indicated in Fig. 1.
In this figure, the variation of ACF for a material of constant

Table 1
Material

Acoustic specifications of different sample materials
Density (g/cm3)

Speed of Sound (m/s)

ACF (g)

2.5
0.76
1.1

5600
1350
2350

0.57
0.26
0.23

Glass
Silicone oil
Polystyrene
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Fig. 1 Achieved ACF for constant speed of sound values; indicated ACF for different materials in water. c is speed of sound
in particle.

speed of sound values but different densities is plotted. According
to these curves, the density ratio has more influence on ACF for
lower values of particle density where the ACF value is negative.
A negative value of ACF indicates that the particle will be
attracted to a pressure antinode, whereas a particle with a positive
ACF value, such as a glass particle in water, will be forced toward
a pressure node. As the particle-to-fluid density ratio increases for
a constant speed of sound particle-to-fluid ratio, the ACF
approaches an asymptote. It is also notable that the constant speed
of sound curves for c ¼ 3000 m/s to c ¼ 6000 m/s are approximately coincident. This indicates that the influence of speed of
sound on the ACF reduces for higher values and the force on the
particle in water is mostly governed by its density.
Considering the forces acting on a single particle in the x direction (horizontal), as shown in Fig. 2, the particle velocity due to
the primary acoustic pressure force can be determined by accounting only for the resistance drag body force on the particle. Gravity
and buoyancy forces are applied in the x direction (vertical) and
do not affect the transverse motion of the particle. The motion of
a particle with a positive ACF traveling toward the nearest
pressure node is assumed to be due to the primary acoustic force
overcoming the drag force. The main assumption is that the inertia
of the single particle is due to its relatively low velocity and
consequently low Reynolds number of flow. This assumption is
applicable for micron-sized particles [26].
Considering a Stokes drag force applied on the particle while
influenced by an acoustic pressure force, the balance of forces on
the single particle is
3V0 Eac jg sinð2jxÞ ¼ 6plaV

(8)

in which l is the viscosity of containing fluid, a is the particle radius, and V is particle velocity. By rearranging this equation, the
velocity of a single particle affected by acoustic radiation pressure
in the wave propagation direction can be found as
V¼

V0 Eac jg
sinð2jxÞ
2pla

(9)

This highlights that the maximum velocity of the particle is proportional to the energy density of the acoustic field. The acoustic
energy density is a function of the piezoelectric transducer used to
generate the acoustic field and its properties, the acoustic chamber
properties, and, more specifically, how energy is coupled between
them. Generally this parameter, which is constant for a particular
acoustic cell, is estimated from experimental data by studying the
motion of different types of particles in various conditions for the
acoustic field [18].

Fig. 2 Pressure node and antinode locations and transverse
(horizontal) forces directions on particles; longitudinal acoustic
wave is shown in the transverse direction

Experimental Setup and Procedure
A schematic of the general experimental setup used is shown in
Fig. 3(a) and compared to a digital image of the actual setup used
in Fig. 3(b). The acoustic field is generated in a static fluid
(degassed distilled water) contained within the acoustic cell. A
high power piezo-electric transducer forms one side of the chamber and is excited with a continuous sine wave. The wave is generated via a function generator and power amplifier. In Fig. 3(a),
an imaging configuration with a thin light sheet of a laser illuminating the region of interest is schematically depicted. A combination of a high-speed camera and a lens on a region of interest in
the acoustic cell are used to image the motion of particles.
Acoustic Chamber. The acoustic chamber is a 30  25  65
mm3 glass cell with a 1.5 MHz resonance frequency, high-power,
piezoelectric transducer forming one side of the chamber (Sonosep Technologies Inc. [27]). This transducer has a narrow bandwidth over which maximum energy can be transferred into the
acoustic field. The cell is aligned vertically, and the transverse/
horizontal acoustic pressure wave influences the particles in the
transverse direction. The piezoelectric transducer is excited by
applying a harmonically sinusoidal voltage generated from a function generator (Tektronix AFG320 GPIB V3) at 1.52 MHz. The
signal is amplified (70 mV–22 V) by a high-power amplifier
(ENI240L).
The experiments are carried out for three different particle sets.
The individual particle properties are given in Table 2. The coefficient of variation (CV) of particle size (diameter) distribution is
the ratio of standard distribution of the probability density function of size of particles to the mean value of their size and is used
to determine the distribution of the acoustic force on particles
based on Eq. (9). The speed of sound for hollow glass particles
(particle set 2 (PS-2) and particle set 3 (PS-3)) is assumed to be
the same as speed of sound for solid glass particles. This assumption is made due to the low variation of the acoustic contrast
factor for those fluid/particle sets with respect to speed of sound
for glass as shown in Fig. 1. The system is first tested on particle
set 1 (PS-1), which has a low CV of particle size distribution to
validate the single-particle theory [23] for the setup. PS-2 and
PS-3—which have a larger CV, that is, wider size distribution—
are the main focus of the investigation. The volume concentration
of particles in water for all of the experiments is set to 0.05%.
Imaging System. The imaging system consists of a continuous
wave laser and a two-dimensional piezo-scanning mirror combined to illuminate the area of interest. A high-speed camera with
a long-working-distance lens is used to capture images of the particle fields. The laser (Laserglow Technologies, LRS-0532-PF)
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Fig. 3 (a) Schematic of the main experimental components and (b) digital image of the experimental setup
Table 2 Properties of particle sets used in experiments
Particle Set
PS-1
PS-2
PS-3

Description

Mean Diameter (lm)

CV

Density (g/cm3)

Speed of Sound (m/s)

ACF (g)

Silica microspheres (cospheric)
Hollow microspheres (potters 60P18)
Hollow microspheres (potters 110P18)

8
18
10

10%
35%
45%

1.8
0.6
1.1

6400
6400
6400

0.49
0.14
0.35

operates in a continuous mode with wavelength of 532 nm and is
capable of providing power of up to 2 W. The laser beam is swept
using one mirror of the two-dimensional scanner, which consists
of two rotating mirrors driven using two piezoelectrics. The swept
laser beam is passed through a collimation lens located at the focal
distance of the mirrors to generate a parallel laser sheet. The beam
is reflected toward the region of interest using the second control
mirror, which helps in correcting the alignment of the laser plane
due to possible misalignment of the illumination components. A
high-speed camera (DRS Technologies, LightningV RDTPlus)
attached to a 65 mm f/2.8 lens (Canon Inc., MP-E 65 mm) with a
working distance range of 40–100 mm and that is capable of
magnification factor of up to five is used for imaging. The camera
is capable of collecting images at 500 fps at full frame
(1280  1024) and maximum of 16,000 fps at reduced resolution.
It has a 10-bit CMOS sensor and is equipped with a transistortransistor logic trigger.
R

Experimental Procedures. A consistent experimental procedure is followed for all the presented results. Degassed distilled
water is used to avoid the generation of cavitation bubbles in
regions of low pressure at antinodes of the acoustic field in the
cell. Particle volume concentration is set to 0.05% by suspending
an initially measured mass of particles in a known volume. After
assuring the mixture is in a homogeneous state in terms of particle
concentration, the experiment starts with triggering of the camera
to collect frames at the set speed. Other components are triggered
in time with camera acquisition in a specific order following the
commencement of the experiment. The function generator that
drives the piezoelectric transducer is triggered after 100 ms to
define the exact time for the onset of acoustic excitement. The
piezoelectric transducer excitation voltage was set to 22 V. The
particles start their transverse motion to the nearest pressure nodes
following the activation of the piezoelectric transducer. The camera is operated at 1000 fps with the resolution of 512  512 pixels,
and the lens magnification is set to three, leading to a depth of
field of 88 lm and working distance of 50 mm. The piezoelectric
transducer receives the voltage input for 1 s, which is enough to
displace all particles to a pressure node in the field. The transverse

velocity of particles is obtained by postprocessing the camera
images.
Image Postprocessing. In developing an appropriate strategy
for postprocessing and determining particle motion and velocity,
some basic understanding of the phenomenon in needed. The
main characteristic of this phenomenon is the time dependency,
which changes particle distribution within the imaged region of
interest. To highlight this, example raw images are shown in
Fig. 4 of particle fields before and after the acoustic field is
applied that show how the acoustic field concentrates particles
into vertical bands. In Fig. 4(a), a homogeneous particle distribution is shown. In-focus particles detected with a particle identification algorithm are circled. In Fig. 4(b), the acoustic field, which
has planes of nodal pressure oriented vertically, has been applied
and the particles have migrated to pressure nodes in the acoustic
field. Again, particles detected with the particle identification
algorithm are circled. Both figures highlight a significant problem
for determining the velocity and hence the force acting on the particles. For the homogeneous case before the acoustic field is
applied, particle detection is relatively easy, with the individual
particles being clearly defined. As the particles concentrate under
the applied acoustic field, the interparticle distance reduces and
particle images begin to overlap. Individual particle detection
therefore becomes more difficult with increasing particle concentration that occurs with time.
As seen in Fig. 4(b), the acoustic field has multiple nodes
within the field. The spacing is a function of the acoustic properties of the system and the driving frequency of the piezoelectric
transducer. This can be compared with microscale acoustic
chambers, which can have a half-wavelength [28] or quarterwavelength [12] system and only one node. Despite having a
limitation in volume flow rate, microscale chambers provide a
stronger and more homogenous acoustic field. However, the current macroscale chamber produces multinodes where the field distribution is not as homogenous, making particle identification
difficult and hence determination of particle motion and velocity.
PTV Analysis. The particles are tracked for 1 s, over which
densification occurs, of which Fig. 4(b) is an example. Custom
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Fig. 4 Detection of particles in images in different situations: (a) even distribution of particles
before applying the acoustic wave and (b) densification of particles to bands due to the acoustic
radiation force

code (The MathWorks Inc., MATLAB) is used to apply the developed PTV algorithm to the captured images [24]. Image preprocessing includes denoising and normalizing the intensity of
images, which is performed for individual images. The particle
detection process is performed by reducing the image to a binary
array by defining a global threshold for the image. The threshold
is found using Otsu’s method [29], which minimizes the intraclass
variance of the black and white pixels. Initially using the normalized cut-off threshold of a specific image, the particles are recognized by tracing the exterior of boundaries of objects in the binary
image. A unique feature of this algorithm is that erosion is used to
allow individual particles to be detected. This is an important feature when particles begin to cluster at nodes. The particle recognition algorithm is a Moore-neighbor-tracing algorithm modified by
Jacob’s stopping criteria [30].
The particle-tracking process is performed over the whole densification time period (1 s) using the nearest neighbor search
method [31]. Image capture at 1000 fps ensures only small movement of particles between frames, allowing individual particles to
be identified over the entire image series. An example of determined particle tracks is shown in Fig. 5. The locations of pressure
nodes and antinodes are also shown in the figure and are determined from the densified image (i.e., Fig. 4(b)) of separated particles in the field of view. The trajectory of particles (and any
existing bubbles) densifying to the pressure nodes and antinodes is
illustrated in the figure. To compare experimental data with predicted
theory, only particles that have a long time history traversing the
acoustic field are used. The variation of normalized error calculated
for different particle sets for different number of particles accounted is
shown in Figure 12. A filtration process is also performed to remove
bubbles in the field of view from the analyzed particles’ trajectories
based on their direction of motion. An example of such a bubble trajectory is highlighted in Fig. 5 using a rectangle.
From the acquired trajectory of particles, the velocity of each
particle is available for each location in the trajectory. Due to the
existence of several pressure nodes in the field of view, different
particles’ velocities can be mapped to a single wavelength space
to allow characterization of the entire field. This is achieved via
setting the reference of a velocity profile for a particle to the nearest pressure node in the field of view. Once the velocity fields for
different particles are determined, the average particle velocity is
determined by averaging over the individually mapped particle’s
velocity to a single wavelength. This average velocity can then be
compared with the theoretical velocity field.

Fig. 5 Particle/bubble trajectories in the field of view in a sample pressure acoustic force experiment; while particles densify
at the pressure nodes, the bubbles move to pressure antinodes.
An example of a bubble motion is highlighted in the rectangle.

Uncertainty Analysis. A number of sources of uncertainties
have to be considered in this study. The particle properties used in
obtaining theoretical primary acoustic force are from the supplier
data sheets. The particles’ density and speed of sound, which are
used in the calculation of ACF in Eq. (5), are with the assumption
that the particle material is homogenous. This assumption is
mainly challenged for PS-2 and PS-3, which are hollow glass particles and are assumed to be solid glass in acoustic contrast factor
calculations. This assumption is made due to low variation of the
acoustic contrast factor with respect to speed of sound for glass as
shown in Fig. 1. Also, the particle size distributions and CV values, which cause a variation in the behavior of particles, are provided by the manufacturers. It is also assumed that there is no
effect of secondary acoustic forces between particles present on
the particles. The secondary acoustic force [32] is due to the effect
of the scattered pressure field off other particles influencing the
particle of interest. The magnitude of the secondary acoustic force
can be compared to the primary acoustic force for dilute suspension of particles and is found to be several orders of magnitude
smaller than the primary acoustic force magnitude [33]. Due to
the low volume concentration (0.05%) of particles in the experiments, this force can be considered to be negligible.
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Fig. 6 Raw data images highlighting the separation process. Time increments relative to the onset of the
acoustic field are shown in the figure.

Particles’ locations that are obtained using the imaging system
have a temporal and spatial measurement uncertainty. A temporal
uncertainty of 40 ns in the triggering of the camera is the
main source of the temporal uncertainty provided by the camera
supplier. The maximum displacement error of 0.4 pixel is
estimated as the main source of the spatial measurement uncertainty based on 0.2 pixel uncertainty in locating a particle in an
image [34].

Results and Discussion
Monodispersed Particles. In order to validate the singleparticle theory [23], monodispersed size distribution particles (PS1) are first investigated. Monodispersed size distribution particles
are defined as particles with particle size distribution CV lower
than 10%. The resulting motion of the particles can be expected to
be in lower variance, because these particles are all nearly the
same size. A time series of images highlighting the gradual
motion of particles to the designated pressure nodes is shown in

Fig. 6. The initially randomly distributed particles are affected by
the pressure acoustic force and are attracted to the closest pressure
nodes based on their locations. After approximately 150 ms from
the start of the experiment (triggering of the camera), the wave
form to the piezoelectric transducer starts and the pressure nodes
are immediately distinguishable. The separation continues until
approximately 300 ms, where more particles are densified to the
pressure nodes. As shown, the vertical particle bands are constant
after 300 ms and there is no general motion thereafter.
Particles’ locations can be normalized to a single wavelength to
average their velocity located in the field of view. In order to map
the particles’ velocity to the normalized locations, the position of
the pressure nodes where the particles densify to is needed. Image
processing can be used to assess the amount of particle concentration that occurs in different regions of the field of view. In Fig. 7,
a graph of image intensity summed in the vertical direction of the
densified image (Fig. 6, t ¼ 600 ms) is shown. The positions of
pressure nodes based on particle locations are shown in the figure
by dashed lines. A fast Fourier transform (FFT) is applied to this
to determine the wavelength of the acoustic field, and the resultant
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Fig. 7 (a) Summed intensity of Fig. 6 (t 5 600 ms) in the x direction; locations of pressure
nodes are found via these intensity plots. (b) FFT of the image intensity plot in Fig. 7(a).

The observed discrepancies between the experimentally measured transverse velocity and the theoretical values are larger at the
pressure nodes and antinodes. At these locations, the tracking of
particles is more complex, due to the overlapping of the particles,
and a larger error is expected. Another issue in determining particle motion is direction change of the particles near the pressure
node, which increases the variation bars of experimental transverse velocity. Observations indicate that particles can oscillate
about the line of the pressure node.

Fig. 8 Transverse velocity of PS-1, experimental versus singleparticle theory values; the variation bars of experimental values
fall within the theoretical variation lines shown by solid lines

power spectrum is shown in Fig. 7(b). The wavelength of the
wave is calculated based on this graph and is 0.98 mm, which
agrees with the analytical value (0.975 mm) obtained by assuming
the speed of sound in water and wave frequency.
In Fig. 8, the normalized experimental measured average transverse velocity for the tracked particles over a wavelength is plotted. The particles are repelled from the two pressure antinodes at
the start and end of the graph. The particles densify at the pressure
node, which is the middle of the graph. Bars have been applied to
the experimental data to show the range of measured velocity.
The standard deviation of calculated averaged normalized velocity
is used for representing the range. This range is predominantly
attributed to the distribution of particle size present in the sample.
The expected particle-normalized velocity determined from the
single particle theory (Eq. (9)) is also plotted in the figure. Also
plotted are the ranges of the theoretical variation due to an
imposed particle size distribution, which show the deviation of the
transverse theoretical velocity. This value (20%) is obtained based
on the provided CV value of particles’ size distribution, which is
10%. This figure shows that the pattern of the transverse velocity
field matches the one estimated by the primary acoustic force
theory for a single particle [23]. Also, the range of the measured
velocity profiles (experimental standard deviation) falls within the
range obtained based on the theoretical standard deviation of the
size of particles.

Polydispersed Particles. Having determined the limits and
verified the experimental method with the primary acoustic force
theory for the monodispersed-sized particles, polydispersed particles (hollow glass sphere particles, PS-2, and PS-3) are investigated. The aim is to determine the validity and applicability of
theoretical primary acoustic force calculation to the polydisperse
particles with high CV distribution size. According to the properties of particles listed in Table 2, they will be attracted to the pressure nodes and their ACF is 0.14 and 0.35, respectively. The same
experiment procedure and postprocessing algorithm are used to
study the motion of particles. Sample images of densified particles
are shown in Figs. 9(a) and 9(b) for the two particle groups. As it
is shown, the particle densification lines are formed clearly and
there are also some cavitation bubbles (negative ACF) present at
the pressure antinodes. In Figs. 9(c) and 9(d), the analyzed densified images are shown. Using these intensity plots, the locations
of pressure nodes are obtained and the wavelength of the wave is
found to be 0.98 mm for both data sets.
In Figs. 10 and 11, the normalized experimental measured average horizontal velocities over a single wavelength for PS-2 and
PS-3 are plotted, respectively. The bars located at the experimental points show the range of obtained values due to the distribution
of particle size present in the sample. The theoretical horizontal
velocity expected by primary acoustic force theory for a single
particle is also shown in both of the figures along with the limitations of theoretical variation. These are the deviation of the horizontal theoretical velocity due to an imposed particle CV of 35%
(PS-2) and 45% (PS-3) and are determined to be 64% and 88%,
respectively. The experimental variation bars fall within the theoretical variation limits except for at the middle of the wavelength,
where the pressure node lies. This is due to the existence of particles at both sides of the pressure node where the velocity
changes direction and tracking of particles is difficult. The good
agreement between the experimental and theoretical results prove
that the primary acoustic force theory is applicable to polydisperse
particles in the macroscale acoustic chambers for this particle
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Fig. 9 (a) PS-2 densified image and (b) PS-3 densified image. (c) In x direction, locations of pressure nodes are found via these strong intensity plots for PS-2 and (d) intensity plot for PS-3.

Fig. 10 Transverse velocity of PS-2: experimental versus
single-particle theory values

Fig. 11 Transverse velocity of PS-3: experimental versus
single-particle theory values

loading. The discrepancies are mostly located near pressure nodes
and antinodes. This is mostly due to overlapping of particles at the
pressure nodes making them difficult to detect and also change of
velocity direction at these points.

Number of Tracked Particles. To investigate the effect of the
number of particles on the statistical averaging of particle velocity
profiles in a single-wavelength, normalized average error is introduced. The normalized average error (^
e) is defined to quantify the
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the transducer used to develop the acoustic field. Its value is
affected by the coupling efficiency of acoustic energy into the
chamber containing fluid and is difficult to estimate. However,
based on theory, a general estimation can be determined [26]. For
the system used here, it is estimated to be in the range of
10–100 J/m3. To experimentally determine the acoustic energy
density for the acoustic chamber, the maximum velocity of averaged horizontal velocity (Vmax ) is used by manipulating Eq. (9)
for the peak points of the average velocity profiles and is
defined as
Eac ¼

Fig. 12 Effect of number of considered particles on the normalized error in achieving horizontal velocity for PS-1, PS-2,
and PS-3

2plaVmax
V0 jg

(11)

The evaluated acoustic energy density as a function of number
of tracked particles is presented in Fig. 13. The final value of the
acoustic energy density is determined when it is not varying for a
different number of tracked particles, and it reaches approximately the same value for the three different experiments. The
value of the acoustic energy density solely depends on acoustic
chamber parameters and is expected to be the same value for
different particle sets. However, due to assumptions of different
particles’ parameters, such as particle density and particle compressibility based on the supplier specifications, there are some
variations of computed acoustic energy density for different
particle sets. Taking this into account, good agreement observed
between the achieved acoustic energy density for different particle
sets of approximately 25 6 2 J/m3 is obtained. This value is
within the normal range of acoustic chamber acoustic energy
densities [26].

Conclusions

Fig. 13 Acoustic energy density independence with respect to
the number of tracked particles for PS-1, PS-2, and PS-3

difference between the experimental and theoretical transverse
velocity and is defined as

,


xi ¼k V i  V i 
X
exp
theo
N
(10)
e^ ¼
i
Vtheo
xi ¼0
in which xi is the transverse position in a single acoustic wavelength, k is the acoustic wavelength, N is the number of points in
i
i
and Vtheo
are the achieved experithe single wavelength, and Vexp
mental and theoretical velocity, respectively. This error is determined by averaging the normalized difference between the
theoretical and experimental values of transverse velocity in different locations in a single acoustic wavelength (k). The initial
point and final point where the pressure antinodes lie are not
counted when averaging over the wavelength of the wave, since
theoretical value of velocity is zero, which results in making the
normalized relative error infinity. The variation of normalized
error is calculated for different particle sets for a different number
of particles accounted for is shown in Fig. 12. The fitted line to
the experiment data shows that there is an asymptotic trend seen
in the error, and the error appears independent of the number of
tracked particles for a value greater than 800. As the number of
tracked particles increases, the results become independent with
respect to the number of tracked particles in the analysis.
Acoustic Energy Density. The acoustic energy density is an
unknown physical property of the acoustic chamber coupled to

Applicability of the current primary acoustic force theory [23]
for predicting single-particle motion in an acoustic field is investigated for macroscale, multiwavelength acoustic chambers for polydispersed particle sets. A particle-tracking velocimetry approach
has been developed to track the motion of particles in water under
the influence of an acoustic standing pressure wave. This particle
flow field has some unique features, most notable of which is that,
with time, the homogeneous distribution of particles does not
remain and significant clustering of particles occurs. The PTV
algorithm is optimized for this unique configuration of a separation process for monodispersed size particles and used to investigate two other different polydispersed size distribution particles.
The volume concentration of particles in water for all experiments
was held at 0.05%. The independence of the selected parameters
in the postprocessing is presented for the three different particle
size experiments. The acoustic energy density value for the acoustic chamber is also evaluated, and—as expected—the value is
constant for the different particles. The results show that the
primary acoustic force theory for a single particle is capable of
predicting the motion of particles for polydispersed size distribution particles in macroscale, multiwavelength acoustic chambers.
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