PROPOSITIONS
1. For scaling up acoustophoresis to centimeter scale, multi-wavelength
resonators are a better solution than half-wavelength resonators.
(this thesis)

2. In multi-wavelength acoustophoretic devices, selectivity is exploited
by creative design of flow patterns and/or dynamic acoustic fields.
(this thesis)
3. Gaining and founding sufficient theoretical base before conducting an
experiment is essential to correctly explicate the results.

4. Science is similar to casting magic; it has to be done responsibly.

5. Laziness, when practiced in moderation, is very good fuel for action,
innovation and creativity.
6. The way a phenomenon is presented is mostly not how it actually is.
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1.1

Motivation

Particles are everywhere. By definition, a particle refers to a relatively small discrete
portion of matter. In this definition of being “relatively small”, a human being can
be referred to as a particle relative to the cosmos [1]. While this is more of
philosophical interest [1-3], particles that are relatively small with respect to
humans attract more scientific interest, as they can be hazardous and must be
removed or they can be precious and must be recovered or concentrated.
Industries such as food, biomedical, pharmaceutical and petrochemical industries
are examples where particle separation is of crucial importance [4-8].
Many technologies exist to either separate particles from a mixture or retain
particles in the mixture [9-20]. For example, sedimentation can be used to separate
particles from suspensions owing to the density difference between the particles
and the medium. Depending on the relative density to the medium, particles can
either float or sink. While this technique allows the treatment of large volumes, it
relies only on gravity and buoyancy forces, which usually makes it a slow process
[13]. Acceleration and gravity are equivalent [21]; hence, the sinking phenomenon
can be made faster by rotating the mixture with the cost of increased energy
consumption, known as centrifugation [12]. Another way to accelerate
sedimentation is called enhanced sedimentation, in which particles are
agglomerated by virtue of external forces and thus settle quicker [18, 22-26]. Both
sedimentation and centrifugation are able to selectively separate particles from
suspensions based on differences in particle densities. Filtration using membranes
is also utilized in suspension separation [9-11]. By adjusting the pore size, selective
separation or retention is possible based on particle size. However, filtration is
susceptible to fouling and clogging, and cleaning of the membranes requires
additional operations. Based on the particle’s charge or magnetic properties,
electric and magnetic fields can also be used to separate particles from suspensions
[19]. Without requiring such properties, inertial focusing methods allow to separate
particles using the forces due to flow and inertia [16, 20]. A relatively recent
technology, acoustic separation, is the focus of this thesis.
Acoustic separation is based on the principle of acoustophoresis. Acoustophoresis,
or acoustic levitation, is defined as manipulating particles by virtue of acoustic
radiation force. For practical applications, it is important to note that an acoustic
separation system does not contain internal parts that may be clogged or damaged
during the operation [5]. Furthermore, standing wave fields exert larger acoustic
radiation forces on particles than traveling wave fields [27]. Acoustic separation can
8

be used in combination with other methods or separately. For example, by
concentrating particles in the pressure nodes of a standing wave pattern, acoustics
can be used to enhance sedimentation and flocculation [18, 22-26]. However, it is
more common that for particle separation acoustics are used alone. The acoustic
radiation force on particle depends on particle size, density and compressibility [2833]. It is therefore possible to selectively separate particles based on such property
differences. On microscale, there are a number of successful applications of
acoustophoresis for selective separation, for example, in cell separation or
harvesting and in microparticle separation [34-56]. On cm-scale, examples of
applications are enhanced sedimentation and particle filtering/enhancement,
allowing larger volumes to be treated [22-26, 57-66]. Also, utilizing dynamic
standing wave fields opens up new possibilities of selectively manipulating the
particles [67-78].
Even though selective separation on microscale by acoustophoresis has been
demonstrated [34-35, 37-42, 46, 47, 49, 50, 52], the throughput is usually very low
for industrial applications [5]. Simply scaling up the dimensions and input power is
not suitable [28-33], thus higher throughput requires new designs and procedures
[57, 66]. This thesis investigates the selective separation of particles in suspensions
using acoustics on cm-scale.

1.2

Principle of Acoustic Separation

1.2.1 Acoustics and Standing Waves
When a perturbance occurs in an elastic body or medium it does not stay local. It
travels within the material without permanently changing the material properties
while carrying energy as it propagates. For example, the perturbance can be a local
impulse on a metallic rod, causing stress waves among the material. A stone
dropped in water creates waves on the surface. In air, a loudspeaker creates a
disturbance and the pressure waves travel in air. The behavior of such disturbances
is modelled with the well-known wave equation. Acoustics is the branch of science
that deals with wave propagation in elastic media.
Two main types of acoustic waves are the so-called spherical waves and plane
waves. Spherical waves propagate in multiple directions (stone dropped in water is
a perfect example for this), the amplitude of wave decreases as the wave travels
9

away from the source and eventually completely decays. For the loudspeaker
example, this decrease is the reason it becomes harder to hear somebody as one
gets farther. Sufficiently away from the source, the wave front tends to become a
plane. Plane waves propagate in one direction and the amplitude does not decay in
space. In addition, if a source is radiating sound at one frequency and the source is
much larger than the wavelength, the radiated sound can be considered as plane
wave. Due to the dimensions and high frequencies used in acoustophoresis devices,
acoustic waves are modelled as plane waves. Figure 1.1 illustrates a typical
spherical wave and a plane wave.

(a)

(b)

Figure 1.1 - A spherical wave propagating in every direction. (b) A plane wave propagating in
the indicated direction. The solid and dashed lines represent the peaks and valleys in the wave
pattern, respectively.

Plane waves are the simplest type of wave motion in a medium. In the one
dimensional plane wave equation, where 𝑡 denotes time and 𝑥 denotes the
position, 𝑝 ≔ 𝑝(𝑥, 𝑡) is the acoustic pressure (or local pressure variation) and the
total pressure is the sum of equilibrium pressure (𝑝0 ) and 𝑝, as 𝑝𝑡𝑜𝑡 ≔ 𝑝0 + 𝑝.
Similarly 𝜌 ≔ 𝜌(𝑥, 𝑡) is the local density fluctuation in the medium while the total
density is the sum of the equilibrium density (𝜌0 ) and 𝜌, as 𝜌𝑡𝑜𝑡 ≔ 𝜌0 + 𝜌. 𝑐0 is the
speed of sound in the medium. Finally, the one-dimensional wave equation is given
by
1 𝜕2𝑝 𝜕2𝑝
=
𝑐02 𝜕𝑡 2 𝜕𝑥 2
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(1.1)

The harmonic solutions for the wave equation are of the form:
𝑝1 (𝑥, 𝑡) = 𝑓(𝑥 − 𝑐0 𝑡) = 𝑃∗ 𝑒 𝑖(𝜔𝑡−𝑘𝑥) for a positive traveling plane wave and
𝑝2 (𝑥, 𝑡) = 𝑓(𝑥 + 𝑐0 𝑡) = 𝑃∗ 𝑒 𝑖(𝜔𝑡+𝑘𝑥) for a negative traveling plane wave. Here,
𝑃∗ is the complex pressure amplitude, 𝜔 = 2𝜋𝑓 is the angular frequency and
𝑘 = 𝜔/𝑐0 is the wavenumber. There is also a standing wave solution for the wave
equation, which is of the form: 𝑝(𝑥, 𝑡) = 𝑓(𝑥 − 𝑐0 𝑡) + 𝑔(𝑥 + 𝑐0 𝑡), indicating that
when two harmonic waves with the same frequency and amplitude are traveling in
opposite direction, their interaction creates a standing wave. Figure 1.2 illustrates
two similar waves, with period T, traveling opposite to each other and resulting in
a standing wave, where 𝑝1 (𝑥, 𝑡) = 𝑅𝑒(𝑃∗ 𝑒 𝑖(𝜔𝑡−𝑘𝑥) ) and 𝑝2 (𝑥, 𝑡) =
𝑅𝑒(𝑃∗ 𝑒 𝑖(𝜔𝑡+𝑘𝑥) ).
The equation for a standing wave can be obtained by summation of two similar
opposite traveling waves.
𝑝(𝑥, 𝑡) = 𝑃 cos( 𝜔𝑡 − 𝑘𝑥) + 𝑃 cos( 𝜔𝑡 + 𝑘𝑥) = 2𝑃 cos(𝜔𝑡) cos(𝑘𝑥)

(1.2)

Figure 1.2 and Equation (1.2) indicate the following:
-

-

-

In a traveling wave the pressure is a combined function of time and position,
that is 𝑝(𝑥, 𝑡) = 𝑓(𝑥, 𝑡) while in a standing wave 𝑝(𝑥, 𝑡) = 𝑔(𝑡)ℎ(𝑥) ,
indicating that the effects of time and space are uncoupled.
In a traveling wave the pressure maxima, also known as antinodes, and the
pressure minima, also known as nodes, travel in the propagation direction
with the speed of sound in the medium. In a standing wave, however, nodes
and antinodes are stationary. The shape of the wave scales with time only.
In a standing wave, the pressure amplitude is doubled in the antinodes,
whereas in the nodes the waves cancel each other. In Figure 1.2c, the wave
pattern is not shown at 𝑡 = 0.25𝑇 and 𝑡 = 0.75𝑇 due to the waves
cancelling each other and causing a zero acoustic pressure.

In order to obtain a standing wave, two similar waves traveling opposite to each
other are needed. The simplest way to obtain a standing wave is with a sound
source and a reflector. If the source is radiating plane waves and the reflector is
placed parallel to the sound source, a standing wave occurs between the sound
source and reflector. Another way to obtain a standing wave is replacing the
11

reflector by an active sound source, both operated at the same frequency [66,
79].

(a) 𝑝1 (𝑥, 𝑡) = 𝑃 cos( 𝜔𝑡 − 𝑘𝑥)

(b) 𝑝2 (𝑥, 𝑡) = 𝑃 cos( 𝜔𝑡 + 𝑘𝑥)

(c) 𝑝(𝑥, 𝑡) = 𝑝1 (𝑥, 𝑡) + 𝑝2 (𝑥, 𝑡)
Figure 1.2 - (a) Positive traveling wave, (b) negative traveling wave and (c) standing wave
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Figure 1.2 illustrates a standing wave field that has multiple pressure nodes. At
microscale, however, the separators typically utilize a single pressure node. The
separator can be a half-wavelength resonator with the pressure node in the middle
of the channel, if the width of the channel is half of the wavelength in the host
medium at the excitation frequency [28]. The separator can also be a quarterwavelength resonator, if the width of the channel is a quarter of the wavelength. In
such a case, a pressure node is obtained at the edge of the channel [80].
A configuration that generates a standing wave field can also generate a dynamic
acoustic wave field. In case of a single sound source and a reflector, the sound
source can be operated at a changing frequency, effectively making a frequency
sweep [68-70]. Such a field shows the characteristics of a standing wave field, but
the pressure nodes move towards the reflector with increasing frequency. Another
way to generate a dynamic acoustic wave field is to use two separate sound
sources, operating at slightly different frequencies [71--78]. The resulting field has
the characteristics of a standing wave field, while the pressure nodes move from
the low-frequency source to the high-frequency source with a speed proportional
to the frequency difference between the sources.
1.2.2 Acoustic Radiation Force
As the acoustic waves carry energy, the interaction between an object and the
surrounding sound field results in a net force acting on the object. Mostly, the
acoustic radiation force is weak. When the object size is in the range from µm to
cm and the acoustic waves are concentrated, the forces can become significant. In
that case, standing wave fields are capable of concentrating and manipulating
particles.
The acoustic radiation force on a spherical rigid particle was calculated first by King
[32], and then for an elastic particle by Yosioka and Kawasima [33]. Later, Gor’kov
formulated the acoustic radiation force acting on a small particle in an ideal fluid
[29]. The expression of Gor’kov is applicable for an elastic spherical particle in any
sound field, and therefore widely used in the literature.
For a spherical particle in an ideal fluid, the acoustic radiation force expression can
be derived from the radiation potential 𝑈 𝑟𝑎𝑑 , that is

13

𝑈 𝑟𝑎𝑑 = 𝑉 (Φ1

1
3
2
2
〉 − Φ2 𝜌0 〈𝑣𝑖𝑛
〉)
𝜌0 𝑐02 〈𝑝𝑖𝑛
2
4

(1.3)

Where 𝑉 is the particle volume, 〈𝑝𝑖𝑛 〉 and 〈𝑣𝑖𝑛 〉 are time-averaged incident
pressure and velocity fields at the location of the particle center, 𝜌0 and 𝑐0 are the
density and speed of sound of the host medium and 𝜙1 and 𝜙2 are the monopole
and dipole scattering coefficients. The combination of the scattering coefficients
forms the acoustic contrast factor, which is given by
2
𝜌 + 3 (𝜌 − 𝜌0 ) 1 𝜌0 𝑐02
1
1
Φ(𝜌, 𝑐) = Φ1 + Φ2 =
−
3
2
2𝜌 + 𝜌0
3 𝜌𝑐 2

(1.4)

Where 𝜌 and 𝑐 are the density and the speed of sound in the particle material,
respectively.
The acoustic radiation force on an elastic spherical particle in a standing wave field,
in only one direction (𝑥), can be calculated from

𝐹𝑥𝑎𝑐

𝜕𝑈 𝑟𝑎𝑑
=
= 4𝜋𝑘𝑟 3 Eac Φ(𝜌, 𝑐) sin(2𝑘𝑥)
𝜕𝑥

(1.5)

𝑃2

Where 𝐸𝑎𝑐 = (4𝜌 𝐷𝑐 2 ) is the acoustic energy density, with 𝑃𝐷 is the amplitude of the
0 0

standing wave field.
The acoustic radiation force on a spherical particle thus depends on the particle
volume (Equation (1.5)); larger particles experience larger force thus they will be
trapped easier. The amplitude of the force scales linearly with the frequency
through 𝑘 = 𝜔/𝑐 , and the square of the pressure amplitude through
𝑃2

𝐸𝑎𝑐 = (4𝜌 𝐷𝑐 2). The acoustic contrast factor is a multiplier in the expression. For
0 0

example, it indicates that a water particle in water will not experience any acoustic
radiation force as the acoustic contrast factor is zero. The acoustic contrast factor
can either be positive or negative. Figure 1.3 illustrates the force distribution on a
spherical particle with a positive contrast factor in a standing wave field.
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Figure 1.3 - Force distribution on a particle in a standing wave field. Dashed line indicates the
harmonic pressure distribution, solid line indicates the force distribution on the particle. Arrows
indicate the direction of the force

Under the effect of the acoustic radiation force only, Figure 1.3 indicates that a
spherical particle with positive contrast factor experiences a net zero force in either
pressure nodes or antinodes. When slightly disturbed, however, the particle will be
repelled from the pressure antinodes and attracted towards the pressure nodes.
Thus, a particle with a positive contrast factor can have a stable equilibrium in the
pressure nodes. Similarly, a particle with negative contrast factor will be stabilized
in the pressure antinodes. This property has been successfully exploited for
selective cell separation on microscale [56, 80].
Exploiting the acoustic contrast factor is not the only way to selectively filter or
separate particles using acoustophoresis. Whenever the particle has a relative
motion with respect to the surrounding liquid there is drag force acting on the
particle. Figure 1.4 illustrates a generic picture of forces acting on a particle in an
acoustic field, where the acoustic field acts in 𝑦 direction and the flow is in 𝑥
direction.
In acoustophoresis applications commonly the flow has a low Reynolds number,
hence laminar. On a spherical particle, therefore, the drag force is modeled as
Stokes drag: 𝐹𝑥𝐷 = 6𝜋𝜇𝑟(𝑢𝑥 (𝑦) − 𝑥̇ ) in 𝑥 direction and 𝐹𝑦𝐷 = 6𝜋𝜇𝑟(𝑢𝑦 (𝑥) − 𝑦̇ ) in
𝑦 direction. The equation of motion for a spherical particle in a two-dimensional
acoustic field and a laminar flow field, with velocities 𝑢𝑥 (𝑦) and 𝑢𝑦 (𝑥), is therefore
given by
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𝑚𝑥̈ + 6𝜋𝜇𝑟(𝑢𝑥 (𝑦) − 𝑥̇ ) + 𝐹𝑥𝑎𝑐 (𝑥, 𝑡) = 0
𝑚𝑦̈ + 6𝜋𝜇𝑟(𝑢𝑦 (𝑥) − 𝑦̇ ) + 𝐹𝑦𝑎𝑐 (𝑥, 𝑡) = 0

(1.6)

Acoustic field

𝐹 𝑎𝑐
Parabolic flow

𝑚

𝐹𝑥𝐷

𝑦
𝑥

𝐹𝑦𝐷

Figure 1.4 – Forces acting on a particle moving in an acoustic field

Investigation of Equations (1.5) and (1.6) together shows that while the acoustic
radiation force scales with particle volume, the drag force scales with particle
radius. Furthermore, the acoustic contrast factor depends on the particle’s elastic
modulus and speed of sound. The interplay of such parameters offers the following
selectivity possibilities;
1- Depending on the acoustic contrast factor, particles are attracted towards
either nodes or antinodes. This possibility has been exploited on microscale,
for example, in [56, 80].
2- Depending on the acoustic contrast factor, some particles are attracted
faster towards either nodes or antinodes.
3- Depending on the particle size, some particles are attracted faster towards
the corresponding locations. This possibility has been exploited on
microscale, for example, in [34].
4- The flow and the acoustic field can be in the same direction, making the
flow, for example, push the particles selectively against the acoustic field.
This possibility is very suitable for applications at macroscale and
demonstrated in Chapter 3, using different particle sizes.
5- Similar to case 4, a dynamic acoustic field can actively push the particles
selectively against the flow.
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6- Similar to a case in Figure 1.4, a dynamic acoustic field can push the particles
selectively perpendicular to the flow direction. This possibility is very
suitable at macroscale and demonstrated in Chapters 5 and 6 using different
particle sizes.
1.2.3 Piezoelectric Effect
To create an acoustic field in an acoustophoresis device piezoelectric transducers
are utilized, making use of the converse piezoelectric effect. The converse
piezoelectric effect is realized through an electric field across certain opposite faces
of the material and results in deformation. The opposite, the direct piezoelectric
effect is more commonly used in sensing, as the deformation in the material results
in an electric field across certain opposite faces of the material. Materials that show
this effect are called piezo-electric materials, where ‘piezin’ means ‘to press’ in
Greek.
The constitutive modeling of linear piezoelectric materials uses relationships for
linear elasticity and electrostatic charge equations. The relation between an applied
electric field and corresponding free strain in the piezoelectric material is given by
𝜀33 = 𝑑33

𝜀31

𝑉
𝑡𝑝

𝑉
= 𝑑31
𝑡𝑝

(1.7)

Here, 𝑉 is the voltage applied in the polarization direction and 𝑡𝑝 is the thickness of
the material in the polarization direction. The polarization direction is denoted by
direction 3 in piezoelectric elements, thus 𝜀33 is the strain in the third direction and
𝑑33 is the piezoelectric modulus in the corresponding direction. Similarly, 𝜀31 is the
strain in the first direction and 𝑑31 is the corresponding modulus. Equation (1.8)
introduces the 1D model of piezoelectric behavior [81]
𝑆
𝑠
[ ]=[
𝐷
𝑑

𝑑 𝑇
][ ]
𝜖 𝐸

(1.8)

Top row of Equation (1.8) governs the converse piezoelectric effect while bottom
row governs the direct piezoelectric effect. Diagonal terms of the matrix contain
the mechanical and electrical constitutive relations while off-diagonal terms govern
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the electromechanical coupling. 𝑆 is the mechanical strain, 𝐷 is the electrical
displacement, 𝑇 is the mechanical stress and 𝐸 is the electric field. Furthermore, 𝑠
is the mechanical compliance, 𝜖 is the dielectric permittivity and 𝑑 is the
piezoelectric strain coefficient. Equation (1.8) can also be rewritten as given by
Equation (1.9).
−1
1
𝑇
[ ]=
[ 𝑠−1 2
2
𝐸
1−𝜅 𝑑 𝜅

Where 𝜅 =

𝑑
√𝑠𝜖

𝑑−1 𝜅 2 ] [ 𝑆 ]
𝜖 −1 𝐷

(1.9)

is the piezoelectric coupling coefficient. 𝜅 is bounded between 0

and 1 and is related to the energy conversion properties of the piezoelectric
material. The bounds already indicate that only a fraction of energy is converted.
For multiple directions, multiple coupling coefficients exist.
The 1D model for piezoelectric behavior can be extended to 3D using a similar
approach. In case of a 3D material Equation (1.8) holds while 𝑆 is the mechanical
strain vector, 𝐷 is the electrical displacement vector, 𝑇 is the stress vector and 𝐸 is
the electric field vector (6 × 1) . Furthermore, 𝑠 is the elastic modulus matrix
(6 × 6) under constant electric field boundary condition, 𝜖 is the dielectric
permittivity matrix (3 × 3) under constant stress boundary condition and 𝑑 is the
piezoelectric coupling matrix (6 × 3). Assuming the 3D material is orthotropic and
there is symmetry between the first and second directions, the top rows of
Equation (1.8) can be expanded and simplified as [81]
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𝑆1
𝑆2
𝑆3
=
𝑆4
𝑆5
[𝑆6 ]

1
𝑌1𝐸
𝜈12
− 𝐸
𝑌1
𝜈31
− 𝐸
𝑌3

𝜈12
𝑌1𝐸
1
𝑌1𝐸
𝜈32
− 𝐸
𝑌3

𝜈13
𝑌1𝐸
𝜈23
− 𝐸
𝑌1
1
𝑌3𝐸

0

0

0
0

[

−

−

0

0

0

0

0

0

0

0

0

1
𝐸
𝐺23

0

0

0

0

1
𝐸
𝐺13

0

0

0

0

0
0
0
+
0
𝑑15
[ 0

0
0
0
𝑑24
0
0

𝑇1
𝑇
2
0
𝑇3
𝑇4
0 𝑇
5
[𝑇6 ]
0

(1.10)

1
𝐸
𝐺12
]

𝑑13
𝑑23
𝐸
𝑑33 𝐸1
[ 2]
0 𝐸
3
0
0 ]

Similarly, the bottom rows of Equation (1.8) can be expanded as

0
𝐷1
[𝐷2 ] = [ 0
𝐷3
𝑑13

0
0
𝑑23

0
0
𝑑33

𝑇
𝜖11
+[ 0
0

0
𝑑24
0
0
𝑇
𝜖22
0

𝑑15
0
0

𝑇1
𝑇2
0
𝑇
0] 3
𝑇
0 4
𝑇5
[𝑇6 ]

(1.11)

0 𝐸1
0 ] [𝐸2 ]
𝑇
𝐸3
𝜖33

Where 𝑌𝑖𝐸 is the elastic modulus in the 𝑖 direction, 𝜈𝑖𝑗 is the Poisson’s ratio
governing the ratio of transverse strain in 𝑗 direction to the axial strain in 𝑖 direction
and 𝐺𝑖𝑗𝐸 are the shear moduli. The superscript 𝐸 indicates that the property is
measured under short circuit condition, when there is no electric field to affect the
mechanical behavior. Similarly, superscript 𝑇 indicates that the property is
measured under stress-free condition, when there are no mechanical constraints
on the material to generate electric field. In 3D, multiple coupling coefficients exist
for different directions as 𝜅𝑖𝑗 =

𝑑𝑖𝑗
𝑇 𝑠𝐸
√𝜖𝑖𝑖
𝑗𝑗

.
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In order to generate the acoustic field in the acoustophoresis devices the
transducers are mostly used in 33 mode. In 33 mode the voltage is applied in the
3 direction and the mechanical response is generated in the 3 direction. Hence,
Equations (1.10) and (1.11) reduce to [81]
1
𝑇 + 𝑑33 𝐸3
𝑌3𝐸 3

(1.12)

𝑇
𝐷3 = 𝑑33 𝑇3 + 𝜖33
𝐸3

(1.13)

𝑆3 =

With the assumption of uniform strain, stress, electric field and electric
displacement, the strain in the 3 direction becomes 𝑆3 = 𝑢3 /𝑡𝑝 . Similarly, the
stress becomes 𝑇3 = 𝑓3 /𝐴𝑝 , the electric field becomes 𝐸3 = 𝑉/𝑡𝑝 and the electric
displacement becomes 𝐷3 = 𝑞/𝐴𝑝 . In this expressions 𝑓3 is the force applied to the
transducer, 𝑢3 is the displacement in 3 direction, 𝑉 is the voltage applied, 𝑞 is the
charge and 𝐴𝑝 is the cross-sectional area of the transducer. Inserting these
expressions and defining the stiffness of the transducer as 𝑘𝑝 =

𝑌3𝐸 𝐴𝑝
𝑡𝑝

, Equation

(1.12) becomes
𝑢3 =

1
𝑓 + 𝑑33 𝑉
𝑘𝑝

(1.14)

The maximum stress can develop in the transducer when the transducer is
completely restrained and therefore 𝑢3 = 0. The force applied on the transducer
(and hence applied by the transducer) is defined as the blocked force, and
expressed as
𝑓𝑏 = 𝑑33 𝑌3𝐸

𝐴𝑝
𝑉
𝑡𝑝

(1.15)

Similarly, the maximum displacement is obtained when there is no force acting on
the transducer. The free displacement, 𝛿0 , is expressed as
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𝛿0 = 𝑑33 𝑉

(1.16)

Furthermore, the excited medium has its own elastic and mechanical properties. In
order to represent such a condition, consider a piezoelectric device exciting a single
degree of freedom mass-spring system axially in the third direction, illustrated in
Figure 1.5, where the stiffness of the connection between the mass and the ground
is 𝑘𝑠 , the stiffness of the piezoelectric material is 𝑘𝑝 and the mass is 𝑚 . The
transducer and the mass remain in contact; hence, the deformation of the
transducer is equal to the displacement of the mass. Under these conditions, the
equation of motion of the mass is given by

𝑓+𝑚

𝑑2 𝑢(𝑡)
+ 𝑘𝑠 𝑢(𝑡) = 0
𝑑𝑡 2

(1.17)

Inserting Equation (1.17) into Equation (1.14) yields the following relation
𝑢3 (𝑡) =

1
𝑑2 𝑢3 (𝑡)
(−𝑚
− 𝑘𝑠 𝑢3 (𝑡)) + 𝑢0 𝑉(𝑡)
𝑘𝑝
𝑑𝑡 2

(1.18)

In Equation (1.18), 𝑢0 is the free displacement of the transducer for unit voltage
input, 𝑢3 (𝑡) is the displacement of the transducer equal to the displacement of the
mass and 𝑉(𝑡) is the voltage input to the transducer. Assuming a harmonic
excitation 𝑉(𝑡) = 𝑉0 𝑒 𝑖𝜔𝑡 , similarly 𝑢3 (𝑡) = 𝑈3 𝑒 𝑖𝜔𝑡 , where 𝑉0 and 𝑈3 are the
amplitudes of the input and output, respectively. The natural frequency of the
mass-spring system is 𝜔𝑛 = √𝑘𝑠 /𝑚 . The ratio of the displacement response to the
voltage input is given by
𝑈3
=
𝑢𝑜 𝑉0

1
𝑘
𝜔 2
1 + ( 𝑠 ) − (𝜔 )
𝑘𝑝
𝑛
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(1.19)

3
𝑢
𝑘𝑠
PZT

m

𝑡𝑝

𝑓

𝑘𝑠

m

PZT
𝑓

Figure 1.5 - An elastic structure excited by a piezoelectric transducer. Voltage applied to the
transducer is deforming the transducer, whereas the presence of the elastic structure is resisting
this deformation by applying a force on the transducer.

Equation (1.19) indicates that the ratio of the response of the mass to the voltage
input is maximized when 𝜔 = 𝜔𝑛 . Hence, exciting the acoustophoresis devices in
the resonant frequencies is the most effective way of using the transducer.

1.3

Research Aim

Acoustic separation is a promising method for selectively separating and/or filtering
of particulate matter in suspensions. This thesis investigates the possibilities on cmscale, where the following research questions were formulated:
1- How do the particles behave under an acoustic standing wave field? Which
parameters affect the particle behavior and in which ways?
2- What is needed to scale up microscale applications to applications on a cmscale using an ultrasonic resonator?
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3- How can multi-wavelength standing wave fields be used for selective
separation on cm-scale?
4- What are the possibilities offered by dynamic standing wave fields on cmscale? How do particles behave under such conditions?
The approach, while investigating the issues as formulated in the research
questions, is as follows. First, a mathematical model that is able to represent the
conditions affecting the particle was proposed and analyzed in order to understand
the particle behavior. Second, to gain more detailed insight and to better represent
the real conditions, computer models were created using Mathcad, MATLAB and
COMSOL Multiphysics. Especially the simulations in COMSOL Multiphysics
supported the development of prototypes. Third, prototypes were created in a CAD
environment using Kubotek KeyCreator and subsequently manufactured by 3D
printing. Fourth, assessment of the filtering was done by using a DIPA2000 particle
size & shape analyzer in Chapters 3 and 5, and by using a Mastersizer 3000 Particle
size analyzer in Chapter 6. The responses of the piezoelectric transducers were
measured by using a Polytec OFV 5000 single point laser Doppler vibrometer. Its
responses were used to improve the computer models in Chapters 5 and 6.

1.4

Thesis Outline

This thesis consists of seven Chapters.
Chapter 2 revisits the theory of acoustophoretic particle manipulation, by focusing
on a half-wavelength resonator on microscale. A linearized single degree-of
freedom was introduced to investigate the effects of the excitation parameters on
particle behavior, illuminating the path towards selectivity of acoustophoresis.
Chapter 3 presents a selective separation application, using a combination of a
multi-wavelength acoustic standing wave field and a special serpentine flow field.
Chapter 4 introduces in-depth investigations of dynamic acoustic fields as another
way to enhance the interplay between acoustic radiation force and drag force in
multi-wavelength resonators, laying the foundation for Chapters 5 and 6.
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Chapter 5 demonstrates selective particle separation on centimeter scale by
frequency sweep type of dynamic acoustic field, using an X-shaped prototype with
two inlets and two outlets.
Similar to Chapter 5, Chapter 6 demonstrates selective particle separation on
centimeter scale by dual frequency type dynamic acoustic field, using an X-shaped
prototype specially designed to minimize reflections.
Chapter 7 presents a general discussion on the topics presented in the previous
chapters. Some explorative studies related to the chapters were also included here.
Finally, an outlook was provided for possible future studies.
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2 CONSIDERATIONS ABOUT A LINEARIZED SINGLE
DEGREE-OF-FREEDOM MODEL TO PREDICT
PARTICLE BEHAVIOR IN MICROSCALE
ACOUSTOPHORESIS

A version of this chapter has been submitted to Acta Acoustica as:
Kandemir, M. H., Wagterveld, R. M., Yntema, D. R., & Keesman, K. J. (2020).
Considerations about a linearized single degree-of-freedom model to predict
particle behavior in microscale acoustophoresis.
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Abstract
Acoustophoresis is a method employed in particle separation and fractionation.
Behavior of particles in an acoustic standing wave field is modeled by a non-linear
second-order differential equation, which has no analytical solution. An
approximate analytical solution, where the inertia of the particle is ignored and the
order of the equation is reduced to one, is widely used in half-wavelength
separators with only one pressure node. This solution predicts that a particle will
asymptotically converge to the pressure node, usually in the middle of the channel.
Alternatively, this article aims at presenting and investigating a linear single degreeof-freedom (SDOF) model that predicts the non-specific particle behavior in an
acoustic standing wave field. The region of interest (ROI) is defined by the starting
position of a particle and the desired target position of a particle in a halfwavelength separator. The non-linear acoustic radiation force term is stepwise
linearized within the ROI, leading to a linear second-order differential equation.
Consequently, the particle behavior is modelled in terms of a linear SDOF vibrating
system, which allows for analytical solutions, and thus well suited to support the
design of particle separators. The stepwise linearization allows a user-defined
accuracy of the particle trajectory and transition time, while being computationally
efficient compared to numerical solutions. The SDOF model also allows the
prediction of oscillation and overshoot under known excitation conditions.
Consequently, this new model brings a methodology to directly predict the effect
of particle and excitation parameters on particle behavior in half-wavelength
separators.
.
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2.1

Motivation

Acoustophoresis is a widely studied phenomenon in particle separation and
fractionation. It employs the fact that a particle in a sound field is affected by the
acoustic radiation force. This effect on particles is exploited in applications such as
particle manipulation [1, 2], particle separation [3, 4] and acoustic levitation [5, 6].
To use these processes more efficiently, it is important to predict how particles
behave under known conditions. Forces on the particle govern the motion of the
particle, which can be represented by a second-order ordinary differential equation
of motion (EOM). The primary forces on a particle moving in an acoustic standingwave field are the acoustic radiation force, drag and inertial forces.
Acoustic radiation forces on spherical particles in traveling and standing wave fields
were presented by King (1938) [7]. In addition to primary radiation forces,
secondary interparticle forces are also present. The interparticle forces result in
particles to form clusters, but they are much smaller than primary forces [8, 9]. A
generic expression for compressible particles was later developed in 1962 [10]. The
moving particles also experience drag forces by the surrounding fluid, and energy
is dissipated due to fluid viscosity. In laminar flow, the drag force is often modeled
as Stokes drag [11].
A homogenous ordinary differential EOM is obtained by combining the inertial,
acoustic radiation and drag forces [11-15]. The acoustic radiation force, however,
leads to a non-linear term in the equation. The resulting non-linear differential
equation can only be solved by numerical methods. However, a change in
operational conditions or model parameters requires new numerical solutions
which, e.g. in design and optimization studies, can be time-consuming [11, 15].
As an alternative to numerical solutions, ignoring the inertial effects leads to
approximate analytical solutions [13-14, 16-20]. The inertia-neglecting model,
which in what follows is referred to as the non-linear model, has been solved
analytically in combination with different flow profiles [16]. Particle behavior
predicted by the numerical solution and inertia-neglecting approximations have
been verified experimentally [12, 15]. A review of the experimental studies can be
found in [21]. It is also possible to combine the experimental data and the
mathematical models to estimate the parameters of the sound field [17, 18]. The
non-linear first-order model was also utilized to simulate some previous
experiments [19]. Dependence of particle behavior on particle size has been
exploited by Peterson et al. [20]. With the non-linear first-order model the motion
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is described by a first-order ordinary differential equation. Its solution predicts that
the particle asymptotically converges to the equilibrium position or the pressure
node/antinode, by implicitly assuming that the system is overdamped.
The objective of this article is to present and investigate a linearized single degreeof-freedom (SDOF) model (in what follows referred to as linear model), represented
by a second-order linear differential equation, for the prediction of non-specific
particle behavior in an acoustic standing wave field. Thus, in this study, the particle
inertia is not ignored, but the non-linear acoustic radiation force term is linearized,
leading to new approximate analytical solutions for further understanding of the
particle behavior and for design of a particle separator.
The chapter is structured as follows. First, the equivalent SDOF system and
calculation of the SDOF parameters, using a one-step linearization approach, are
introduced. By using the SDOF parameters, the damping condition of the particle in
a standing wave field is checked. Subsequently, the linear model is used to predict
the particle trajectory and the time required (the transition time) to reach a target
position from an initial position. After this, a sequential application of the linear
model, based on a multi-step linearization approach, is introduced. The effect of
initial particle velocity is also investigated. The performance of the linear model, in
terms of particle trajectory and transition time, is evaluated against the numerical
solution of the EOM and the non-linear model.

2.2

Materials and Methods

2.2.1 Equation of Motion of a Particle in an Acoustic Standing Wave Field
The pressure distribution in a one dimensional plane standing wave field can be
expressed by the following equation [10],
𝑃(𝑥, 𝑡) = 𝑃0 cos(𝑘𝑥) sin(𝜔𝑡)

(2.1)

Where 𝑃(𝑥, 𝑡) (Pa) represents the acoustic pressure as a function of the coordinate

𝑥 (m) and time (s). 𝑃0 is the amplitude of the sound pressure, 𝑘 = 2𝑐 (m-1) is the
0
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wavenumber, 𝜔 (rad s-1) is the angular frequency and 𝑐0 (m s-1) is the speed of
sound in the medium. The EOM for a particle in such an acoustic field is given by
4
( 𝜋𝑟 3 𝜌) 𝑥̈ + (6𝜋𝜇𝑟)𝑥̇ + 4𝜋𝑘𝑟 3 𝐸𝑎𝑐 𝛷(𝜌, 𝑐) sin(2𝑘𝑥) = 0
3

(2.2)

The first term in Equation (2.2) is the inertial force, as a function of the mass of the
spherical particle, where 𝑟 (m) is the particle radius and 𝜌 (kg m-3) is the density of
the particle. The second term is the Stokes drag force, where 𝜇 (Pa s) is the viscosity
of the host medium. The third term is the acoustic radiation force. The variable
𝑃2

𝐸𝑎𝑐 = 4𝜌 0𝑐 2 (J m-3) denotes the acoustic energy density, where 𝜌0 is the density of
0 0

the host medium. Φ(𝜌, 𝑐) =

2
3

𝜌+ (𝜌−𝜌0 )
2𝜌+𝜌0

1 𝜌0 𝑐02

−3

𝜌𝑐 2

(-) is the acoustic contrast factor

(ACF), where 𝑐 is the speed of sound in the particle material. A particle with a
positive ACF is pushed towards the pressure node whereas a particle with a
negative ACF is pushed towards the pressure antinode. Equation (2.2) is a secondorder ordinary differential equation (ODE), and can only be solved numerically.
Assuming the particle mass is negligible and the particle is initially at rest, however,
an analytical solution is possible. Such an assumption makes Equation (2.2) a firstorder ODE, and intuitively assumes no oscillatory behavior of the particle and where
the particle reaches its terminal velocity instantly [13, 16]. Under these conditions,
the particle path can be expressed as [14]

𝑥(𝑡) =

4 2 2
𝐸
1
𝑘 𝑟 Φ(𝜌,𝑐) 𝑎𝑐 𝑡
𝜇
acot(cot(𝑘𝑥(0)) 𝑒 3
𝑘

(2.3)

Due to the 𝑎𝑐𝑜𝑡 function in Equation (2.3), the particle does not cross the
equilibrium position (i.e. the pressure node for a particle with positive ACF) but
asymptotically converges to the equilibrium position. In addition to the particle
path, the transition time between two positions 𝑥0 and 𝑥𝑓 can be estimated as [14]

𝑡𝑡1 =

𝑐𝑜𝑡(𝑘𝑥𝑓 )
3𝜇
ln (
)
2
2
4Φ(𝜌, 𝑐)𝑘 𝑟 𝐸𝑎𝑐
𝑐𝑜𝑡(𝑘𝑥0 )

(2.4)

An alternative approach to approximately solve Equation (2.2) is to preserve the
order of the ODE by linearizing the acoustic radiation force term. After such
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linearization, the particle can be considered a linear SDOF mass-spring-damper
system. Analytical solutions are possible after the linearization.
2.2.2 Equivalent Single Degree-of-Freedom System
The linearization of the acoustic radiation force enables the particle to be treated
as an SDOF vibrating system. Such a system consists of a mass connected to a fixed
reference with a spring and a damper. The EOM for a linear SDOF system is given
by

𝑚𝑥̈ + 𝑏𝑥̇ + Κ𝑥 = 𝐹𝑒𝑥𝑡

(2.5)

Equation (2.5) and Equation (2.2) are analogous, with the mass (of the particle) 𝑚 =
4
𝜌𝜋𝑟 3 , the viscous damping coefficient 𝑏 = 6𝜋𝜇𝑟 , the (location-dependent)
3
1

spring coefficient Κ = 𝑥 (4𝜋𝑘𝑟 3 𝐸𝑎𝑐 Φ(𝜌, 𝑐) sin(2𝑘𝑥)). The effect of the acoustic
radiation force is here expressed as a spring, the Stokes drag force can be
represented as a linear viscous damper. Assuming there is no external force acting
on the system, thus 𝐹𝑒𝑥𝑡 = 0, the right hand side of the equation is zero and the
differential equation becomes homogenous as in Equation (2.2).
For linear SDOF systems, the type of response depends on the dissipation in the
system. The damping ratio of the system is defined as 𝜁 = 𝑏/(2√Κ𝑚). Depending
on the value of the damping ratio, the system may be underdamped ( 𝜁 < 1),
critically damped (𝜁 = 1) or overdamped (𝜁 > 1). In each case, the response has a
specific shape. Derivation of the solutions are available in the literature and will not
be repeated here [22].
Another critical parameter for a SDOF system is the natural frequency of the
system. The undamped natural frequency of the linear SDOF system is 𝜔𝑛 = √Κ/𝑚
and the damped natural frequency is defined as 𝜔𝑑 = 𝜔𝑛 √𝜁 2 − 1 .
In the absence of external forces, when a SDOF system is perturbed, it returns to
the equilibrium position. If the system is underdamped, before returning to
equilibrium the mass oscillates around the equilibrium, while the oscillation
amplitude exponentially decays. The critically damped system goes to the
equilibrium fastest among all three cases, without making any oscillations. An
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overdamped system goes to the equilibrium state without making any oscillations.
For a particle (with positive acoustic contrast factor) in a standing wave field, the
equilibrium position is the pressure node. Hence, in order to be comparable to the
non-linear first-order model, a representative linear SDOF system must be
overdamped. Response of an overdamped system is given in Equation (2.6).
𝑥𝑜𝑑 (𝑡) = 𝐶1 𝑒 𝑠1 𝑡 + 𝐶2 𝑒 𝑠2 𝑡

(2.6)

The constants 𝑠1 = (−𝜁 + √𝜁 2 − 1 )𝜔𝑛 and 𝑠2 = (−𝜁 − √𝜁 2 − 1)𝜔𝑛 depend
solely on the mass, spring and damper parameters, while 𝐶1 = (𝑥̇ (0) − 𝑥(0)𝑠2 )/
(𝑠1 − 𝑠2 ) and 𝐶2 = (−𝑥̇ (0) + 𝑥(0)𝑠1 )/(𝑠1 − 𝑠2 ) are also affected by the initial
conditions.
Similarly,
the
response
of
an
underdamped
system
is
−𝜁𝜔
𝑡
2
2
2
𝑛 cos(𝜔 𝑡 − 𝜙)
𝑥𝑢𝑑 (𝑡) = 𝑋0 𝑒
where
𝑋0 = √𝑥(0) + 𝑥̇ (0) /𝜔𝑛
and
𝑑
𝜙 = atan(𝑥̇ (0)/𝑥(0)𝜔𝑛 ) are the constants determined by the initial conditions
and the undamped natural frequency. For a critically damped system, the response
is 𝑥𝑐𝑑 (𝑡) = (𝑥(0) + (𝑥̇ (0) + 𝜔𝑛 𝑥(0))𝑡)𝑒 −𝜔𝑛𝑡 .
For the equivalent SDOF system, if 𝑚, 𝑏 and Κ are constant, it is possible to solve
the particle motion analytically. The mass (𝑚) and damper (𝑏) parameters are
already constant. The spring force Κ𝑥 , however, is non-linear as the acoustic
radiation force contains a sine function. Consequently, the spring force can be
expressed as a multiplication of two factors Κ𝑥 = Κ 𝑙 ∙ Κ 𝑛 𝑥. The linear part is given
by Κ 𝑙 = 4𝜋𝑘𝑟 3 𝐸𝑎𝑐 Φ(𝜌, 𝑐) and the non-linear part is given by Κ 𝑛 𝑥 = sin(2𝑘𝑥).
Since the spring coefficient also depends on the position, the linearization is
affected by the initial position of the particle. If a region of interest (ROI) is defined
such that there is a starting position of the particle and a target position, the
linearization can be carried out to correspond to the response between these
positions [23-28]. Here, the linearization is performed by taking the average of the
term sin(2𝑘𝑥) /𝑥 within the ROI. Different methods for linearization are presented
elsewhere [29].
If the ROI is selected as [𝑥0 , 𝑥𝑓 ], the response, i.e. the trajectory of the particle is
calculated in one step. The interval can alternatively be divided into several subintervals, resulting in a stepwise solution. In such a case, the total response will be
the concatenation of the responses on each sequential sub-interval.
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Unless otherwise specified, the numerical calculations were made using a set of
parameters adopted from [14, 18]. Particle radius was taken as 𝑟 = 5 μm, the
particle density and speed of sound in the particle were 𝜌 = 1050 kg m-3 and 𝑐 =
1700 m s-1, respectively. The density and speed of sound for water were 𝜌0 =
999.62 kg m-3 and 𝑐0 = 1520 m s-1. The amplitude of the standing wave was 𝑃 =
1 MPa, and the excitation frequency was 𝑓 = 2 MHz. Total height of the channel
𝜆
was 2 = 380𝜇𝑚, where the pressure node lies in the middle of the channel. The
𝜆

starting position of the particle was 𝑥0 = 0.9 4 = 171 μm and the target position
𝜆

of the particle was 𝑥𝑓 = 0.1 4 = 19 μm , all measured from the equilibrium
position, which is the pressure node in the middle of the channel. The initial velocity
of the particle was taken as zero and the ROI was determined by the starting
position and the final position. Numerical solutions were carried out by using
Matlab r2018b and Mathcad 14.

2.3

Results and Discussion

2.3.1 Damping Ratio
The non-linear solution (Equation (2.3)) corresponds to the solution of an
overdamped SDOF system, where both assume no oscillatory behavior and the
particle (mass) converges to the equilibrium position asymptotically. To verify this
assumption, the damping ratio of a particle in an acoustic standing wave field is
calculated by
𝜁=

𝑏
2√Κ𝑚

=

6𝜋𝜇𝑟
4
2√4𝜋𝑘 2 𝑟 3 𝐸𝑎𝑐 Φ(𝜌, 𝑐)Κ 𝑛 (3 𝜋𝑟 3 𝜌 )

(2.7)

The variation of the damping ratio 𝜁 as a function of the acoustic pressure,
excitation frequency (through the wave number) and particle parameters is
illustrated in Figure 2.1.
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(a)

(b)

(c)

(d)

Figure 2.1- Damping ratio as a function of (a) acoustic pressure, (b) excitation frequency, (c)
particle radius, and (d) particle density

Equation (2.7) and Figure 2.1 indicate that the damping ratio is inversely
proportional to the square of the particle radius, the acoustic pressure amplitude
and the excitation frequency. There is a possibility of having an underdamped
system. For example, Figure 2.1c suggests the trajectory of a particle with 𝑟 =
40 μm would be underdamped under this excitation conditions. The damping ratio
is also a function of ROI. The damping ratios calculated for different ROI are
illustrated in Figure 2.2.
Figure 2.2 indicates that the choice of ROI can affect the damping ratio significantly.
When 𝑟 = 5 μm, the system is overdamped for all possible choices of ROI, whereas
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for a particle with 𝑟 = 15 μm the SDOF system can be underdamped for some
cases. The choice of ROI is naturally depending on the initial and target positions of
the particle. In order to check the overdamped criterion, a wider range of ROI yields
safer estimates.

(a)

(b)

Figure 2.2 - Damping ratio as a function of ROI, for a particle with (a) r = 5 μm and (b) r = 15
μm. Starting position of the ROIs are given in the legends of each panel and end position is
given on the x axes. Markers represent the damping ratios for each ROI and lines are added to
guide the eye.

2.3.2 Particle Response
Equation (2.7) and Figure 2.1 can thus be used to verify whether a system is
overdamped for a given set of parameters. Provided the system is overdamped, the
transition time can also be calculated for a linear SDOF system from Equation (2.6).
For an overdamped system, with 𝜁 ≫ 1, it turns out that |𝑠𝑖 | ≫ |𝑠𝑗 | with 𝑖, 𝑗 = 1, 2
and the first or second term in Equation (2.6) goes to zero much quicker than the
other term. Time required to reach to a final position from an initial position is
therefore approximated as
𝑡𝑡2 =

𝑥𝑓
1
ln ( )
𝑠1
𝐶1

(2.8)

Particle trajectories using a numerical solution, or analytical solutions of the nonlinear and linear model are illustrated in Figure 2.3
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(a)

(b)

Figure 2.3 - (a) Particle trajectories calculated by numerical solution (solid line), non-linear
model (dashed line, overlaps with solid line) and one-step linear model (dotted line). The target
location is indicated by dash-dot line. (b) Transition times calculated by numerical solution
(squares), non-linear model (circles) and linear model (triangles) for different starting positions,
whereas the target position was kept the same.

Figure 2.3 indicates that the linear model deviates from the numerical solution for
path calculations and transition time calculations. The damping ratio calculated for
the particle was 𝜁 = 55.18 and confirms that the system is indeed heavily
overdamped. Taking the numerical solution as a benchmark, the root mean square
error for the particle trajectory from the linear model was 31.35 μm, whereas the
error in the transit time was 1.6 %. For the non-linear model the errors were
0.012 μm and 0.004 % , respectively. Even though Fig. 3b suggests that the
transition times get closer as the starting position gets closer to the equilibrium
position, the linear model cannot cover the whole range, mainly because it fails to
catch the changes in the sinusoidal force profile as it assumes a constant spring
coefficient on the whole ROI. Better approximate solutions from the linear model
can be found when the ROI, i.e., the interval [𝑥0 , 𝑥𝑓 ], is divided into sub-intervals.
The total particle trajectory and transition time is then the concatenation or sum,
respectively, of solutions on sequential sub-intervals. This stepwise approach is
introduced in the next section.
2.3.3 Stepwise Application of the Linear Model
The stepwise application of the linear model requires the interval [𝑥0 , 𝑥𝑓 ] to be
divided into sub-intervals. If the interval is divided into 𝑁 sub-intervals the total
particle trajectory can be calculated by Equation (2.9).
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𝑥(𝑡) = 𝑥̅1 (𝑡) ∪ … ∪ 𝑥̅𝑁 (𝑡)

(2.9)

where 𝑥̅𝑖 (𝑡) for i = 1, ..., N is the solution on the ith sub-interval, given by Equation
(2.6). Equation (2.8) is applicable for each interval and also enables the transition
time to be calculated. The total transition time hence is the sum of the individual
transition times.
𝑁

𝑡𝑡2 = ∑ 𝑡𝑡2𝑖

(2.10)

𝑖=1

where 𝑡𝑡2𝑖 follows from Equation (2.8). In Equation (2.9) and (2.10) each
𝑥𝑓 , 𝑠1 , 𝑠2 , 𝐶1 and 𝐶2 is defined on the ith interval, as follows. First, the linearization
was carried out for the specific sub-intervals, leading to the calculation of 𝜁 on that
interval. Subsequently, the coefficients 𝑠1 and 𝑠2 were updated for each interval.
Similarly, 𝐶1 and 𝐶2 were updated by using the updated initial conditions. Using 𝑠1 ,
𝐶1 and the endpoint 𝑥𝑓 of each sub-interval, the transition time was calculated. The
transition time was subsequently used to estimate the particle velocity at the end
of each interval, which was then used as initial condition for the next interval.
Figure 2.4 demonstrates the case with stepwise solutions. As suggested by Figure
2.4, the multi-step linearization significantly improved the application of the linear
model. The errors in transit time (with respect to the numerical solution) for 5-step
linear, 25-step linear and first-order non-linear solutions were 1.8%, 0.1% and
0.004%, respectively. The RMS errors in trajectories were 4.4 μm, 0.23 μm and
0.013 μm. Using Matlab r2018b, the numerical solution took on average 2.4 s to
calculate, whereas the 5-step solution took 46 ms and the 25-step solution took
65 ms. Even though the stepwise linear model incorporates a for-loop, it is still
computationally more efficient than the numerical solution.
In the example given in Figure 2.4, the damping ratio of the particle was always
larger than 40. Another example of an overdamped case, but with much smaller
damping ratios, is given in Figure 2.5. Here, 𝑥0 = 0.152 μm, 𝑟 = 20 μm and 𝑃0 =
0.8 MPa while every other parameter was kept unchanged.
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(a)

(b)

Figure 2.4 - Particle trajectories calculated stepwise by linear model in (a) 5 steps (b) 25 steps.
Solid line represents the numerical solution where dotted line represents the linear model.
Dash-dot line indicates the target position. Dash-dot-dot line represents the damping ratio of
the particle in each step with values presented on the secondary y axis. A zoomed in view is
given in (b) to demonstrate the accuracy of the linear model.

(a)

(b)

Figure 2.5 - Particle trajectories calculated stepwise by linear model for x0 = 152 μm, r = 20 μm
and P0 = 0.8 MPa, in (a) 5 steps (b) 25 steps. Solid line represents the numerical solution,
dashed line represents the non-linear model and dotted line represents the linear model. Dashdot line indicates the target position. Dash-dot-dot line represents the damping ratio of the
particle in each step with values presented on the secondary y axis. Zoomed in views are
provided in both panels to demonstrate the accuracy.
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In Figure 2.5 the 5-step linear model had a 0.57% error in transit time and a RMS
error 1.7 μm in the trajectory. The 25-step solution had those errors as 0.07% and
0.13 μm , respectively. The errors for the first-order non-linear solution were
0.26% and 1.5 μm.
Those examples confirm that as the damping ratio of the particle gets lower, the
commonly used approximate non-linear model deviates from the numerical
solution. This deviation is due to the implicit assumption that the system is
overdamped. For overdamped systems with lower damping ratio, however,
stepwise solutions using the linear model yields closer results to the numerical
solution, while being computationally more efficient than the numerical solution.
Clearly, the more linearization steps the better the approximation. So far, numerical
calculations suggest that a 25-step linearization is enough to have an accurate
estimate of both transit time and particle trajectory.
2.3.4 Effect of Initial Velocity
In the examples given so far, the particle was assumed to be a rest at the beginning,
hence with zero initial velocity. Whereas in the microscale applications this is a valid
assumption, more complicated geometries and flow patterns can result in a particle
with an initial velocity at the entrance of the acoustic field [30,31]. Due to its
second-order nature, the linear model is able to include the effect of initial velocity.
Stepwise application of the linear model was used for the following examples.
For the case in Figure 2.6a, the errors in transition time for the non-linear model
and the 25-step linear model were 0.09% and 0.1%, respectively. The RMS error
in trajectories were 0.16 μm and 0.25 μm . For the case in Figure 2.6b, the
transition time errors were 1.13 % and 0.15 % , whereas the RMS error in
trajectories were 2.8 μm and 0.25 μm . The solutions and error calculations
confirmed that in a heavy-damped case (Fig. 6a) the initial kinetic energy of the
particle affects the trajectory less than the case given in Figure 2.6b. Similar to the
zero initial velocity case, the non-linear model performs accurately for a nonzero
initial velocity case, provided that the damping his high enough. Since the linear
model can incorporate the initial velocity, the accuracy of the solution in both cases
were similar to each other. However, in underdamped cases the linear model is the
only alternative to the numerical solution.
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(a)

(b)

Figure 2.6 - Particle trajectories calculated for a case with initial velocity v0 = 10 mm s-1 and
(a) x0 = 171 μm, r = 5 μm and P0 = 1 MPa, (b) x0 = 152 μm, r = 20 μm and P0 = 0.8 MPa.
Solid line represents the numerical solution, dashed line represents the non-linear model and
dotted line represents the linear model. Dash-dot line indicates the target position. Dash-dot-dot
line represents the damping ratio of the particle in each step with values presented on the
secondary y axis. Zoomed in views are provided in both panels to demonstrate the accuracy.

2.4

Conclusions

This study investigated a linearized single degree-of-freedom (SDOF) model of a
non-linear mass-spring-damper system to approximately predict particle behavior
in microscale acoustophoresis. The performance of the linear model was evaluated,
based on numerical simulations, against both the frequently used approximate
non-linear model and the numerical solution to the equation of motion (EOM), a
second-order ODE. The damping ratio of the system was evaluated as a function of
the particle and excitation parameters, predicting when the system will show
overdamped, critically damped or underdamped behavior.
The performance of the linear model was evaluated on two criteria, the transit time
from initial and final positions and the particle trajectory. The one-step linearization
of the model resulted in inaccurate transit time and trajectory projections. Multistep linearization of the EOM allows accurate analytical predictions of the particle
trajectories and transition time compared to the numerical solution of the EOM.
When the system is not heavily overdamped, the linear model resulted in more
accurate predictions than the first-order non-linear model. In the examples, the
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multi-step linearization procedure, with errors in particle trajectory and transit time
smaller than 0.25 μm and 0.15%, respectively, showed promising results and is
computationally (by a factor of approximately 50) more efficient than the numerical
solution of the ODE.
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3 SELECTIVE PARTICLE FILTERING IN A LARGE
ACOUSTOPHORETIC SERPENTINE CHANNEL

A version of this chapter has been published as:
Kandemir, M. H., Wagterveld, R. M., Yntema, D. R., & Keesman, K. J. (2019).
Selective particle filtering in a large acoustophoretic serpentine channel. Scientific
Reports, 9(1), 1-10.
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Abstract
The objective of this study is to investigate the performance of a serpentine channel
for acoustic driven selective particle filtering. The channel consists of sharp corners
and straight sections, and the acoustic field is affecting the particles throughout the
channel. A prototype of the separator channel is manufactured using 3D printing.
Acoustic waves are generated by a piezoelectric transducer operating near 2 MHz.
Computer simulations are carried out to explore and visualize the flow field and
sound field in the separator. Selective particle trapping is aimed to be achieved in
the hairpin sections, which is confirmed by experiments. Spherical polyethylene
particles of 34 µm, 70 µm and 100 µm diameter are used to demonstrate selective
trapping by adjusting the flow rate in the channel or voltage input to the transducer.
In addition, wheat beer containing yeast up to 20 µm size is selectively filtered by
adjusting the flow rate to the channel. Experiments demonstrate that selective
particle filtering is possible in the serpentine channel as both methods yield clear
separation thresholds.
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3.1

Introduction

Manipulation of particles by acoustics is known as “acoustophoresis”. Applications
of acoustophoresis cover a wide range of applications, from centimeter-scale [1] to
micrometer-scale sized particles. In the micrometer-scale, acoustophoresis is one
of the methods for particle filtering in solid-liquid mixtures among inertial,
gravitational, magnetic and optical methods [2-6].
Enhanced sedimentation is one of the common applications of acoustophoresis in
particle-liquid separation [7-9]. Particles are aggregated by virtue of the acoustic
radiation force and sedimentation is thus enhanced. This method can be combined
with flow fields to selectively retain viable cells [10-13]. Apart from enhanced
sedimentation, most applications in acoustophoresis utilize a single acoustic node
in the separator channel. Since the frequency is often high and wavelength is
therefore low, dimensions of such channels are in micrometer range. Hence, these
are referred to as microchannels. Selective separation for model particles and
bioparticles using microchannels are demonstrated in a number of studies [14-18].
Selective particle retention and fractionation can also be achieved with methods
other than enhanced sedimentation and acoustophoresis. Examples are inclined
sedimentation [19], dielectrophoresis [20-22], and flow manipulation [23-25].
Acoustic filtering can be an alternative for existing applications in food processing
[6]. For example, in rough beer filtration processes, membranes recently offer a
competitive alternative to traditional kieselguhr method [26-28]. The potential of
acoustic filtration is yet to be explored for this application. Possible benefits include
the absence of fouling, no addition of chemicals, not having internals and less
cleaning.
A disadvantage of a single node channel is the relatively low throughput. The
throughput can be increased by operating multiple set-ups in parallel [29], but also
by employing multiple nodes. To have multiple nodes in the resonator, the
resonator dimensions must be around multiple wavelengths at the excitation
frequency. In such systems, it is also possible to employ relative motion between
the fluid flow and the acoustic field, by either pushing the flow against the acoustic
field or creating a dynamic acoustic field [30]. Recently, multi-wavelength setups
utilizing surface acoustic waves have been proposed [31]. A review on multiple
wavelength resonators was done by Hawkes et al. [32].
To understand acoustic particle filtering, it is crucial to know how the acoustic field
affects particles. A body in an acoustic field experiences a force called acoustic
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radiation force. Expressions for the acoustic radiation forces on spherical particles
were presented by King, for traveling and standing wave fields [33]. Later, an
expression for compressible particles in a generic sound field was developed by
Gor’kov [34]. As compared to travelling wave fields standing wave sound fields have
higher energy density, thus leading to higher time-averaged forces [33]. In acoustic
standing wave separators particles are trapped in specific grid points (the acoustic
nodes, or antinodes), thus making it possible to separate particles from the
suspension [6].
Depending on the particle properties, acoustically different particles can be forced
to different locations in the same acoustic field. When a particle moves relative to
the liquid, the particle will also experience a so-called drag force. If the liquid flow
is characterized by a low Reynolds number, the drag force is typically modeled as
Stokes drag force [35]. Interestingly, some particles are trapped with relatively
lower effort compared to others as acoustic radiation force scales with particle
properties like volume, density and compressibility while drag force scales with
particle size. Such diverse behavior can be used in selective filtering using acoustic
fields.
Combining those external forces on particles, the equation of motion for a particle
can be constructed, which is a second-order nonlinear ordinary differential
equation. In general, particle trajectories can be calculated numerically, but under
some assumptions analytical solutions are also possible. The solution of the
equation of motion can be combined with the flow profile in the separator, leading
to more complex modeling [36-40]. Thus, the dominant external forces on a particle
in an acoustic field are drag force and acoustic radiation force. Being able to adjust
those external forces enables the particles to be selectively trapped. If the particles
are pushed relative to the acoustic field by the fluid flow, the drag force can be
controlled by the fluid velocity whereas the acoustic force can be controlled by the
voltage input to the system. A serpentine channel consisting of hairpins and linear
sections can be used to control the fluid flow and acoustic input.
The aim of this study is to investigate the possibility for selective filtering in an
acoustophoretic serpentine channel and to demonstrate it on solid polyethylene
particles and on wheat beer flocs. The width of the channel is such that multiple
wavelengths at operating frequencies fit in the channel. Furthermore, the channel
dimensions and shape are chosen such that particles are trapped in multiple nodal
locations, while keeping the liquid flow inside the channel close to laminar. The
serpentine structure has low velocity hairpin turns connected by straight sections.
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Drag force on the particles becomes weaker in the hairpins and the straight sections
ensure that the flow becomes fully developed before entering the hairpins. This
selective filtering ability is shown in simulation and in experiments on a 3D printed
prototype, by adjusting the flow rate in the channel or voltage input to the system.
Model polyethylene particles of 34 µm, 70 µm and 100 µm diameter are used to
demonstrate the ability of selective particle separation in the prototype by either
changing the input flow rate or voltage input to the transducer. The other test
mixture, wheat beer, contains yeast up to 20 µm in size and has a more or less
continuous size distribution of yeast particles. Wheat beer is used to demonstrate
the ability to selectively separate compressible flocs by changing the input flow
rate.

3.2

Materials and Methods

The experimental set-up consists of a signal generator (Keysight Trueform 33512B),
a custom made amplifier, an oscilloscope (Tektronix TDS2024C), a syringe pump
(Aitecs PRO SP-12S) and the separator prototype, Figure 3.1. The amplifier drives
the piezoelectric transducer (Noliac NCE41), the oscilloscope monitors the voltage
across the transducer. While acting as a sound source, the piezoelectric transducer
is immersed in water and in order to prevent electrical leakage it was covered with
polyurethane paint. The particle-water mixture is fed by the syringe pump. Base
and inner wall parts of the separator prototype are 3D printed using Polylactic acid
(PLA) by Ultimaker 2+. Base part contains the inlet and outlet sections, connection
holes for the top PMMA cover and beds for rubber rings. Inner part creates the
serpentine structure inside, having straight sections and 180 ° turns, i.e. hairpins.
During the experiments the separator was always laid on the horizontal plane.
Two particle mixtures were used in the experiments. Mixture (1) contains model
spherical polyethylene particles with known dimensions and density. Mixture (2) is
a commercially available wheat beer.
The properties of particles of mixture (1) are listed in Table 3.1. A bottle of mixture
consists of 500 mL MilliQ water , 0.84 g L−1 of the surfactant CTAB
(Hexadecyltrimethylammonium bromide), 0.99 mM HCl and 0.02 g L−1 of each
particle type, while multiple bottles of mixtures are consumed during the
experiments. CTAB prevents the particles from sticking to each other and the
PMMA cover whereas HCl prevents the particles from sticking to the PLA parts.
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Figure 3.1 - Schematic top view representation of the system. Red part in the separator is the
base, white parts are inner walls. Black parts are rubber rings. Yellow rectangles highlight the
hairpins and the straight sections among the inner walls. To ensure the flow is following the
serpentine path, 1 mm thick silicone sealant layer is also applied between the inner walls and
the PMMA cover.

Table 3.1 – Properties of the polyethylene particles in the mixture
Color

Blue

Orange

Red

90 − 106

63 − 75

32 − 36

Density (kg m−3 )

1002

1006

980

Speed of Sound (m s −1 )

1720

1717

1739

Size (μm)

Mixture (2), Hoegaarden wheat beer, contains dissolved carbon dioxide in very
small bubbles and it produces foam when moved or shaken. To be able to remove
all carbon dioxide the beer mixture was acidified. The acidification shifts the
carbonate equilibrium towards carbonic acid and dissolved carbon dioxide. The gas
was removed by keeping the solution under vacuum for 2.5 hours.
During the treatment of mixture (1), the selective separation thresholds were
determined visually using a microscope with camera and ImageJ [41]. Whether
particles got trapped or not was first checked by observing the experiments live and
later verified by analyzing the particle trajectories using ImageJ. Separation
60

thresholds were adjusted by changing the voltage input or flow rate for mixture (1).
Prior to operation, the admittance of the system, filled with degassed MilliQ water
and particle mixtures, was measured with an impedance analyzer (HP 4194A)
between 1800 – 2000 kHz. Computer simulations were carried out to compute
the acoustic field, where a frequency of 1979 kHz was selected as excitation
frequency, since at 1979 kHz the sound field appeared to be most favorable for
trapping in the hairpins. Admittance calculations by computer simulation, with an
isotropic structural loss factor of 0.1 included in the PLA material, suggested that
there is more than one resonance in the frequency range of 1800 − 2000 kHz. The
selected frequency of 1979 kHz coincided with the frequency of minimum
imaginary admittance in the simulations. In the measurements the phase is closest
to zero at 1924 kHz in mixture (1) and 1972 kHz in mixture (2) indicating the
minimum imaginary admittance occurs there. Thus, excitation frequencies for both
mixtures are chosen accordingly. For mixture (2), separation threshold was
adjusted only by changing the flow rate. After separation, the particle size
distribution was analyzed with a DIPA 2000 particle size analyzer.
The dimensions of the acoustic separator allow for multiple wavelengths in the
operating frequency range. Ideally, in this type of resonator the sound field is a onedimensional standing acoustic plane wave field. The equation of motion for a
spherical particle in such a field is given by
4
𝑃02
( 𝜋𝑟 3 𝜌) 𝑦̈ + (6𝜋𝜇𝑟)(𝑦̇ − 𝑢) + 4𝜋𝑘𝑟 3 (
) Φ(𝜌, 𝑐) sin(2𝑘𝑦)
3
4𝜌0 𝑐02
=0

(3.1)

Here 𝑟 is the particle radius (m), 𝑦 is the distance of particle from the source (m),
𝜌0 is the density of the medium (kg m−3 ), 𝑐0 is the speed of sound (m s−1 ) in the
medium, 𝑃0 is the amplitude of the sound pressure, 𝜔 is the angular frequency
(rad s−1 ), 𝑘 is the wavenumber (𝑚−1 ) and 𝛷(𝜌, 𝑐) is the acoustic contrast factor.
The acoustic contrast factor is a measure on how much the particle differs from the
surrounding media in terms of acoustics [36]. Particle density is denoted by 𝜌
whereas 𝑐 represents the speed of sound in the particle, 𝜇 is the dynamic viscosity
(Pa s) of the medium, 𝑢 is the velocity (m s −1 ) of the flow in the direction of
acoustic radiation force. With a known sound field and particle properties, Equation
(3.1) can be solved numerically in order to predict particle trajectories. Application
of the acoustic radiation force on a particle is readily available in COMSOL
Multiphysics.
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The flow field and acoustic field inside the separator were computed using COMSOL
Multiphysics, version 5.3a. The 2D computer representation of the separator is
given in Figure 3.2.

Figure 3.2 - 2D representation of the separator for computer modeling. Size of the transducer
(green) on top of flow cell with depth of 9.5 mm, thickness of the inner walls (blue) 1 mm, and
length of the walls 37 mm. Channel width is 5 mm before outlet and 4 mm elsewhere. Bottom
corners are rounded with 1 mm radius. The area monitored during experiments is indicated by
the red dotted rectangle.

The flow field is computed by a stationary solver in COMSOL Multiphysics, obtaining
the steady state fluid velocity distribution in the separator. The mesh size is selected
such that the maximum elements size is 3.71 mm, with an average element quality
of 0.834 given by the software.
Acoustic field simulations of the separator were also carried out in COMSOL
Multiphysics, using acoustic-solid interaction physics. Electrostatics, solid
mechanics and pressure acoustics are used to calculate the acoustic field by
frequency domain solver. Laminar flow is used to calculate the flow field by
stationary solver. Particle paths are calculated using particle tracing for fluid flow
physics by time dependent solvers. Multiphysics interactions and
boundary/compatibility conditions are automatically generated by the software.
The transducer material is Noliac NCE41 and the dimensions are 1 mm×10 mm×50
mm. Piezoelectric properties of the transducer are adopted from previous work of
Cappon [6]. Water properties are taken as built-in values in COMSOL Multiphysics.
Properties of PLA are set as 𝜌𝑃𝐿𝐴 = 1300 kg m−3 , 𝐸𝑃𝐿𝐴 = 1.28 GPa , 𝜈 = 0.36
(Poisson’s ratio) and the isotropic structural loss factor of 0.1. Outer walls are
represented as impedance boundary condition while inner walls are included in the
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simulations by including the PLA material. Simulations are carried out for
frequencies between 1.8 MHz and 2.2 MHz with 500 Hz steps. Voltage input to
transducers was set to 2 Vpp . The mesh is adjusted so that maximum element size
is smaller than 𝜆/8 for every simulated frequency in the corresponding material.
There are 1458967 elements in total, where the average element quality is given
as 0.9 by COMSOL Multiphysics. Boundary and compatibility conditions at material
interfaces and multiphysics couplings are also generated by COMSOL Multiphysics.
In addition to the acoustic field, the impedance and admittance of the transducer
were also calculated. The resonant frequency of the system can also be found by
the admittance plot due to the coupling between the system and piezoelectric
material [42]. Based on the computed flow and sound field, particle trajectories
were simulated.

3.3

Results and Discussion

In order to gain insight of the properties in the system, first computer simulations
were carried out to calculate the resonance frequencies, the acoustic field and the
flow field. Excitation frequency of the system was selected based on admittance
measurements and simulations. A simulation plot of the sound field corresponding
to 1979 kHz is given in Figure 3.3. Voltage across the transducers is set to 2 Vpp
during the simulations. The acoustic field, more or less perpendicular to the flow
direction, is strongest with the highest absolute sound pressure in the most colored
(red and blue) area in Figure 3.3.
The flow field was computed in COMSOL Multiphysics and given in Figure 3.4. The
flow field solutions suggest that the flow is close to laminar even for the highest
possible flow rate for this experiment. Figure 3.4a represents the flow inside the
channel for an input flow rate of 100 mL h−1 and (b) represents the flow for an
input flow rate of 500 mL h−1. For a flow rate of 100 mL h−1 Reynolds number is
around 5. The channel provides a fully developed flow in the middle sections and
for a flow rate of 500 mL h−1 the Reynolds number is around 25, indicating that
the flow inside the channels is indeed close to laminar. Higher Reynolds numbers
affect the flow especially around the corners, resulting in leaning as can be seen in
Figure 3.4b. Figure 3.4c and 3.4d shows the vertical velocity amplitudes.
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Figure 3.3 - Acoustic pressure field (Pa) computation in COMSOL Multiphysics at 1979 kHz
with 2 Vpp across the transducers. Red areas represent positive acoustic pressure where blue
areas represent negative acoustic pressure. Grey lines between the blue and red areas
corresponding to pressure nodes.

Particle paths have also been simulated in COMSOL Multiphysics for the sound field
(Figure 3.3) assuming 100 mL h−1 flow rate (Figure 3.4). Only the blue and orange
particles were included in this simulation. Of the 15 particles released of each type
to the system all of blue particles and 2/15 of orange particles are trapped in the
first hairpin. The remaining orange particles continued unobstructed. The 2D
simulations in Figure 3.5 do not take into account the variation of the sound field
along the depth of the prototype, which differs from the real experimental case as
shown in what follows. Figure 3.5 also confirms that small particles are trapped, as
well, by the field if they are located in the outermost streamline, where the drag
force in vertical direction is the weakest.
The dominant external forces on a particle are drag force and acoustic force
according to Equation (3.1). Hence, by changing the voltage input, the amplitude of
the sound pressure, and thus acoustic force, can be adjusted whereas it is possible
to adjust the drag force by changing the input flow rate to the system.
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(a)

(b)

(c)

(d)

Figure 3.4 - Flow solutions in COMSOL Multiphysics. (a) velocity magnitude (mm s-1) plot for
100 mL h-1 flow rate. (b) velocity magnitude plot for 500 mL h-1 flow rate. (c) magnitude plot
of vertical velocity for 100 mL h-1 flow rate. (d) magnitude plot of vertical velocity for 500 mL
h-1 flow rate.

Mixture (1) is selectively separated by changing the acoustic force or drag force;
and mixture (2) is selectively separated by changing the drag force only. Mixture (2)
contained smaller particles with unknown properties. In this case, the maximum
voltage input was used to ensure the particles are trapped and the flow rate was
controlled to achieve selectivity.
To investigate the selective retention capability by adjusting the voltage input,
mixture (1) is pumped through the experimental flow cell with a constant flow rate
of 100 mL h−1 . For this flow rate it is possible to trap all particles by applying the
maximum available voltage. When the acoustic field is off, no particle trapping is
observed and the particle size distributions before and after passing through the
cell were similar.
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Figure 3.5 - 2D simulation of particle paths in COMSOL Multiphysics for 100 μm (blue) and
75 μm (orange) particles. The input flow rate is 100 mL h-1 . Standing wave pattern is presented
in grayscale.

Selective separation thresholds were determined visually while adjusting the
voltage input to the transducers, and subsequently verified by analyzing the particle
trajectories using ImageJ. Particles are trapped in the hairpins of the separator
rather than in the straight sections. This behavior is due to the lower vertical flow
velocities in the hairpin corners where the drag force is small enough to be
overruled by the acoustic force. Figure 3.6 presents the particle path lines in the
monitored area of the separator.
Blue and orange particles are affected by the sound field and red particles are
continuously unaffected. The path lines of the red particles follow the streamlines
of the laminar flow field, as can be seen in Figure 3.6. The corresponding path lines
of the blue, orange and red particles are indicated in the left panel of Figure 3.6.
There are also some stationary blue and orange particles in the pictures. Those are
trapped by the sound field before recording and settled in the small surface grooves
of the 3D printed base.

66

O
B

R

(a)

(b)

Figure 3.6 - Particle path lines at the monitoring area of the prototype, recorded by stacking
two sets of images over 30 s in 60fps. Blue (B), orange (O) and red (R) lines represent the path
lines of the corresponding particles while the system is operated at 26% of maximum voltage
available and 100 mL h-1. The path lines are indicated by arrows in (a). Some particles that are
stuck in the grooves of the 3D printed base are indicated by circles in (b).

As a result of imperfections in the sound field as well as variations in the third
dimension, some particles escaped the trapping positions and continued with the
flow. Even though some blue and orange particles initially continued with the flow,
they were eventually trapped in one of the following hairpins. Selective retention
of particles is achieved by changing the voltage input. When increasing the voltage
first the largest particles (blue) retained in the system with 26% of maximum
voltage, followed by the largest and medium (orange and blue) particles with 48%
of maximum voltage. Lastly, all particles including the smallest (red) particles are
retained with 96% of maximum available voltage (Figure 3.7a). Another experiment
with only blue and orange particles was also carried out. The blue particles got stuck
in the corner while orange particles continued with the flow (Figure 3.7b).
After some time, multiple particles trapped in a single node will form particle
aggregates. As the aggregate gets bigger its size gets comparable to the wavelength.
The particles on the edge of the aggregate are no longer experiencing sufficient
acoustic radiation force to counter the drag. Therefore, these particles got
detached from the aggregate and got trapped by a nearby node.
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(a)

(b)

Figure 3.7 - All blue, orange and red particles are trapped at 96% of the available voltage input
(a) and selective retention of blue particles with 26% of available voltage input (b). In case (b),
there are no red particles in the mixture. In both cases, flow rate is set to 100 mL h-1

Although the experiments were not continued long enough to explore the limits,
eventually the nodes will be saturated and the set-up will require a washout. The
prototype was kept in a horizontal position during the experiments and the
aggregates did settle down as they grew bigger. Also, some particles got stuck in
the grooves of the 3D printed part. The stuck particles can be removed by a
washout. Figure 3.8 illustrates the volume histogram of the original mixture,
treatment with 26% of maximum available voltage and treatment with 48% of
maximum available voltage. After the treatment with 96% of the maximum
available voltage, particle size analyzer was unable to detect particles in the given
range.
Assuming the resistance of the system is independent of the applied voltage, the
power consumption scales with voltage squared. Thus, 96% of the maximum
voltage input approximately corresponds to 92% of the maximum power input.
Other power input ratios can be calculated similarly.
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Figure 3.8 - Particle size distribution before and after treatment. Measurement data of the
original mixture (black squares), treatment with 26% of maximum available voltage (red
circles) and treatment with 48% of maximum available voltage (blue triangles) is shown. Lines
are used to guide the eye. Flow rate of the system is set to 100 mL h-1 while the excitation
frequency is 1924 kHz.

The selectivity can also be achieved by altering the flow rate while keeping the
voltage input constant for mixture (1). Voltage input was set to 50% of the
maximum available voltage and the flow rate is changed step-wise. Figure 3.9
illustrates the volume particle size distribution histogram of the original mixture,
treatment with 400 mL h−1 , 200 mL h−1 , 100 mL h−1 and 80 mL h−1 of input
flow rate. Thus, the separation threshold can be shifted to smaller sizes by either
increasing the voltage input or decreasing the input flow rate. It can be shifted to
larger size by doing the opposite.
While processing mixture (2), the wheat beer, the acoustic separator was operated
at 1972 kHz and at maximum voltage as the size of the particles are small and
acoustic contrast factor is unknown. Flow rate in the syringe pump was adjusted to
100 mL h−1 , 80 mL h−1 , 50 mL h−1 and 20 mL h−1 , respectively. Figure 3.10
presents the volume histogram of samples taken before and after treatment with
different flow rates. The untreated sample contained yeast up to 19 μm diameter.
Treatment with 100 mL h−1 filtered the particles larger than 17 μm and with
20 mL h−1, flow rate particles larger than 9 μm were filtered.
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Figure 3.9 - Particle size distribution before and after treatment. Measurement data of the
original mixture (black squares), treatment with 400 mL h-1 (red circles), treatment with
flowrate of 200 mL h-1 (blue triangles), treatment with 100 mL h-1 (pink inverted triangles) and
treatment with 80 mL h-1 (green diamonds) is shown. Lines are used to guide the eye. Voltage
input to the system is set to 50% while the excitation frequency is 1924 kHz.

Figure 3.10 - Particle size distributions for the untreated beer samples and after treatment with
different flow rates while operating at 1972 kHz and maximum available voltage. Measurement
data of the original mixture (black squares), treatment with 100 mL h-1 (red circles), treatment
with flowrate of 80 mL h-1 (blue triangles), treatment with 50 mL h-1 (pink inverted triangles)
and treatment with 20 mL h-1 (green diamonds) is shown. Lines are used to guide the eye.
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Experiments and simulations confirm that the particles are trapped at the hairpin
sections. Acoustic forces are acting in the vertical direction and the flow speed in
vertical direction is lower in the hairpin sections. The acoustic force experienced by
particles is large enough to counter the drag force around the hairpins. Ideally the
sound field is a plane acoustic wave field and therefore the peak acoustic pressure
is similar throughout the field. If the acoustic force is large enough to trap a particle
in the middle of the channel, it can also trap the particle at the hairpins due to a
locally lower velocity in vertical direction (Figure 3.10). The aim of trapping larger
particles selectively in the middle section may result in trapping smaller particles
around the hairpins and in turn no selective separation or less efficient separation
takes place. Thus, selective separation is achieved around the hairpins while the
straight middle sections will carry remaining particles to the next hairpin.
This study demonstrated the possibility for selective filtering in an acoustophoretic
serpentine channel. Interplay of acoustic and drag forces results in particle trapping
in hairpin sections, and multiple hairpin sections provide multiple areas for particles
to be retained. The acoustic field inside the prototype may be improved by changing
the inside wall material with a material that provides stronger reflections than PLA.
Ensuring that the flow will be laminar and fully developed before entering the
hairpins, shortening the linear sections and therefore the distance between the
source and reflector would also provide stronger acoustic field. With a stronger
acoustic field, the separator can be operated more efficiently and with higher flow
rates.

3.4

Conclusions

A standing wave acoustic field is generated by a piezoelectric transducer and the
resulting acoustic radiation force is able to selectively trap particles in the hairpin
sections of the serpentine separator. Simulations confirm that particles are
captured in the hairpins of the separator. A single hairpin does not capture all
targeted particles, but as the system contains multiple hairpins, effective particle
trapping is ensured. Selective separation is achieved by changing the voltage input
or flow rate in case of model polyethylene particles. For wheat beer, the separation
threshold is tuned by changing the input flow rate only. Both types of experiments
demonstrated clear separation thresholds. Decreasing the flow rate or increasing
the power input moves the threshold towards smaller particle sizes while increasing
the flow rate or decreasing the power input creates the opposite effect. The
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efficiency of the system can be improved by adjusting the channel dimensions and
reducing the losses in the system; stronger acoustic field will result with higher
throughput possibility.
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Abstract
Dynamic acoustic fields offer an interesting alternative for acoustic standing-wave
fields in acoustic separation applications. This paper reports on an investigation of
two methods for generating dynamic acoustic fields and their applicability for
selective particle separation. The first method applies a dual-frequency excitation
to generate a standing-wave field that in which the pressure nodes travel at
constant velocity. The second method uses frequency-ramping, where the velocity
of the nodes in the resulting standing-wave field depends on both time and
position. Both methods were investigated with analytical and computer models,
yielding a dimensionless number that predicts particle behavior without having to
solve the differential equations of motion. This dimensionless number can also be
used to estimate the acoustic pressure in practical applications. Experiments
carried out with polyethylene particles and the two prototypes confirmed the
theoretical and numerical predictions. Both methods are suitable for selective
particle separation applications.
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4.1

Introduction

Acoustophoresis employs an acoustic radiation force (or sometimes called
acoustophoretic radiation force) mostly in a standing-wave field and is one of the
methods that can be used to separate particles from suspensions. It is potentially
of use for applications in water treatment [1, 2]. However, acoustophoresis also
offers possibilities for selective separation of particles, as the acoustic radiation
force pushes a particle towards either pressure nodes or antinodes, depending on
the particle’s properties and the drag force it experiences. When a particle has a
relative motion with respect to the surrounding liquid, it experiences a drag force.
Such relative motion can be in any direction, for example towards a node in an
acoustic field [3, 4] resulting from an acoustic force, or perpendicular to the acoustic
field as a result of flow [5]. The acoustic radiation force scales with the volume of a
particle, while the drag force scales with the diameter of the (spherical) particle.
Selective particle separation is thus possible based on the size of particles.
However, from the theory of acoustic radiation force, it follows that separation can
also take place on the basis of differences in density and compressibility, as acoustic
radiation force on a particle depends on these specific particle parameters [2].
Current research on selective particle separation by acoustics mostly focuses on
applications in microchannels. The width of such a channel is typically a halfwavelength at the excitation frequency, which means that there is a standing-wave
with one pressure node in the middle of the channel. Since the operating frequency
is typically in the MHz range, the size of such a channel is in the micrometer range
[6-9]. In a dynamic acoustic field, the acoustic force profile is time dependent, in
contrast to a stationary standing-wave field [4]. Surface acoustic wave (SAW)
applications are examples in which dynamic acoustic fields are used to transport
particles [10-21]. Bulk acoustic waves (BAW) also offer possibilities for particle
manipulation with dynamic acoustic fields [22]. Whitworth et al. [23], for instance,
demonstrated a method for transporting particles with two different signals and
the use of frequency sweeps. In addition to frequency-ramping, particle
manipulation in one or two dimensions is also possible by employing phase
differences [24, 25]. However, in BAW applications, reflections may significantly
disturb the dynamic acoustic field, as addressed by Grinenko et al. [26]. Two groups
of researchers have numerically investigated particle filtering with frequencyramped BAW excitation [27, 28], and Lipkens et al. [29] provided the experimental
confirmation. Frequency-ramping is employed in several particle transport
applications utilizing BAW [30-32]. Although dynamic BAW fields, in principle, offer
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the possibility of selective separation on the centimeter scale with multiple nodes,
such possibilities have not yet been investigated in detail, to our knowledge.
The objective of the study was therefore to investigate the ability of dynamic BAW
fields for selective particle separation on the centimeter scale, and to assess two
different methods through numerical simulations and lab experiments. The first
method is to excite the field with two different sources operating at slightly
different frequencies, effectively resulting in a phase difference that varies linearly
with time. The second method is to excite the field with a single source while
ramping the excitation frequency, effectively generating a frequency sweep.
Theoretical acoustic radiation force expressions were used to estimate particle
behavior, a numerical investigation of both methods was carried out using COMSOL
Multiphysics. Laboratory experiments with prototypes were conducted to validate
the numerical models, and evaluate the performance of these two methods for
selective particle separation.

4.2

Materials and methods

4.2.1 Dynamic acoustic fields
A standing-wave field results when two counter-propagating waves with the same
amplitude and frequency interact with each other. This interaction can be created
by either using two sound sources or using a source and a reflector. With both
configurations, it is also possible to generate dynamic BAW fields. In the case of two
sound sources with the same amplitude and slightly different frequencies, a pseudo
standing-wave field pattern is generated where the nodes move at a constant
speed. A dynamic BAW field can also be accomplished by a single sound source
operating at a varying frequency, i.e. a frequency sweep. This frequency sweep also
leads to a pseudo standing-wave field, but in this case the nodal speed depends on
both position and time (see Figure. 4.1).
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(a)

(b)

Figure 4.1 - Two methods for obtaining a pseudo standing-wave field, illustrating the pressure
amplitude. (a) Dual-transducer setup, in which two counter-propagating waves create a
standing-wave field, which moves at a constant velocity (v, in m s-1) as a result of a small
frequency difference (Δf, in s-1) between the two transducers. (b) Transducer-reflector setup, in
which the reflector surface is a pressure antinode and use of a frequency sweep (starting at
wavelength λ0) causes the nodes to move.

4.2.1.1 Dual frequency type dynamic fields

Figure 4.1a illustrates how two sound sources create a moving standing-wave field.
When two acoustic waves with the same amplitude but different frequencies
propagate in opposite directions, the total pressure field becomes as follows 1:
𝑃(𝑥, 𝑡) = 𝑃0 cos (𝜔2 𝑡 +

𝜔2
𝜔1
𝑥) + 𝑃0 cos (𝜔1 𝑡 −
𝑥)
𝑐0
𝑐0

(4.1)

Here, 𝑃0 (Pa) is the common amplitude of the waves, 𝜔1 = 2𝜋𝑓1 and 𝜔2 = 2𝜋𝑓2
(rad s-1) are the excitation frequencies, 𝑡 (s) is time, 𝑥 (m) is distance from the high
frequency source and 𝑐0 (m s-1) is the speed of sound in the host medium. If 𝜔1 =
𝜔2 , the sum will be a stationary standing-wave field. When 𝜔1 = 𝜔2 + 𝜖 and 𝜔 =
(𝜔1 + 𝜔2 )/2, the field can be written as given by Equation (4.2).

1

For the sake of simplicity in demonstration, only the cosine parts of the waves are considered here.
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𝑃(𝑥, 𝑡) = 2𝑃0 cos (

𝜔
𝜖
𝜖
𝑥 − 𝑡) cos (
𝑥 − 𝜔𝑡)
𝑐0
2
2 𝑐0

(4.2)

In such an acoustic field, where 𝑃𝐷 = 2𝑃0 , the force on a spherical particle is given
by
𝐹𝑥 (𝑥, 𝑡) = 4𝜋𝑘𝑟 3 (

𝑃𝐷2
) 𝛷(𝜌, 𝑐) sin(2𝑘𝑥 − 𝜖𝑡)
4𝜌0 𝑐02

(4.3)

Here, 𝑟 (m) is the particle radius, 𝜌0 (kg m-3) is the density of the medium, 𝜌 is the
density of the particle, 𝑐 is the speed of sound in the particle, 𝛷(𝜌, 𝑐) (-) is the
acoustic contrast factor, 𝑘 = 𝜔/𝑐0 (m-1) is the wave number and the force field will
travel from the higher-frequency source to the lower-frequency source at a
constant velocity of 𝑣 = 𝜖/2𝑘 (m s-1). If the frequencies of excitation are given by:
𝑓1 = 𝑓2 + Δ𝑓 and 𝑓 = (𝑓1 + 𝑓2 )/2 (Hz), the velocity of the wave pattern is 𝑣 =
Δ𝑓
𝑐 . A similar field can be created by introducing a phase difference between two
2𝑓 0
sound sources with equal frequencies. Thus, a frequency difference between the
sources corresponds to a case in which the phase is shifted linearly and
continuously.
In Figure 4.1a, the reflected waves (depicted by the dashed line) from the
transducer surfaces create a similar but weaker field, which moves in the opposite
direction with the same velocity as the applied field. In such a case, with reflections
from each transducer surface with a reflection coefficient 𝑅 ≤ 1, and neglecting
secondary reflections [26], the equation of motion (EOM) of a particle in such a
moving field reads as follows:
4
( 𝜋𝑟 3 𝜌) 𝑥̈ + (6𝜋𝜇𝑟)(𝑥̇ + 𝑢)
3
𝑃𝐷2
+ 4𝜋𝑘𝑟 3 (
) 𝛷(𝜌, 𝑐) sin(2𝑘𝑥 − 𝜖𝑡)
4𝜌0 𝑐02
(𝑅𝑃𝐷 )2
+ 4𝜋𝑘𝑟 3 (
) 𝛷(𝜌, 𝑐) sin(2𝑘𝑥 + 𝜖𝑡) = 0
4𝜌0 𝑐02

(4.4)

Here, 𝑢 (m s-1) is the constant flow velocity of the liquid from the high-frequency
source to the low-frequency source and 𝜇 (Pa s) is the viscosity of host medium.
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4.2.1.2 Frequency-sweep type dynamic fields

Figure 4.1b illustrates the frequency-ramping method, which employs a sound
source and a reflector to obtain the standing-wave field. In this case, the velocity of
the nodes depends on position and time and the number of nodes depends on the
excitation frequency. A higher frequency wave has more wavelengths per distance,
and therefore creates more pressure nodes. When using this method, the
modulation type of interest is the frequency sweep. A frequency sweep can be
expressed as 𝑓(𝑡) = 𝑓0 + 𝑆 𝑡 where 𝑓0 is the starting frequency, 𝑆 is the sweep
rate and 𝑡 is time. The sweep rate 𝑆 is defined as 𝑆 = Δ𝑓/Δ𝑡, where Δ𝑓 is the
sweep frequency and Δ𝑡 is the sweep period. For practical reasons, the sweep
cannot continue infinitely, thus the expression is only valid for a given sweep time
and is periodic with sweep period Δ𝑡 . With the changing frequency, the
wavelength also changes, as 𝜆(𝑡) = 𝑐/𝑓(𝑡). The velocity of any point in the wave
pattern is then expressed as (see Appendix 4A):
𝑣(𝑥, 𝑡) = −𝑓0 /(𝑓0 + 𝑆 𝑡)2 𝑆 𝑥

(4.5)

The distance 𝑥 is measured from the reflector side. The negative sign of the velocity
is due to fact that the reflector is taken as the reference point. Since the frequency
changes in time, the wave number 𝑘(𝑡) = 𝜔(𝑡)/𝑐0 also becomes a function of
time. Assuming that the maximum pressure amplitude does not vary significantly
during the sweep period, the EOM of a particle in such a field therefore becomes
4
( 𝜋𝑟 3 𝜌) 𝑥̈ + (6𝜋𝜇𝑟)(𝑥̇ + 𝑢)
3
+ 4𝜋𝑘(𝑡)𝑟 3 (

𝑃02
) 𝛷(𝜌, 𝑐) sin(2𝑘(𝑡)𝑥) = 0
4𝜌0 𝑐02

(4.6)

Equations (4.4) and (4.6) are non-linear, second-order differential equations of
motion and have no analytical solution.

4.2.2 Experimental setup
The particles used in the experiments were polyethylene particles with a diameter
of 70 μm (orange) and 100 μm (blue). The particles had a density of 𝜌 =
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1050 kg m−3 and the speed of sound in the particles was 𝑐 = 1720 m s−1 . The
used particle mixture contained 1000 cm3 MilliQ water, with 0.23 g CTAB
(hexadecyltrimethylammonium bromide) as surfactant, 0.35 g orange particles and
0.35 g blue particles. Each experimental set-up consisted of a dual-channel signal
generator (Keysight Trueform 33512B), a custom-made amplifier, an oscilloscope
(Tektronix TDS2024C), two syringe pumps (Aitecs PRO SP-12S) and a separator
prototype with piezoelectric transducers. The dual-frequency prototype (Figure
4.2a) contained two piezoelectric transducers (Noliac NCE41, dimensions 50 mm ×
10 mm × 1 mm), two acoustically transparent polyurethane sheets as inner walls
and two absorbing blocks (Ecolab kitchen sponge 5 cm × 1 cm × 1 cm). The
frequency-sweep prototype (Figure 4.2b) contained one piezoelectric transducer
and a stainless steel reflector plate. Both prototypes, illustrated in Figure 4.2,
included 3D-printed polylactic acid (PLA) walls and poly(methyl 2methylpropenoate) (PMMA) covers. The transducers were coated with a thin layer
of polyurethane paint to provide electrical insulation. Polyurethane paint is used
because it has a similar acoustic impedance as water. In order to verify the effect
of the absorbing blocks, admittance measurements are carried out in the
prototype. First, the admittance of the transducer placed underwater and away
from reflective surfaces is recorded as a function of frequency between 1.8 MHz
and 2.5 MHz. When the transducer is placed in the prototype, the admittance was
affected due to the natural modes of the water mass between the transducer and
the reflective surface, the graph included peaks and valleys related to the natural
frequencies of the water mass. When the reflective surfaces are covered with the
absorbing block, the peaks and valleys vanished and the admittance graph became
similar to that of the transducer alone. Thus, it was concluded that by not reflecting
the sound generated by the transducer, the absorbing blocks were preventing the
transducer to detect the vibrational modes of the water mass. Admittance
measurements for both prototypes are given in Appendix 4B.
For the dual-frequency experiments, the average frequency was 2.4 MHz and Δ𝑓
was chosen between 0 Hz and 5 Hz. For the frequency-sweep experiments, the
starting frequency 𝑓0 was 2 MHz. The frequency sweep rate, (𝑓(𝛥𝑡) − 𝑓0 )/Δ𝑡, is
defined by the end frequency (𝑓(Δ𝑡) and the sweep period (Δ𝑡). To enable bubbles
(entering from the inlets) to escape the system quickly, the prototypes were on an
inclined surface at an angle of 5° with respect to the horizontal plane. Particle
motion was recorded by a microscope camera and the particle velocities were
calculated by analyzing the movies with ImageJ software [33].
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(a)

(b)

Figure 4.2 - Prototypes used in the experiments. Black parts are 3D-printed base structures,
with rubber rings used as sealing between base and cover. Each prototype had two inlets and
two outlets divided by triangular dividers in the middle of the channel. The width of each
separation channel was 20 mm and the depth 10 mm. In prototype (a), used in the dual
frequency experiments, the separation channel was bordered by polyurethane sheets with a
thickness of 1 mm and the distance between two transducers was 60 mm. The blue parts in (a)
are sound-absorbing materials to eliminate back reflections, placed in contact with the end
walls and at a distance of 50 mm from each transducer. Prototype (b) was used in the frequency
sweep experiments.

4.3

Results and discussion

4.3.1 Computer simulations
Equations (4.4) and (4.6) are ordinary differential equations (ODEs) of motion for a
particle in a dual-frequency type dynamic field with reflection and frequency-sweep
type dynamic field, respectively. In these dynamic fields the nodal pattern is not
stationary. Therefore, depending on the particle and excitation properties, a
particle may or may not follow the nodal movement. Having the nodal movement
in such a way that only the targeted particles are captured is the key for selectivity.
For further understanding of the dynamic behavior of the acoustic field and
particles within the field numerical simulations were performed.
Figure 4.3 illustrates some typical trajectories of captured and non-captured
particles in both type of dynamic fields.
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(a)

(b)

Figure 4.3 - Typical particle trajectories for particles in dynamic acoustic fields, plotted in
arbitrary units for illustration purposes. The captured particle (black solid line) is able to follow
the nodal pattern movement (green dotted line) while another particle (purple dashed line) is
unable to follow the nodal movement but is still moving downwards. Left panel illustrates a
case with a dual-frequency type field and right panel illustrates a frequency-sweep type field.
In both cases, the standing wave field is moving downwards. In the dual-frequency case, the
reflected field is moving upwards. In the absence of the reflected field a captured particle
follows a straight line as the nodal pattern movement.

Equations (4.4) and (4.6) can be solved by any software that is capable to solve
ODEs. Those equations include the analytical acoustic radiation force expressions
on the particle obtained from Gor’kov’s method. To check the validity of the
analytical force expressions and the equations of motion, the particle trajectories
are compared with the trajectories obtained in COMSOL Multiphysics. The
comparison is made by including the acoustic radiation force through the use of
two different methods in COMSOL. The first method defines the external acoustic
radiation force on particles, as given in Equations (4.4) and (4.6), while the second
method numerically calculates the acoustic radiation force on a particle given an
acoustic field by using the acoustic field input to the software.
To calculate the acoustic radiation force COMSOL Multiphysics requires the input
of the acoustic pressure field and the velocity field. Given that the sound source is
much larger than the wavelength, the sound field in our acoustophoresis device is
a plane wave field. For small acoustofluidic devices, operating in MHz range and
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with transducer surface dimensions larger than a millimeter, this is also the case.
Hence, the acoustic velocity field can directly be calculated from the pressure field
1
by using the specific acoustic impedance, that is 𝑢(𝑥, 𝑡) = 𝑐 𝜌 𝑝(𝑥, 𝑡), where 𝑐0 𝜌0
0 0

is the specific acoustic impedance in the host medium and 𝑢(𝑥, 𝑡) is the acoustic
particle velocity.
Figure 4.4 illustrates the case with dual frequency excitation (Figure 4.3a) and the
resulting particle trajectories calculated in COMSOL by using both methods.

(a)

(b)

Figure 4.4 - Particle trajectories calculated by COMSOL. Black lines correspond to the
captured particle’s (d = 70 μm) trajectories and red lines correspond to that of non-captured (d
= 60 μm) particle. Solid lines are calculated by applying the acoustic radiation force as an
external force as in Equation (4.4). Dotted lines are calculated by giving the dynamic acoustic
fields to COMSOL and the software calculates the acoustic force. (b) Zoomed in view of
particle trajectories.

The diameter of the large (captured) particle is 70 μm and that of the small (noncaptured) particle 60 μm. For both particles, 𝜌 = 1050 kg m−3 , 𝑐 = 1720 m s−1
and 𝜈 = 0.47125 (Poisson’s ratio). The host medium is water with 𝜇 =
0.0010093 Pa s , 𝜌0 = 999.62 kg m−3 and 𝑐0 = 1481.4 m s−1 . For the dualfrequency type of field excitation parameters are 𝑓 = 2.4 MHz, Δ𝑓 = 1 Hz, 𝑢 = 0,
𝑅 = 0.8 and 𝑃𝐷 = 65 kPa. The two calculated trajectories of the captured particle,
which is thus able to follow the nodal pattern, are (almost) matching and hard to
distinguish. Both represent the typical staircase-like movement depicted in Figure
4.3a. Trajectories of the small, non-captured particle follow a similar trend,
however, they differ especially when the particle is affected more by the next node
catching up with the particle.
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Figure 4.5 illustrates the case with frequency-sweep excitation and the resulting
particle trajectories calculated by COMSOL.

(a)

(b)

Figure 4.5 - Particle trajectories calculated by COMSOL. Black lines correspond to the
captured particle’s (d = 70 μm) trajectories and red lines correspond to that of non-captured (d
= 60 μm) particle. Solid lines are calculated by applying the acoustic radiation force as an
external force as in Equation (4.6). Dotted lines are calculated by giving the dynamic acoustic
fields to COMSOL and the software calculates the acoustic force. (b) Zoomed in view of
particle trajectories.

In Figure 4.5, particle properties are the same as the case in Figure 4.4. The
excitation parameters are 𝑃0 = 65 kPa, 𝑓0 = 2.19 MHz, Δ𝑓 = 100 kHz and Δ𝑡 =
2 s. Similar to the dual-frequency case, trajectories of the large, nodal pattern
following, particles are matching well. For the small particles, the trajectories follow
the same trend while having a deviation especially when the particle is moving
upwards as the next node is catching up with the particle.
It should be noted that in both methods, the acoustic field was not calculated by
COMSOL. When the force is given as an external force, a generic force node is added
to the particle tracing physics tree with the acoustic force expressions in Equations
(4.4) and (4.6) as input. When the acoustic field is input to the “acoustophoretic
radiation force” node, the pressure and velocity fields, as shown in Figure 4.1, are
input for the calculation. Hence, the assumption was that the software does not
require a mesh fine enough to resolve the harmonic wave pattern, as the forces
acting on the particle were already calculated from functions of time and position.
To check this assumption, the same simulations are carried out with the default
‘coarse’ mesh size in COMSOL and with custom-input mesh size that has maximum
element size of 𝜆/12 at 𝑓 = 2.4 MHz. The acoustic force amplitudes calculated by
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each method differs less than 0.1%. However, it still makes a difference, especially
at moments when the particle is affected by the reflected wave field, as illustrated
in Figure 4.4.
4.3.2 Experiments
To compare the particle behavior in simulations with those in experiments, a
mixture of particles with 70 μm diameter was pumped through the dual-frequency
prototype. In one inlet the water-particle mixture was fed and the other inlet was
fed with water only, each at a flow rate of 100 cm3 h−1. Fig. 6 compares the particle
trajectories calculated in simulations and the particle trajectories recorded in the
experiments, created by overlaying 300 consecutive pictures taken in a span of
10 s.
Figure 4.6 confirms the staircase-like particle trajectories, as in Figures 4.3 and 4.4,
in case of dual-frequency type excitation and reflection. Figure 4.6c includes some
particles that do not follow the staircase-like trajectory, which was concluded to be
due to the non-uniform size of the particles in the mixture and non-uniformity of
the standing wave field. The non-uniformity of the standing wave field is also
resulting in some deviations from expected trajectories of particles, without
affecting the general trend. The experiments indeed show that if a particle follows
the nodal movement, average speed of the particle can be estimated from
Δ𝑓
𝑣 = 2𝑓 𝑐0 .
In the dual-frequency type field the nodal pattern and the captured particle velocity
is constant and can be estimated by the average frequency and the frequency
difference. In the frequency-sweep type field, however, the velocity of the nodal
movement is not constant. Taking the origin ( 𝑥 = 0 ) at the reflector surface,
Equation (4.5) gives the velocity as a function of time and space, which can be used
to approximate the average velocity within a sweep period. The average velocity of
a captured particle starting from an initial position 𝑥0 , within one sweep period, can
be calculated by using Equation (4.7).
𝑣𝑎𝑣 = −

𝑥0
𝑓0
(1 −
)
Δ𝑡
𝑓0 + 𝑆 Δ𝑡
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(4.7)

(a)

(b)

(c)

(d)

Figure 4.6 - Experimental and simulated trajectories of the particles in dual-frequency type
dynamic field.2 Flow direction is from left to right and the acoustic field movement is
downward. (a) experimental particle trajectories when Δf = 0.4 Hz. (b) particle trajectories
calculated by COMSOL when Δf = 0.4 Hz. (c) experimental particle trajectories when Δf = 1
Hz. (d) particle trajectories calculated by COMSOL when Δf = 1 Hz. In simulations and
experiments, f = 2.4 MHz. In the experiments, the transducers were excited with 20 Vpp while
in the simulations PD = 70 kPa. In simulations all particles start outside the frame whereas in
the experimental recordings particles do not have a common starting position

2

Movies showing the typical particle behavior can be found in the supplementary material S1 in the
published version of the chapter.
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Figure 4.7 compares the particle trajectories resulting from a frequency sweep,
calculated in simulations and recorded in experiments. The experimental image is
created by overlaying 300 consecutive pictures taken in a span of 10 s.

(a)

(b)

Figure 4.7 - (a) Experimentally recorded trajectories of two sizes of particles in a frequencysweep-type dynamic field, obtained by stacking multiple images over time of 10 s, including
multiple sweep periods (Δt = 3 s).3 Starting frequency was f0 = 2.19 MHz and f(Δt) – f0 = 300
kHz. (b) Trajectories of particles from computer simulations with P0 = 55 kPa.

Figure 4.7a displays the experimentally obtained trajectories of particles in a
mixture where blue particles having a diameter of 100 μm and orange particles
having a diameter of 70 μm. Figure 4.7b illustrates trajectories of particles in the
same mixture, with 𝑃0 = 55 kPa, simulated with COMSOL. The simulation results
suggest that even though a particle cannot follow the nodal pattern it will still have
a downward motion, as seen in the dual-frequency method. The experimental
trajectories do not display a clear separation between the two groups of particles.
Besides, the unable-to-follow orange particles are moving in the opposite direction
of the nodal pattern.
This last observation can be attributed to a possible aliasing effect that pushes the
particles to the closest node, but the closest node is always in the upwards
direction. A basic assumption in the simulations is that the pressure amplitude in
the standing wave field during the frequency sweep is constant. Depending on the
3

Movies showing the typical particle behaviour can be found in the supplementary material S2
(varying sweep frequency, S t) and S3 (varying sweep period, t) in the published version of the
chapter.
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dynamic properties of the transducer, the electromechanical response may differ
and result in different peak acoustic pressure. Hence, especially for the noncaptured particles the experimental trajectories indicate that there is a force
gradient pushing the particles in the opposite direction of the nodal movement.
The velocity expression in Equations (4.5) and (4.7) suggests that the nodal
movement will slow down with increasing time and frequency (Figure 4.1b). The
nodes further from the reflector (𝑥 = 0) move faster than the nodes closer to the
reflector. For a captured particle, the numerical model and Equation (4.7) always
yielded lower velocities than those measured in the experiments: This
underestimation appears because Equation (4.7) predicts the average velocity of a
point in the nodal pattern, whereas an actual particle following the nodal pattern
has a relative motion with respect to nodal pattern because of the fact that the
acoustic force experienced by the particle also changes. Such behavior is explained
in detail in Appendix 4C.
4.3.3 Conditions for particle capturing
In both types of dynamic fields a captured particle will travel along with the nodal
pattern. For the dual-frequency type fields, the nodal pattern has a constant
velocity, whereas for the frequency-sweep type fields the nodal velocity can be
calculated by Equations (4.5) and (4.7). Hence, the acoustic radiation force
experienced by a particle is proportional to the velocity of the particle in the
direction of the nodal movement, therefore balancing the drag force. Figure 4.8
illustrates the force experienced by a particle and the corresponding particle
velocity in Figures 4.4 and 4.5.
The top panels of Figure 4.8 correspond to the dual-frequency type dynamic field
and the bottom panels correspond to the frequency-sweep type dynamic field. In
both cases the force and velocity graphs overlap, indicating that the acoustic force
is in balance with the drag force proportional to the velocity, except for Figure 4.8c.
Figure 4.8c confirms, however, by comparing the rate of change of the force (solid
line) and velocity (dashed line) for example between 𝑡 = 2.5 − 4 s, that if a particle
is following the nodal pattern, it must be moving as fast as or faster than the nodal
pattern.
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Force distribution on a particle in dual-frequency type of field

(a)

(b)

Force distribution on a particle in frequency-sweep type of field

(c)

(d)

Figure 4.8 - Time-varying forces (solid lines) and velocities (dashed lines): (a) force and
velocity of a captured particle in Figure 4.4. (b) force and velocity of a non-captured particle in
Figure 4.4. (c) force and velocity of a captured particle in Figure 4.5. (d) force and velocity of a
non-captured particle in Figure 4.5.

Under the condition that the particle is following the nodal pattern, the acoustic
force must be large enough to overcome the drag force experienced by the particle.
Under dual-frequency excitation with 𝛥𝑓 ≠ 0, and 𝑢 = 0 and 𝑅 = 0, the following
dimensionless number can therefore be defined as in Equation (4.8).
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𝐾0 =

𝑚𝑎𝑥
𝐹𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐
𝑚𝑎𝑥
𝐹𝑑𝑟𝑎𝑔

𝑃2
4𝜋𝑘𝑟 3 ( 𝐷 2 ) 𝛷(𝜌, 𝑐)
4𝜌0 𝑐0
=
Δ𝑓
6𝜋𝜇𝑟 ( 𝑐0 )
2𝑓

(4.8)

This dimensionless number 𝐾0 describes whether the particle is experiencing a
large enough acoustic force to follow the nodal pattern. If 𝐾0 < 1, the acoustic
force on the particle is not large enough to enable it to keep up with the nodal
Δ𝑓

movement (2𝑓 𝑐0 ). 𝐾0 = 1 means that the maximum acoustic force equals the
drag force on the particle, while 𝐾0 > 1 indicates that the particle is able to follow
the nodal movement. Figure 4.4 showed that, when reflections are present,
particles that are able to follow the nodal pattern, thus with 𝐾0 > 1, do not move
at a constant speed. The counter-propagating dynamic fields interact with each
other, and the particles oscillate around the straight-line pattern, forming a
staircase-like trajectory. Similar oscillations are present in the paths of the noncaptured particles.
In the case of Figure 4.4, 𝐾0 = 1.467 for the captured particle and 𝐾0 = 1.078 for
the non-captured particle. Given these 𝐾0 values, both particles should have been
able to follow the nodal movement. The presence of reflections, however, disturbs
the maximum acoustic force experienced by the particle, although the average
force experienced by the particle remains the same, owing to the periodic nature
of the two dynamically changing fields. The effect of reflections was explored in
numerical simulations with different excitation parameters (see Appendix 4D),
yielding the following expression for the 𝐾 number corrected for reflections:
𝐾=

𝐾0
1 − 3.696 × 10−4 (1 − 𝑒 7.582𝑅 )

(4.9)

Equation (4.9) gives an empirical estimate of 𝐾 to check whether a particle can
follow the nodal movement or not, regardless of whether reflections are present in
the system. For the case of Figure 4.4, this results in 𝐾 = 1.266 for the captured
particle while 𝐾 = 0.93 for the non-captured particle.
For the frequency-sweep type field, Equation (4.5) gives the velocity as a function
of time and space, which can be used to approximate the average velocity within a
sweep period, given in Equation (4.7). Hence, Equation (4.7) can be inserted into
the expression for the 𝐾 number to estimate if the particle is able to follow the
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nodal movement. Since the acoustic radiation force also scales with the time1
varying wave number, the midpoint at 2 Δ𝑡, should be taken into account. For
frequency-sweep type dynamic fields, the dimensionless 𝐾 number is therefore
defined as follows:
𝑃2
1
4𝜋𝑘 (2 Δ𝑡) 𝑟 3 ( 0 2 ) Φ(𝜌, 𝑐)
4𝜌0 𝑐0
𝐾=
𝑓
𝑥
6𝜋𝜇𝑟 0 (1 − 0 )
Δ𝑡
𝑓(Δ𝑡)

(4.10)

Equation (4.10) estimates whether the particle is able to follow the nodal pattern
or not, under frequency-sweep conditions. In Figure 4.5, 𝐾 = 1.07 for the captured
particle and 𝐾 = 0.786 for the non-captured particle. Although the 𝐾 number
estimates the behavior for the first sweep period only (in this case, from 0 to 2 s),
it successfully predicts whether the particle is able to follow the field or not.
Numerical simulations suggest that the particle may still be able to move in the
direction of the nodal movement and stay between two adjacent nodes if 𝐾 is
larger than 0.9. However, 𝐾 ≥ 1 ensures that the particle moves parallel to the
nodal movement. If the properties of the particle and of the excitation are known,
the 𝐾 number can also be used to estimate the acoustic pressure in the system.
Since 𝐾 ≥ 1 implies that the particle is able to follow the nodal movement, it will
give a lower bound for the pressure estimate.
Theoretically, the dual-frequency method requires, from Equations (4.1) and (4.2),
that the pressure amplitudes from each source to be equal. The experimental
Δ𝑓
results showed that the captured particles move with average velocity 𝑣 = 2𝑓 𝑐0 as
predicted by the theory, indicating that the equal pressure amplitude condition is
satisfied. If the transducers are identical, equal pressure amplitudes can be
assumed and this can be indirectly verified by experiments. Otherwise, the pressure
amplitudes need to be calibrated. A common amplitude can be found with the help
of, for instance, laser vibrometers. The frequency-sweep method, on the other
hand, requires only one source and one reflector, thus a simpler set-up to operate.
This simpler set-up creates a nodal movement whose velocity is a function of time
and position in the field. Hence, there is no constant nodal velocity among the field.
As only one transducer is needed in the system, frequency-sweep methods are
expected to consume less energy.
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In both cases, the numerical solution of the EOM provides information about the
particle path. The analytical force expressions on a spherical particle in a dynamic
acoustic field are verified by comparison with the numerical solutions. Expressing
the acoustic force as an external force circumvents the necessity of calculating the
pressure gradient in COMSOL in order to calculate the acoustic force on a particle.
Thus, for simulations where the number of particles are large, the analytical force
expressions offer more efficient computation. Whether a particle can follow the
nodal movement or not, however, can be estimated without solving the
corresponding differential equation (Equation (4.4) or (4.6)). The 𝐾 number
predicts whether the particle can follow the nodal movement.
In summary, computer simulations in COMSOL confirmed the theoretical acoustic
radiation force models for both types of dynamic acoustic field. Also, experimental
measurements, for both types of dynamic acoustic field, are in line with the particle
velocity and trajectory estimates. The dual-frequency type dynamic field creates a
constant velocity among the field. The presence of reflections prevents the
captured particles to follow a straight line. However, numerical simulations suggest
that it is still possible to trap and move particles selectively. This is shown in Figures
4.3 and 4.4, which indicate that it is possible to put a significant distance (in the
order of millimeters while particles are in the order of micrometers) between
different particles that started at the same location, even when reflections are
present in the system. Since reflections disturb the average acoustic force
experienced by the particle, it requires a larger pressure for particles to be able to
follow the nodal movement when reflections are present. Nevertheless, both
methods are suitable for selective particle separation at centimeter scale, the
choice of method depends on the expected complexity of the physical system and
the predictability of particle behavior.

4.4

Conclusions

Since dynamic acoustic fields can force different particles into different channels,
such fields are particularly useful for selective particle separation as an alternative
to stationary standing-wave field applications at centimeter scale. Whether a
particle is able to follow the nodal movement in a dynamic acoustic field depends
on the properties of the particle and the medium and of the type of excitation, and
can thus be predicted beforehand. This study explored two types of dynamic
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acoustic fields with regard to their applicability toward selective particle separation
at centimeter scale.
One type explores dual-frequency dynamic fields, which are generated by two
transducers operating at slightly different frequencies, offering constant nodal
movement velocities in the separation channel. Although the presence of
reflections disturbs the field, these perturbations appear to have little effect on the
effectiveness of selective particle separation. Dual-frequency type fields
theoretically require equal amplitudes of pressure from both sources.
The other type of investigated dynamic acoustic field is based on frequency-sweep
excitation. Such a field is generated with a transducer and a reflector and by
ramping the excitation frequency periodically. This is a simpler system with only
one transducer and a reflector, but frequency-sweep type dynamic fields do not
have a constant nodal velocity in the field. Instead, the nodal velocity depends on
position and time. Locations closer to the transducer are more selective with
respect to particle separation, as the velocity of the nodal pattern is higher there.
Using the theoretical acoustic radiation force expressions, the dimensionless 𝐾
number is defined as the ratio between maximum acoustic force and drag force on
a particle. The 𝐾 number, defined for each specific type of dynamic acoustic field,
is able to predict whether the particle can follow the nodal movement or not
without solving the equations. If 𝐾 < 1 the particle is unable to follow the nodal
pattern. The 𝐾 number can also be used to estimate a lower bound on the acoustic
pressure in the system.
Our numerical experiments confirmed the theoretical acoustic radiation force on a
spherical particle in a dynamic acoustic field, and lab experiments confirmed the
paths and nodal velocities obtained from the numerical models. Both methods for
the generation of dynamic acoustic fields, i.e. dual frequency excitation and
frequency ramping, are suitable for selective particle separation.
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(4.A) Theory for frequency sweep excitation
If two linear acoustic waves with the same amplitude are traveling in opposite
directions, a standing wave pattern is obtained. The simplest way to obtain such a
field is by using a transducer as a sound source and a reflector. If the reflector has
much higher specific acoustic impedance than the excited medium, the reflector
will always be a pressure antinode. Hence, if the frequency of excitation is not
constant but changing as a function of time, as in case of frequency sweep
excitation while allowing a standing wave to form between the source and the
reflector, the standing wave field becomes
𝑃(𝑥, 𝑡) = 𝑃0 cos(𝑘(𝑡)𝑥) cos(𝜔(𝑡)𝑡)

(4.A1)

Here, 𝜔(𝑡) and 𝑘(𝑡) are both function of time as the frequency is changed with
time. According to Gor’kov1, the force acting on a spherical particle in 𝑥 direction
can be expressed as

𝐹𝑥 = 𝑉𝐴1

𝜕
𝜕
〈KE〉 − 𝑉𝐴2 〈PE〉
𝜕𝑥
𝜕𝑥

4

Here, 𝑉 = 3 𝜋𝑟 3 is the particle volume, 𝐴1 =

3(𝜌−𝜌0 )
2𝜌+𝜌0

(4.A2)

and 𝐴2 = 1 −

𝜌0 𝑐02
𝜌𝑐 2

are

constants determined by the particle and host medium densities and
compressibilities, KE and PE are the temporal averages of the kinetic and potential
energy densities of the acoustic field, respectively. Assuming that standing wave
field responds fast enough to the change in the excitation frequency, in a plane
wave field, the time-averaged potential and kinetic energy densities can be
expressed as
〈PE〉 = 𝐸𝑎𝑐 cos 2 (
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𝜔
𝑥)
𝑐0

(4.A3)

And
𝜔
〈KE〉 = 𝐸𝑎𝑐 (1 − cos 2 ( 𝑥))
𝑐0

(4.A4)

𝑃2

Here, 𝐸𝑎𝑐 = 4𝜌 0𝑐 2 is the acoustic energy density in the host medium. The acoustic
0 0

radiation force acting on a spherical particle in 𝑥 direction is subsequently
expressed as
𝐹𝑥 (𝑥, 𝑡) = 𝑉(𝐴1 + 𝐴2 )𝐸𝑎𝑐

𝜔(𝑡)
2𝜔(𝑡)
sin (
𝑥)
𝑐0
𝑐0

(4.A5)

Considering that 𝑘(𝑡) = 𝜔(𝑡)/𝑐0 and replacing the terms for 𝑉, 𝐴1 and 𝐴2 , the
following expression can then be obtained:
𝐹𝑥 (𝑥, 𝑡) = 4𝜋𝑘(𝑡)𝑟 3 (

In this equation, 𝛷(𝜌, 𝑐) =

2
3

𝜌+ (𝜌−𝜌0 )
2𝜌+𝜌0

𝑃𝐷2
) 𝛷(𝜌, 𝑐) sin(2𝑘(𝑡)𝑥)
4𝜌0 𝑐02
1 𝜌0 𝑐02

−3

𝜌𝑐 2

(4.A6)

which is the acoustic contrast factor.

In the acoustic contrast factor expression, 𝜌 and 𝜌0 denote the particle and host
medium densities, respectively. Similarly, 𝑐 and 𝑐0 denote the speed of sound in
the particle and in the host medium, respectively.
In such a standing wave field, velocity of the nodal pattern, and therefore the force
pattern is calculated. Taking the reflector as the reference, at the beginning of the
sweep period and neglecting the time needed to move from an original position to
the closest (anti)nodal line, the distance of a point to the reflector can be expressed
as 𝑥(0) = 𝑛 𝜆(0). Here, 𝜆(0) is the acoustic wavelength in the host medium for
𝑓0 = 𝑓(0) and 𝑛 is a positive number representing the ratio between the
wavelength and the initial position. When 𝑛 is an integer, such positions
correspond to the antinodes in the wave field as in Fig. 1b. As time changes,
assuming there is a significant acoustic impedance difference between the reflector
and the host medium, the reflector will always remain a pressure antinode or a
pressure node (Fig. 1b). Therefore, the wave pattern will compress toward the
reflector if the frequency is increased. At any time within the sweep period, the
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distance of the same point in the wave pattern to the reflector is 𝑥(𝑡) = 𝑛 𝜆(𝑡)
𝑐0
with 𝜆(𝑡) = 𝑓(𝑡)
. Taking 𝑛 = 𝑥(0)/𝜆(0) with 𝑥0 = 𝑥(0) and evaluating the time
derivative, the velocity of a point in the wave pattern within the sweep period can
be expressed as follows:
𝑥(𝑡) =

𝑣(𝑥0 , 𝑡) = −

𝑥0 𝑓0
(𝑓0 + 𝑆 𝑡)

(4.A7)

𝑓0
𝑆 𝑥0
(𝑓0 + 𝑆 𝑡)2

(4.A8)

Here 𝑓0 is the starting frequency, 𝑆 is the sweep rate and 𝑡 is time. 𝑆: = Δ𝑓/Δ𝑡,
where Δ𝑓 is the change of frequency within sweep period Δ𝑡 . The velocity
expression is valid only for the duration of a sweep period and the distance 𝑥0 is
measured from the reflector. The velocity expression, Equation (4.A8), can be used
for any point in the acoustic field at any time within the sweep period. The negative
sign is due to the nodes getting closer to the reflector, which is taken as the
reference point.
The velocity expression is a function of time and position and makes it possible to
calculate the average velocity expressions for different cases. The average velocity
for a fixed location 𝑥 between 𝑡0 and 𝑡1 is calculated as
𝑣av (𝑥, 𝑡0 , 𝑡1 ) =

𝑡1
1
𝑓0 𝑆 𝑥
∫ 𝑣(𝑥, 𝑡) 𝑑𝑡 = −
𝑡1 − 𝑡0 𝑡0
(𝑓0 + 𝑆 𝑡0 )(𝑓0 + 𝑆 𝑡1 )

(4.A9)

Similarly, the average velocity in a region between 𝑥0 and 𝑥1 at a given time 𝑡 is
calculated as
𝑣av (𝑡, 𝑥0 , 𝑥1 ) =

𝑥1
1
1 𝑓0 𝑆 (𝑥0 + 𝑥1 )
∫ 𝑣(𝑥, 𝑡) 𝑑𝑥 = −
𝑥1 − 𝑥0 𝑥0
2 (𝑓0 + 𝑆 𝑡)2
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(4.A10)

Finally, the average velocity in a region 𝑥0 and 𝑥1 and in a time interval between 𝑡0
and 𝑡1 is calculated as
𝑥1
1
∫ 𝑣𝑎𝑣 (𝑥, 𝑡0 , 𝑡1 ) 𝑑𝑥
𝑥1 − 𝑥0 𝑥0
1
𝑓0 𝑆 (𝑥0 + 𝑥1 )
=−
2 (𝑓0 + 𝑆 𝑡0 )(𝑓0 + 𝑆 𝑡1 )

𝑣av (𝑥0 , 𝑥1 , 𝑡0 , 𝑡1 ) =

(4.A11)

Equations (4.A9 – 4.A11) can be particularly useful to estimate the average velocity
of a group of particles in a region.
For single particles, however, these equations may not be accurate. Assuming that
a single particle is able to follow the nodal movement, the velocity of the particle,
given Equation (4.A10) and 𝑥1 = 𝑥0 𝑣av (𝑡1 − 𝑡0 ), can be expressed as
𝑣av (𝑥0 , 𝑡0 . 𝑡1 ) =

𝑓02 𝑥0
1
1
(
−
)
2
(𝑓0 + 𝑆 𝑡0 )2
2(𝑡1 − 𝑡0 ) (𝑓0 + 𝑆 𝑡1 )

(4.A12)

Equation (4.A12) requires the knowledge of the initial position and the time. To
estimate the average velocity of a particle within one sweep period, since the
location of the node will also depend on the time, and using Equation (4.A7), the
following expression can be used:
𝑣av =

𝑥 − 𝑥0
𝑆
= −𝑥0
Δ𝑡
𝑓0 + 𝑆 Δ𝑡

(4.A13)

Provided that 𝑡0 and 𝑡1 are within the sweep period and 𝑡1 > 𝑡0 , the average
velocity for a point 𝑥 between 𝑡0 and 𝑡1 is given by Equation (4.A9). The average
velocity in a region between 𝑥1 and 𝑥0 at a given time 𝑡 is given by Equation
(4.A10). The average velocity in a region 𝑥0 − 𝑥1 in a given time interval 𝑡0 − 𝑡1 is
given by Equation (4.A11) but requires the start and end positions as input. Another
estimate of the average particle velocity that only requires its initial position to be
known is also possible and given by Equation (4.A12).
Assuming that the particle is able to follow the nodal movement, all of the four
expressions given by Equations (4.A9 - 4.A12) can be used to approximate the
velocity. Such expressions are particularly useful to estimate the average speed of
a group of particles in a given time interval and spatial region. The exact average
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speed of a particle in the first sweep period is given by Equation (4.A13). Equation
(4.A13) was used to estimate the particle velocity and compare it with
experimentally derived estimates.
(4.B) Admittance measurements of the prototypes
In order to check the absorbing blocks are minimizing the reflections, admittance
measurements of the prototype were evaluated. Figure 4.B1 illustrates the
admittance measurements for the dual-frequency prototype.

(a)

(b)

Figure 4.B1 - (a) Admittance of a single transducer. Dash-dot line represents the admittance of
the transducer placed in the prototype, solid line represents the admittance of the transducer
under water and outside the prototype, dotted line represents the admittance of the transducer
when the transducer, absorbing blocks and polyurethane sheets are placed in the prototype.
Zoomed window illustrates the latter two cases only. (b) Admittance measurement for two
transducers in the prototype including particle solution, absorbing blocks and polyurethane
sheets (Figure 4.2a). In order to illustrate the effects better zoomed windows were added.

When the absorbing blocks are placed in the prototype, the effect of reflections
vanishes as shown in Figure 4.B1a. In the actual configuration the presence of both
transducers causes inevitable reflections, as seen in Figure 4.B1b. In the operating
frequency, both of the transducers have similar admittance.
Figure 4.B2 illustrates the admittance measurements for the frequency-sweep
prototype on the range 1.8 – 2.6 MHz . Sharp peaks indicate high Q factor
resonances. The operating range is 2.19 − 2.49 MHz.
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Figure 4.B2 - Admittance of the transducer in the frequency-sweep prototype including particle
mixture and reflector (Figure 4.2b).

(4.C) Relative motion of a particle in a frequency sweep type field
If a particle is captured with a frequency-sweep type field, it is expected to follow
the nodal pattern. The nodal pattern, however, does not have a constant velocity
as indicated in Equation (4.5). The velocity of the nodal pattern changes with time
and position. Moreover, since the excitation frequency changes, the acoustic
energy density in the field also changes. This phenomenon results in a relative
motion between a captured particle and the nodal pattern, illustrated in Figure
4.C1.
In Figure 4.C1 the nodal pattern is moving in the positive direction. Black line
indicates the force field when 𝑓 = 𝑓1 and red line indicates the force field when
𝑓 = 𝑓2 , where 𝑓2 > 𝑓1 . The horizontal axis gives the distance relative to the
wavelength, where 𝑥̅ = 𝑥/(𝜆/2).
Consider a particle, initially trapped by the force field given by the black solid line,
at 𝑥̅1 with force F = F1 in the 𝑥̅ direction and at time instant t = t1. Assuming the
inertial forces are negligible [2], the forces acting on the particle are the drag force
and the acoustic radiation force. Given the speed of the nodal pattern, the particle
experiences a drag force 𝐹𝐷 . In order the particle to be trapped, there must be an
acoustic force 𝐹𝐴𝐶 balancing the drag force, thus 𝐹𝐴𝐶 = −𝐹𝐷 with magnitude F1.
The line 𝐹 = 𝐹1 intersects the black line in two locations, that is one around 𝑥̅ =
0.12 and another around 𝑥̅ = 0.35. In the absence of an external flow or nodal
movement, the acoustic force pattern acts as a restoring force around 𝑥̅ = 0.5,
which is the stable trapping location. When a drag force is present, however, the
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stable trapping location shifts to the intersection at 𝑥̅ ≈ 0.35 , where |𝐹𝐴𝐶 | =
|𝐹𝐷 | = 𝐹1 . Hence, the particle indicated by the circle is initially trapped at location
𝑥1 indicated in Figure 4.C1. A force equilibrium is also possible around 𝑥̅ ≈ 0.15. In
this case, however, disturbances at this position result in the particle being trapped
away from that location. The latter case is analogous to a particle with positive
acoustic contrast factor trapped in the pressure antinode of a stationary standing
wave field.

Figure 4.C1 - Equilibrium position of a trapped particle with respect to the moving nodal
pattern. Black and red solid lines indicate, in a frequency-sweep-type dynamic field the
acoustic radiation force profile acting on a particle as a function of position. Blue arrow
indicates the direction of movement of the nodal pattern. Green dashed arrows indicate the
direction of acoustic force acting on the particles. The x axis is scaled such that 𝑥̅ = 𝑥/(𝜆/2)

According to Equation (4.5), within one sweep period the speed of the nodal
pattern slows down with time. Hence, the particle experiences a weaker drag force
|𝐹𝐷 | = 𝐹2 for t2 > t1. In the same nodal pattern the particle at t2, and indicated by
the triangle in Figure 4.C1, has an equilibrium position at 𝑥2 , due to similar
reasoning with the previous case. The new position 𝑥2 is closer to the pressure
node at 𝑥̅ = 0.5 than 𝑥1 , therefore the particle goes faster than the nodal pattern
while staying in force equilibrium with |𝐹𝐴𝐶 | = |𝐹𝐷 | = 𝐹2 .
In frequency-sweep type fields also the frequency of excitation increases. Equation
(4.6) suggests that the force amplitude increases with increased frequency. When
the frequency is increased from 𝑓1 to 𝑓2 , the acoustic radiation force pattern
becomes the red solid line in Figure 4.C1. Keeping the speed of the nodal pattern
the same, the particle indicated by the circle has a new equilibrium position,
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indicated by the square, at 𝑥3 in order to have |𝐹𝐴𝐶 | = |𝐹𝐷 | = 𝐹1 . The new position
𝑥3 is closer to the pressure node at 𝑥̅ = 0.5 than 𝑥1 , therefore, again, the particle
goes faster than the nodal pattern in order to stay in equilibrium.
The effects mentioned above individually induce a relative motion between the
particle and the nodal pattern. In reality, the effects occur simultaneously, hence
they together result in a relative motion between the captured particle and the
nodal pattern, making the captured particle travel faster than the nodal pattern.
(4.D) Empirical estimation of the K number in the presence of reflections
In the following, the 𝐾0 number is calculated from the ratio of the maximum
acoustic force and the maximum drag force on a spherical particle without
reflection. The particle will experience the maximum drag force only if it follows the
nodal movement. This derivation assumes that there are no reflections in the
system, thus there is only the primary dynamic field acting on the particles. When
reflections are present, however, a weaker field, due to reflections, still acts on the
particles. Numerical simulations were carried out to understand the effect of the
reflections on the system.
In the numerical simulations, different random combinations of particle (𝜌, 𝑐, 𝑟)
and excitation (Δ𝑓, 𝑓, 𝑃0 ) parameters were evaluated in order to check whether
the particle is able to follow the nodal movement or not. The random values are
taken from the intervals 500 < 𝜌 < 2000 , 800 < 𝑐 < 5000 , 2 × 10−6 < 𝑟 <
100 × 10−6 for particle parameters in appropriate SI units, and 0.5 < Δ𝑓 < 10,
1.5 × 106 < 𝑓 < 3 × 106 and 10 × 103 < 𝑃0 < 2 × 106 for excitation
parameters in appropriate SI units. Due to the undiscounted reflections, the
condition 𝐾0 ≥ 1 no longer ensures that the particle is able to follow the nodal
movement. The threshold values of 𝐾0 , thus under conditions with reflection, for
which the particle is able to follow the nodal movement, were recorded from
simulations for many combinations of parameters. The threshold 𝐾0 value is a
function of reflection coefficient only. Table 4.D1 summarizes the threshold 𝐾0
values for different values of the reflection coefficient.
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Table 4.D1 - The threshold K0 values for different reflection coefficients

𝑅

0 0.1 0.2

𝐾0 1

1

1

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.001 1.006 1.02 1.037 1.073 1.157 1.34

When the reflection coefficient is larger than 0.9, the threshold values for 𝐾0
become inconsistent, therefore they are excluded from the results. Based on the
data obtained in the numerical simulations, the threshold 𝐾0 values can be
expressed as a function of the reflection coefficient, that is
𝑓(𝑅) = 1 − 3.696 × 10−4 (1 − 𝑒 7.582𝑅 )

(4.D1)

With a correlation coefficient of 0.999 for the non-smoothed simulation data.
Figure 4.D1 presents the simulated data points and the fitted function.

1.40
1.35
1.30

K0

1.25
1.20
1.15
1.10
1.05
1.00

0.0

0.2

0.4

0.6

0.8

1.0

Reflection coefficient

Figure 4.D1 - The threshold K0 values and the fitted function, f(R). Dots represent the threshold
𝐾0 values for a particle to follow the nodal pattern when reflections are present with given
coefficient. The dashed line represents the empirical estimations given by Equation (4.D1).
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Based on the fitted function using the data from the numerical experiment, the
𝐾 number as a function of reflection coefficient can be expressed as
𝐾=

𝐾0
1 − 3.696 × 10−4 (1 − 𝑒 7.582𝑅 )

(4.D2)

with 𝐾0 given by Equation (4.8). Numerical simulations confirm that for 𝑅 ≤ 0.9,
the 𝐾 number successfully predicts whether the particle is able to follow the nodal
movement or not. When 𝑅 = 1, the system shows full reflection, and in such a case
a particle simply oscillates around its initial location without following the nodal
pattern.
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Abstract
The objective of the study was to investigate and demonstrate the application of
frequency-sweep dynamic acoustic fields for size-selective particle filtration on
centimeter scale in a regulated continuous flow. The 3D-printed prototype of the
acoustic separator has two inlets and two outlets, whereas the dynamic acoustic
field is generated between a transducer and a reflector. The measured frequency
response of the prototype was input to computer models, and simulations were
carried out to explore the effects of the sweep period and the flow parameters on
the filtration performance. A design-of-experiments study showed that the
filtration performance is largely affected by the sweep period and the outlet flow
rate. Lab experiments with model particle mixtures demonstrated the size selective
filtration performance of the prototype with a total flow rate of 1 L h−1 . A mixture
with unknown properties was also used to demonstrate the selective filtration
performance of the prototype.
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5.1

Introduction

Filtration of mixtures is an important step in industrial processes. Such mixtures can
be in the form of emulsions or suspensions. For example, pharmaceutical, food,
biomedical and water industries commonly incorporate filtration processes of
suspensions. Utilizing filtration in a selective manner can improve the quality of the
product and process. With the ability to perform filtration in continuous flow
without blocking or affecting the flow, acoustophoresis is one of the methods to
achieve selective particle filtering in suspensions [1-5].
A particle in an acoustic field experiences an acoustic radiation force. In an acoustic
standing wave field this force pushes the particle towards either a pressure node or
antinode, depending on the acoustic properties of the particle and the surrounding
medium [6, 7]. While moving in a fluid due to the combined effect of an acoustic
field and flow field, the particle also experiences drag force [7, 8]. Consequently,
selective particle filtering can be achieved based on the interplay between the
acoustic radiation force and the drag force on a particle.
With given surrounding medium and excitation parameters the acoustic radiation
force scales with particle volume, density and compressibility whereas the drag
force scales with particle size [6-8]. On microscale, this interplay is used to separate
particles based on their size [9-13] or acoustic contrast factor, which is a
combination of density and compressibility [14-16]. Cells can also be selectively
separated using acoustic radiation force only [17-23]. Typically, in microscale
acoustophoresis devices an acoustic standing wave field is utilized in a chamber
with a width equal to the half-wavelength at the excitation frequency in the
medium, referred to as half-wavelength separators. In such devices, the particles
are forced towards a single pressure node in the middle of the channel. The
amplitude of the acoustic radiation force increases with frequency and pressure
amplitude. If the particle size is comparable to or larger than the wavelength of
excitation, it cannot be manipulated by the acoustic radiation force. Hence, for
micrometer-sized particles the excitation is typically in the MHz range and the
channel width of such devices are in the order of hundreds of micrometers [24].
On centimeter scale, acoustophoretic devices become multi-wavelength
resonators [25-29]. Instead of one pressure node in the middle of the channel,
multiple pressure nodes and antinodes exist in such devices. While the acoustic
radiation force is typically due to an acoustic standing wave field, clever
arrangement of flow patterns open up possibilities for selective particle filtration in
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a continuous flow on microscale [30] as well as on centimeter scale [2, 31, 32].
Alternatively, application of dynamic acoustic fields on centimeter scale offers more
possibilities for selective filtration [33-38]. In dynamic acoustic fields, the pressure
nodes are not fixed and their motion can be controlled. One possible way of
obtaining a dynamic acoustic field is using frequency-sweep excitation, in which the
applied frequency is periodically ramped and the pressure nodes move away from
the sound source. Particle separation and concentration using frequency-sweep
excitation on centimeter scale and microscale is demonstrated in multiple studies
[39-42]. These studies made use of the nodes moving away from the sound source
and concentrate the particles in one end.
The controllability of the nodal motion greatly enhances the capabilities of the
separator. The acoustic force pattern in the separator and the speed of the nodal
movement, hence captured particles, as well as the flow profile in the separator
can be adjusted to possibly create a size selective filtration mechanism. This
adjustability makes a frequency sweep-based system a good candidate to scale-up
selective filtration applications from microscale to centimeter scale. However, such
possibilities offered by this type of excitation are not explored yet.
This study aimed to explore and demonstrate the selective particle filtration
capability of frequency sweep type dynamic acoustic fields on centimeter scale in a
continuous flow separator, by adjusting the excitation and flow parameters. First,
the frequency response of the transducer was obtained in the excitation range.
Computer simulations were carried out in order to examine the effects of the
excitation and flow parameters on the particle size distribution of model
polyethylene particles. Subsequently, lab experiments were performed to
demonstrate the selective filtering capability of the combination of frequency
sweep type field and flow pattern on model polyethylene particles in water and on
wheat beer.

5.2

Materials and methods

5.2.1 Frequency sweep excitation
In the frequency-sweep method, the excitation frequency is ramped periodically
from a starting frequency to a higher frequency within a given period. Excitation by
a single sound source, with a reflector placed parallel to that source, generates at
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each frequency a standing wave field in between. During a frequency sweep, the
resulting acoustic wave field can be considered a dynamic acoustic field in which
the quasi-standing wave field is contracted by introducing new nodes from the
source side. The distance between the source and reflector is kept constant while
with increasing frequency the wave includes more wavelengths over that distance.
Figure 5.1 illustrates the change in frequency and the corresponding change in the
standing wave pattern

(a)

(b)

Figure 5.1 - Change in the excitation frequency (a) and the corresponding standing wave
pattern in the dynamic acoustic field at specific time instances (b). The frequency is ramped
from f0 to f2 = f0+ST within the sweep period T and with S the sweep rate, leading to waves
with wavelengths I = c0/fi with c0 the speed of sound. As the excitation frequency increases,
new nodes are introduced from the source (transducer) side, in turn contracting the standing
wave pattern.

If the acoustic impedance of the reflector is much higher than the medium it reflects
the incoming wave with the same amplitude and phase. Hence, ignoring the
attenuation in the medium, the resulting standing wave, as a function of the timevarying frequency 𝑓(𝑡), can be expressed as
𝑃(𝑥, 𝑡) = 2𝑃𝑠 (𝑡) cos(𝑘(𝑡)𝑥) cos(𝜔(𝑡)𝑡)

(5.1)

In Equation (5.1), 𝑥 (m) is the distance of the particle from the reflector (Figure
5.1b) and 𝑡 (s) is time. 𝑃𝑠 (𝑡) (Pa) is the pressure amplitude of the incoming wave
from the source and it is a constant for the case the transducer vibrates equally at
every frequency during the sweep period. The function 𝜔(𝑡) = 2𝜋𝑓(𝑡) (rad s-1) is
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the angular frequency of excitation whereas 𝑘(𝑡) = 𝜔(𝑡)/𝑐0 (m-1) is the
wavenumber and 𝑐0 (m s-1) is the speed of sound in the medium. Defining the total
pressure 𝑃𝑡 (𝑡): = 2𝑃𝑠 (𝑡) , the equation of motion for a particle in a frequency
sweep type dynamic acoustic field is given by
4
( 𝜋𝑟 3 𝜌) 𝑥̈ + (6𝜋𝜇𝑟)(𝑥̇ + 𝑢)
3
+ 4𝜋𝑘(𝑡)𝑟 3 (

𝑃𝑡2 (𝑡)
) 𝜙(𝜌, 𝑐) sin(2𝑘(𝑡)𝑥) = 0
4𝜌0 𝑐02

(5.2)

In Equation (5.2), 𝑟 (m) is the particle radius, ρ0 (kg m-3) is the density of the
medium, 𝜌 is the density of the particle, 𝑐0 is the speed of sound in the medium, 𝑐
is the speed of sound in the particle material, 𝑃𝑡 (𝑡) is the amplitude of the sound
pressure, 𝜔(𝑡) is the angular frequency, 𝑘(𝑡) is the wave number, 𝜙(𝜌, 𝑐) (-) is the
acoustic contrast factor and 𝑢 (m s-1) is the constant flow velocity of the liquid from
the reflector to the source. The first term in Equation (5.2) is the inertial force on
the particle whereas the second term is the drag force acting on the particle. The
𝑃 2 (𝑡)

last term, 4𝜋𝑘(𝑡)𝑟 3 (4𝜌𝑡

2
0 𝑐0

) 𝜙(𝜌, 𝑐) sin(2𝑘(𝑡)𝑥) , is the acoustic radiation force

acting on a spherical particle in a frequency-sweep type dynamic acoustic field [38].
As new nodes are introduced in the quasi-standing wave pattern with linearly
increasing frequency (Figure 5.1a), the contraction rate of the pattern is not
constant. The velocity of any point in the dynamic acoustic field towards the
reflector, hence the negative sign, is a function of time and position and is given,
within one sweep period, by:
𝑣(𝑥, 𝑡) = −

𝑓0
𝑆𝑥
(𝑓0 + 𝑆 𝑡)2

(5.3)

In Equation (5.3), 𝑆 = Δ𝑓/𝑇 is the sweep rate. As a particle trapped in the pressure
nodes will follow the movement of the nodes, the velocity of a trapped particle can
be estimated from Equation (5.3) [38].
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5.2.2 Experimental setup
The experimental set-up consists of a dual-channel signal generator (Keysight
Trueform 33512B), a custom-made amplifier, an oscilloscope (Tektronix
TDS2024C), two syringe pumps for inlets (Aitecs PRO SP-12S), two syringe pumps
for outlet (HARVARD Apparatus Pump 33) and a separator prototype with
piezoelectric transducer (Noliac NCE41, dimensions 50 mm × 10 mm × 1 mm) and a
reflector (stainless steel). The prototype (Figure 5.2) includes 3D-printed polylactic
acid base and walls and a PMMA cover. The X-shaped prototype consists of two
inlets and two outlets that can be separately regulated. This ability allows the
manipulation of the streamlines, hence the drag force experienced by the particles.
Furthermore, the geometry of the prototype was designed such that the pipe
entrance is expanding smoothly to the main resonator channel, avoiding turbulence
due to sudden expansion. The transducer was coated with a thin layer of
polyurethane paint to provide electrical insulation, as polyurethane has a similar
acoustic impedance as water.

Figure 5.2 - X-shaped prototype used in the experiment. The transducer is connected to the
amplifier. The reflector is a stainless steel plate with the same dimensions as the transducer.
Particle mixture is fed from the transducer-side inlet, with flow rate 𝑉1̇ whereas samples are
taken from the transducer-side outlet, with flow rate 𝑉̇3 . Yellow rectangle indicates the area in
which the particle trajectories are presented in Figure 5.7.

The transducer was excited by a sweeping frequency signal. The electrical
admittance of the prototype was measured by using an HP 4194A impedance
analyzer, to check for resonant frequencies in the prototype and the amount of
nodes introduced during the sweep period. Each peak and valley introduced in the
admittance spectrum corresponds to a resonance in the system, while sharper
peaks indicate higher Q factor for those resonances. The generated pressure was
derived by measuring the surface velocity of the immersed transducer with a Laser
Doppler Vibrometer (LDV: Polytec OFV-5000 single-point vibrometer) during the
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frequency sweep. During the measurement the transducer was placed on a special
stand imitating the fixture in the prototype, immersed in water, outside the
prototype to ensure sufficient signal quality. The pressure was calculated by using
the specific acoustic impedance of the host medium. Pressure values were
calculated by taking the average of 10 recordings for each sweep period and
multiplying the velocity with the specific acoustic impedance. This pressure
information was used as input for the computer simulations.
For the simulations and experiments polyethylene particles were used ( 𝑐 =
1700 m s−1 ) of sizes: 36 (red), 56 (cyan), 70 (orange) and 100 μm (blue). Densities
of the different set of particles are 𝜌𝑟𝑒𝑑 = 998 kg m−3 , 𝜌𝑐𝑦𝑎𝑛 = 1000 kg m−3 ,
𝜌𝑜𝑟𝑎𝑛𝑔𝑒 = 1006 kg m−3 and 𝜌𝑏𝑙𝑢𝑒 = 1002 kg m−3 . The particle mixture contained
1 𝐿 MilliQ water, 0.075 g CTAB (hexadecyltrimethylammonium bromide) as
surfactant, 0.03 g red, 0.08 g cyan, 0.2 g orange and 0.5 g blue particles.
Particle motion was recorded by a microscope with camera and particle trajectories
were visualized with ImageJ software [43] and particle size distributions were
analyzed using a DIPA2000 particle analyzer. DIPA 2000 uses laser obscuration time
to measure the diameter of particles; a rotating laser beam scans the mixture and
by the obscuration time the diameter of individual particles are calculated.
5.2.3 Computer simulations
Computer simulations were done to calculate particle trajectories (COMSOL
Multiphysics 5.5) and particle size distributions (MATLAB r2018b). Each set of
excitation parameters was an arbitrary combination of a sweep period and input
and output flow rates. The sweep range, Δ𝑓 , was set to 500 kHz where
𝑓0 = 1.9 MHz. Total flow rate was set to 1 L h−1 and the transducer was excited at
20 Vpp . A design of experiments (DOE) study was carried out in order to explore the
effect of the variable excitation and flow conditions. As in the lab experiments, the
particle mixture was fed from the transducer-side inlet, with flow rate 𝑉1̇ . In the
plots presented throughout the article, volumetric percentage refers to the ratio of
the volume of particles within a given range to the total particle volume in the
mixture. Table 1 presents the range of the variable parameters used in the DOE.
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Table 5.1 - Range of variables for the DOE study
𝑇 (s)

𝑉1̇ (mL h−1 )

𝑉4̇ (mL h−1 )

3

300

300

5

400

400

7

500

500

DOE study and analysis were done by using Minitab 14. The study consisted of in
total 27 simulations, which are all possible combinations of parameters given in
Table 5.1. The flow rates were selected such that when the flow rates are unequal
at both outlets and inlets, with a preference to have larger flow rates at the
transducer-side outlet, the streamlines are bent towards the transducer-side
outlet. Hence the drag force resulting from this bending effect in the vertical
direction acts against the acoustic radiation force. As the acoustic radiation force
carries the particles towards the reflector, the drag force carries the particles
mostly towards the transducer-side outlet, in turn enhancing the interplay between
those two forces.
For the computer model, particle sizes were randomized in order to represent a
continuous particle size distribution. Number of particles used for each simulation
is given in Table 5.2. Same set of the particles were used for each simulation. Size
and initial position data of the particles can be found in the supplementary
material4.
The simulations were done in 2D by taking into account of the depth of the
prototype for flow rate inputs. Particle-particle interactions, secondary acoustic
radiation force effects, gravity and lift force were ignored. Under this assumptions,
all particles were independent of each other, leading to the possibility to release
them to the system at the same time. Consequently, the computational load was
reduced and the simulation times were shortened.
Assuming only the acoustic radiation force and drag forces are significant on the
particle, COMSOL Multiphysics was used to solve Equation (5.2) in combination
4

The supplementary material can be found in the published version of the chapter
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with the drag force resulting due to flow in 𝑥 and 𝑦 directions. The solutions were
carried out for each particle, eventually solving for particle trajectories.
Table 5.2 - Parameters of particles used in the simulations
Particle
color

Diameter
(μm)

STD of Diameter
(μm)

Number of
particles

Density
(kg m−3 )

Red

35

6.36

1756

998

Cyan

50

6.34

602

1000

Orange

71

13.11

220

1006

Blue

99

13.11

200

1002

5.3

Results and discussion

5.3.1 Frequency response of the prototype
First, the electrical admittance was measured in the range that covers the range of
operation, that is 𝑓0 = 1.9 MHz and Δ𝑓 = 500 kHz , in order to verify the
calculations prior to the lab experiments. The electrical admittance of the prototype
is given in Figure 5.3a. In the electrical admittance plot, every peak corresponds to
a resonance frequency of the system. Notice that the resonances in the sweep
period have sharp peaks indicating high Q factors. At higher frequencies more
pressure nodes in the system are generated, as the number of nodes is given by
ℎ𝑓
𝑁𝑛𝑜𝑑𝑒 = 2 𝑐 𝑟, where ℎ is the distance between the transducer and the reflector,
0

𝑓𝑟 is the corresponding resonant frequency and the right-hand side of the equation
is rounded down to the closest integer. A small frequency range and low number of
nodes may generate a nodal pattern that cannot be contracted fast enough to carry
a captured particle to the desired outlet. Based on the ratio of the given start and
end frequency, every point in the nodal pattern is approximately 20% closer to the
reflector at the end of the sweep period, due to the contraction illustrated in Figure
5.1b.
In addition to the admittance measurement, the pressure induced by the
transducer was also calculated by measuring the vibrations on the transducer
surface (Figure 5.3b). Assuming the transducer is only vibrating longitudinally in the
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thickness direction, the surface velocity of the transducer was measured by a
Polytec OFV-5000 single-point laser vibrometer. For this measurement it is
implicitly assumed that at the water-transducer interface the water and transducer
have the same velocity. Hence, by multiplying the measured velocity with the
specific acoustic impedance of water the pressure was calculated. The velocity
measurements were carried out for different sweep periods. The corresponding
pressure amplitudes for 𝑇 = 5s are illustrated in Figure 5.3b.

(a)

(b)

Figure 5.3 - (a) Electrical admittance of the transducer in the prototype when the prototype is
filled with the mixture. (b) Acoustic pressure induced to the medium by the transducer when
excited with 20 Vpp, for T = 5 s.

Figure 5.3a indicates that during the sweep period there were at least 15 new nodes
introduced to the standing wave pattern. Pressure values were calculated by taking
the average of 10 recordings for each sweep period and multiplying the velocity
with the specific acoustic impedance. Calculated pressure values were used in
simulations with different sweep periods. The average pressures are 58 kPa ,
57 kPa and 49 kPa for 3 s, 5 s and 7 s of sweep periods, respectively.
5.3.2 Computer simulations
Equation (5.2) is a second-order non-linear differential equation that describes the
particle motion in a frequency-sweep type dynamic acoustic field. COMSOL
Multiphysics was used to calculate the particle trajectories in the prototype. First,
the steady state flow field was computed using laminar flow physics. Subsequently,
a non-stationary simulation study was carried out in order to calculate particle
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trajectories for the given laminar flow pattern. For this simulation study, the ideal
acoustic pressure field given by Equation (5.1), using the average pressure
amplitude 55 kPa for all sweep periods, was input as a plane wave field and the
corresponding acoustic radiation force was calculated by COMSOL.
Figure 5.4 illustrates the simulation results for 𝑉1̇ = 300 mL h−1, 𝑉4̇ = 400 mL h−1
and 𝑇 = 5 s. In order to improve visibility, the number of particles were reduced to
10% of values given in Table 5.2.
Figure 5.4 indicates that since the flow rate is higher in the reflector-side (bottom)
inlet and the transducer-side (top) outlet the streamlines are carrying the particles
towards the transducer-side outlet. If the flow rates are all equal at each inlet and
outlet, the streamlines in the region of the acoustic field will be horizontal in Figure
5.4 and parallel to the pressure nodes, thus the flow does not result in a drag force
against the acoustic field. When the flow rates are unequal, with 𝑉̇3 > 𝑉4̇ , the
streamlines are always bent towards the transducer-side outlet. The acoustic field,
however, pushes particles towards the reflector-side. Hence, in contrast to the case
with parallel streamlines where the drag force from the fluid is perpendicular to the
acoustic force, the drag force from the fluid flow has a component opposite to the
acoustic force. Depending on the position where the particle enters the acoustic
field, a small particle in the middle of the channel may not be captured by the nodal
pattern but still be affected enough to exit from the reflector-side outlet.
Consequently, such a particle potentially exiting from the reflector-side outlet may
be pushed to the transducer-side outlet with the help of the additional drag force
from the streamlines.
In the example given in Figure 5.4, all of the blue (largest) particles (see Table 5.2)
are pushed to the reflector-side outlet. Most of the orange particles and few cyan
particles are pushed toward the reflector-side outlet. Red (smallest) particles, on
the other hand, all exit from the transducer side outlet. Particle position data from
the simulations in COMSOL was extracted in order to analyze the particle size
distribution in the transducer-side outlet and the reflector-side outlet. Particle size
distributions in terms of total particle volume were calculated with MATLAB and
illustrated in Figure 5.5. Results presented in Figure 5.5 are based on the full
number of particles given in Table 5.2.

126

(a)

(b)
Figure 5.4 - Steady state flow velocity (a) and particle paths (b) calculated by COMSOL
Multiphysics with 𝑉1̇ = 300 mL h−1, 𝑉4̇ = 400 mL h−1 and T = 5 s. Flow direction is from left
to right. Transducer is placed on the top and reflector is at the bottom. The particles are released
from the line on the top left inlet.

In Figure 5.5, there is an overlap between the particle size distributions from the
transducer-side and reflector-side outlets, indicating that there is not a single cutoff diameter for a clear separation between the two outlets. The interplay between
the drag force from the fluid flow and the acoustic forces pushed larger particles
towards the reflector-side outlet. In the transducer-side outlet (Figure 5.5b) 90 %
of the particles were smaller than 87 μm whereas the largest particle exited from
that outlet was 98 μm in diameter. For the reflector-side outlet 90% of the
particles were larger than 88 μm and the smallest particle pushed to that outlet
was 83 μm in diameter.
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(a)

(b)
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(c)
Figure 5.5 - Particle size distribution in terms of total particle volume (black dots) and the
cumulative totals (blue line) for the input mixture (a), mixture from transducer-side outlet (b)
and mixture from reflector-side outlet (c). These simulation results correspond to a case with
𝑉1̇ = 300 mL h−1, 𝑉4̇ = 400 mL h−1 and T = 5 s. Dots represent the percentage of the particles
with diameter between neighboring integers. Lines connect the dots to guide the eye. Notice the
different ranges of the y-axis. For the acoustic pressure, pressure data from Figure 5.3b is used.

5.3.3 Effects of flow and sweep period on filtration
In order to explore the effect of the combinations of flow rates and sweep period,
a DOE study was carried out using Minitab 14. Simulations without acoustic field
were done to check the effect of the flow field only. These simulations did not show
any separation, i.e. all particles exited from the transducer-side outlet. The effect
of combinations of flow rates and sweep period on the selective separation
performance were evaluated based on three metrics, which are (i) the diameter of
the largest particle from the transducer-side outlet, indicated as threshold; (ii)
d90T , the diameter at which 90 % of the particles ends up in the transducer-side
outlet; (iii) d10R , the diameter at which 1 0 % of the particles ends up in the
reflector-side outlet. Figure 5.6 presents the effects of the flow and sweep period
on the three metrics, using the average pressure amplitude of 55 kPa for all sweep
periods.
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(a)

(b)

(c)

(d)

Figure 5.6 - Effects of the flow parameters 𝑉1̇ (squares, black line), 𝑉4̇ (circles, dashed line), T
(triangles, dotted line), after averaging the effect of the other factors, on the threshold (a), d90T
(b) and d10R (c) based on computer simulations. Bottom-right panel (d) shows the standardized
effects chart based on all 27 simulations, for confidence level of 95% for threshold (squares,
black line), d90T (circles, dashed line), and d10R (triangles, dotted line).

Figures 5.6a-c show more or less linear relationships between the three metrics and
the three factors, 𝑉1̇ , 𝑉4̇ and 𝑇. Figure 5.6d shows that the flow threshold and d90T
are affected most by T and to a lesser extent by 𝑉4̇ , whereas d10R is more or less
equally affected by the flow rates and sweep period. The combined effects, based
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on the coefficients in the regression equation which multiplies the product of
factors, are all relatively small.
Unequal outlet flows affect particles close to the outlets as indicated in Figure 5.4b,
thereby, and forced by the streamlines, giving the acoustic radiation force less time
to counteract and carry particles in the opposite direction. On the other hand, in
the beginning of the acoustic field the effect of unequal inlet flows is more easily
countered by the acoustic field, because the acoustic field has more time to affect
the particles.
Equation (5.3) suggests that for longer sweep periods with the same start and end
frequency, the sweep rate 𝑆 gets smaller, therefore the nodal pattern moves
slower on average [38]. If a particle is moving with a nodal pattern that moves
slower, it is experiencing less drag force. Hence, an excitation with longer sweep
period is able to capture and carry smaller particles. It is also theoretically expected
that with a constant acoustic pressure equal for all sweep periods the threshold,
d90T and d10R values are getting smaller with a larger sweep period [38].
5.3.4 Laboratory experiments
According to the computer simulations it is possible to manipulate the particle size
distribution from the transducer outlet by a combination of sweep rate and flow
parameters. In order to determine and confirm such possibilities, lab experiments
with polyethylene particles were carried out using the prototype given in Figure 5.2.
As in the numerical experiments, the particle mixture was fed from the transducerside inlet and samples were taken from the transducer-side outlet. As in the
computer simulations, experiments with only flow manipulation did not result in
any separation. Figure 5.7 displays the experimentally obtained trajectories of
particles, as a result of both acoustic and flow fields.
Figure 5.7 confirms that the particles are size-selectively following the nodal
movement. Trajectories of the particles clearly display the slope difference. Smaller
particles, with red and cyan color, are mostly following the streamlines of the flow.
The nodal velocity is depending on time and position (Equation (5.3)), where for
positions further away from the transducer the velocity is lower, as x becomes
smaller.
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(a)

(b)

Figure 5.7 - Particle trajectories recorded in the experiments. The transducer is on the top side
of the image. The flow is from left to right whereas the acoustic field pushes the particles
downwards. V̇1 = 300 mL h-1, 𝑉4̇ = 400 mL h−1 and T = 5 s. Smaller (red, cyan) particles are
in general unable to follow the nodal pattern (a), whereas larger (orange, blue) particles are
moving downwards with the nodal pattern (b). The images were created by overlaying 300
consecutive pictures taken in a span of 10 s.

As seen in the left bottom corner of Figure 5.7a, small (red and cyan) particles,
which escaped from the dominant flow towards the transducer-side outlet, have a
steeper downward slope of their trajectory than the small particles close to the
transducer. As the nodal velocity is higher in the regions close to the transducer,
although affected by the acoustic field, small particles were not captured and
carried by the nodes. In the regions further away from the transducer, however,
the nodal speed becomes lower and the acoustic field moves slow enough to carry
these small particles. Consequently, near the transducer the small particles
experience the effect of the acoustic field, leading to an increasing downward slope
of their trajectories as they get further away from the transducer. Furthermore, in
Figure 5.7b, large blue particles captured by the field have steeper slope in the
regions close to the transducer, as the velocity of the nodal pattern with the
trapped (large) particles is highest here. In the regions close to the transducer,
however, there are still some large particles unable to follow the nodal pattern.
Hence, whether a particle is trapped or not is not only determined by the flow,
excitation and size parameters. The location of the particle when entering the
acoustic field also affects the particle movement. For example, a large particle close
to the transducer and not captured by the nodal movement, as a result of
irregularities in the acoustic field, can still follow the streamlines and exit from the
transducer-side outlet, whereas a small particle away from the transducer can
follow the nodal pattern and exit from the reflector-side outlet. This results in an
overlap between the particle size distributions from both outlets, as indicated in
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Figure 5.8. Figure 5.8 displays the particle size distributions from the transducerside outlet for different combinations of flow and sweep periods.

(a)

(b)
Figure 5.8 - Experimentally obtained particle size distributions of samples from transducer-side
outlet with T = 3 s (a) and T = 5 s (b). Black squares connected by black dotted lines and black
circles connected by black lines indicate the volumetric percentage of particle sizes for equal
and unequal flow rates, respectively. Blue dotted and solid lines give the cumulative percentage
of particle sizes for equal and unequal flow rates cases, respectively. Equal flow rates
correspond to V̇1 = V̇4 = 500 mL h-1 whereas unequal flow rates correspond to V̇1 =
300 mL h-1 and 𝑉4̇ = 400 mL h−1.
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The particle mixture used in the experiment was contained in multiple bottles. Even
though for each input the particle size distribution is not exactly the same, all input
mixtures contained particles sizes in the full range of 10-120 μm . Figure 5.8
confirms the trends indicated by Figure 5.6a-c, where for unequal flow rates the
threshold decreases from 𝑇 = 3 s to 𝑇 = 5 s. For the case with equal flow rates,
the thresholds were 103 μm and 94 μm for 𝑇 = 3 s and 𝑇 = 5 s, respectively. For
the case with unequal flow rate, the thresholds were 82 μm and 74 μm . The
thresholds obtained in the experiments were lower than the thresholds estimated
by the simulations. In the simulations, the pressure field was assumed to be a
perfect plane wave in the vertical direction, as indicated by Equation (5.1). The
pressure amplitude in the simulations was 55 kPa for all simulations, whereas in
the experiments the pressure generated by the transducer is a function of
frequency (Figure 5.3b) and therefore not constant. The experiments suggest that
the actual pressure field generated by the transducer has a stronger effect on
particles than the constant peak amplitude field used in the simulations.
Nevertheless, experiments confirm that the threshold values can be tuned by the
flow and sweep time parameters, enabling selective filtration from the transducer
outlet.
5.3.4.1 Wheat beer experiment

Another experiment, that aimed to further investigate the previous findings using
hard model particles, was carried out with wheat beer, containing yeast particles
(soft matter) with unknown properties. The prototype has shorter entrance length
due to the lower flow rate used. Normally the beer contains bubbles and the
bubbles disrupt the acoustic field by creating discontinuities in the medium as well
as improving the likelihood of cavitation. Hence, before the start of the experiment
the beer was degassed using a vacuum pump. In this experiment, the excitation
frequency was swept from 1.9 MHz to 2.3 MHz. Voltage applied to the transducer
was 20 Vpp while the flow rate was set to 100 mL h-1 in total, equal at both inlets
and outlets. Sweep periods were set to 𝑇 = 8 s and T = 10 s. Samples were taken
from the transducer side outlet. Particle size distributions for each case is given in
Figure 5.9.
As the properties of the yeast cells are unknown, we chose a lower flow rate with
higher residence time in the separator than in the previous experiments. Together
with longer sweep periods the nodes move slower, according to Equation (5.3).
Such adjustments to the flow and excitation ensured that the yeast cells were
trapped. The beer initially contained yeast cells up to 21 μm in diameter. After
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passing through the separator while T = 8 s, the sample from the transducer outlet
contained yeast cells up to 14 μm in diameter. Similarly, for T = 10 s maximum
particle size in the transducer outlet was 11 μm.

Figure 5.9 - Particle size distribution of wheat beer before and after the application. Squares
connected by the solid line represents the particle size distribution of the input mixture. Circles
connected by the dashed line and triangles connected by the dash-dot line represent the particle
size distribution for T = 8 s and T = 10 s, respectively.

5.4

Conclusions

This study explored selective filtering on centimeter scale by frequency sweep
excitation and regulation of flow rates. The interplay of the forces on a particle, that
is acoustic force and drag force, creates possibilities for selective filtering. A DOE
study of computer simulations demonstrated that the filtration threshold can be
manipulated by adjusting the inlet and outlet flow rates and the sweep period. The
filtration threshold is mainly affected by the outlet flow conditions and the sweep
period, as the effects of inlet flow conditions can be countered by the acoustic
force. Experiments with a mixture of model polyethylene particles confirmed the
tunability of the filtering threshold with a total flow rate of 1 L h-1.
A lab experiment with wheat beer confirmed the applicability of the method on soft
matter with smaller particle sizes and using a lower flow rate.
The numerical and lab experiments in this explorative study confirmed the selective
filtration capability of dynamic acoustic fields with regulated flows on centimeter
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scale, and open up possibilities for future optimization studies of the X-shaped
separator.
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CENTIMETER SCALE USING DUAL FREQUENCY
TYPE DYNAMIC ACOUSTIC FIELD
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Abstract
This study investigated the application of dual-frequency type dynamic acoustic
fields for size-selective particle separation on centimeter scale in a continuous flow.
The 3D-printed X-shaped prototype has two inlets and two outlets. The dynamic
acoustic field is generated by two transducers positioned under an angle of 60° and
operating at slightly different frequencies. The acoustic reflections are eliminated
by placing sound-absorbing material inside the prototype and the non-resonant
operation is confirmed by the electrical admittance measurements. Numerical
calculations suggested that pressure generated by each transducer need not to
have an equal amplitude. Computer simulations and lab experiments were carried
out for different frequency differences and flow rates. The results demonstrated
the ability of dual-frequency type dynamic acoustic fields for size-selective particle
filtration on centimeter scale, with a total flow rate up to 1 L h−1 .
.

144

6.1

Introduction

Many industries, such as food, biomedical, pharmaceutical and water industries,
utilize particle filtration processes. Filtration is often performed on suspensions in
order to improve the quality of the product and the process. Several methods exist
to perform filtration on several types of mixtures. Acoustophoresis is one of such
methods and can perform filtration in continuous flows without blocking and
affecting the flow [1-5]
Selective particle separation using acoustophoresis is achieved through the
interplay between forces acting on particles, namely the acoustic radiation force
and the drag force [6]. Acoustic radiation force acts on a particle in an acoustic field
and scales with particle volume, density and compressibility. In an acoustic standing
wave field, depending on the acoustic properties of the particle and the
surrounding medium, the particle is pushed either towards a pressure node or
antinode [7, 8]. A drag force acts on particles as a result of the motion of the particle
due to the combined effect of an acoustic field and flow field, and scales with
particle size [8, 9].
Microscale acoustophoretic separation exploits this interplay to selectively
separate cells and particles based on their size, density and compressibility [10-16].
In a half-wavelength separator particles are pushed towards a single pressure node
in the middle of the chamber at appropriate excitation frequencies. Acoustic
radiation force also scales with frequency and the manipulated particle should not
be larger than the wavelength of excitation. Due to this limitations, the excitation
frequency is typically in the MHz range for micrometer-sized particles.
Consequently, the width of half-wavelength microfluidic devices are in the order of
hundreds of micrometers. Scaling up half-wavelength devices to centimeter scale
implies the frequency to be in the range of a few kHz to match physically, but
therefore reducing the force enormously. As a result, centimeter scale
acoustophoretic devices were designed as multi-wavelength resonators with
multiple pressure nodes and antinodes in the system [17-21]. As in microscale
applications, the interplay between acoustic radiation force and drag force can still
be exploited for selectivity by clever arrangement of the flow [21, 22].
On centimeter scale, as an alternative to acoustic standing wave fields, dynamic
acoustic fields offer more possibilities and allow a higher degree of configurability
[6, 23]. One way of obtaining a dynamic acoustic field is exciting the medium by two
transducers. Counter-propagating waves from each transducer subsequently
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generate a standing wave pattern in between. If both of the transducers are
operated at the same frequency and amplitude, an acoustic standing wave field
results. Moreover, when a phase difference between the waves is introduced, it
becomes possible to regulate the position of the nodes in the acoustic standing
wave pattern. A less frequently used alternative is the dual frequency method,
where one of the transducers is operated at a slightly different frequency,
corresponding to a linear continuous phase shift. The phase shift results in a quasistanding wave field moving with constant velocity. In both bulk and surface acoustic
wave applications, such manipulations enable particle transport in single and multiwavelength systems [6, 23-34], but may also enhance sedimentation processes.
Especially in bulk acoustic wave applications, however, the transducers also act as
reflectors. By adjusting the dimensions of the matching layers in the system or
operating the system at the resonant frequencies of the transducers, it is still
possible to manipulate the wave pattern when reflections are present [6, 24, 30,
31].
Instead of including or eliminating reflections, it is also possible to generate a quasistanding wave field by orienting the transducers to generate sound in an angle to
each other. Using such a method, pressure nodes are generated parallel to the
plane of symmetry between two transducers [35, 36]. These crossing sound beams
can eliminate the reflections completely, while keeping the acoustic wave field
suitable for particle manipulation. By manipulating the excitation, a quasi-standing
wave field can be obtained and controlled in the desired area. Controlling the
acoustic wave field allows the control of the acoustic radiation force and thus
enhances the interplay between the acoustic radiation force and the drag force.
Such possibilities make this method a good candidate for applications of selective
particle separation on centimeter scale in continuous flows. However, this method,
combining acoustic radiation and drag forces and using dual transducers with
slightly different frequencies, has not been explored for selective particle
separation on centimeter scale, yet.
The aim of this study was to explore and demonstrate the selective particle
separation capability of dual frequency type dynamic acoustic fields on centimeter
scale in a continuous flow separator. The dynamic acoustic field is obtained by
crossing the fields from two transducers with an angle of 60° in between. The
frequency responses of the transducers were examined in order to determine the
optimal excitation frequency. Computer simulations were carried out to discover
the effects of the excitation parameters on the filtration performance. Lab
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experiments confirm the size selective separation capability of the X-shaped
prototype.
6.2

Materials and methods

6.2.1 Dual frequency excitation
In order to obtain an acoustic standing wave, two identical counter-propagating
waves are needed. When the waves are not identical but are with similar frequency
and amplitude, the resulting pressure field, at position 𝑥 and time 𝑡, is expressed as
𝑃(𝑥, 𝑡) = 𝛿𝑃1 𝑃0 cos (𝜔1 𝑡 −

𝜔1
𝜔2
𝑥) + 𝛿𝑃2 𝑃0 cos (𝜔2 𝑡 +
𝑥)
𝑐0
𝑐0

(6.1)

Here, 𝑃0 (Pa) is the average peak amplitude of the two waves, 𝛿𝑃1 and 𝛿𝑃2 , with
𝛿𝑃1 + 𝛿𝑃2 = 2 and 𝛿𝑃1 , 𝛿𝑃2  0 , are the multipliers of the pressure from each
transducer, 𝜔1 = 2𝜋𝑓1 and 𝜔2 = 2𝜋𝑓2 (rad s-1) are the excitation frequencies, 𝑡 (s)
is time, 𝑥 (m) is distance from the high frequency source and 𝑐0 (m s-1) is the speed
of sound in the host medium. If 𝜔1 = 𝜔2 and 𝛿𝑃1 = 𝛿𝑃2 = 1, the result will be a
stationary standing-wave field. When 𝛿𝑃1 = 𝛿𝑃2 = 1 , 𝜔1 = 𝜔2 + 𝜖 , 𝜔 = (𝜔1 +
𝜔2 )/2 and 𝜖 ≪ 𝜔, the pressure field can be written as follows [6]:
𝑃(𝑥, 𝑡) = 2𝑃0 cos (

𝜔
𝜖
𝜖
𝑥 − 𝑡) cos (
𝑥 − 𝜔𝑡)
𝑐0
2
2 𝑐0

(6.2)

The acoustic radiation force on a spherical particle in such a field, with 𝑃𝐷 = 2𝑃0 , is
given by [6]
𝐹𝑎𝑐 (𝑥, 𝑡) = 4𝜋𝑘𝑟 3 (

𝑃𝐷2
) 𝛷(𝜌, 𝑐) sin(2𝑘𝑥 − 𝜖𝑡)
4𝜌0 𝑐02

(6.3)

Here, 𝑟 (m) is the particle radius, 𝜌0 (kg m-3) is the density of the medium, 𝜌 is the
density of the particle, 𝑐 is the speed of sound in the particle, 𝛷(𝜌, 𝑐) =
1 𝜌0 𝑐02
3 𝜌𝑐 2

2
3

𝜌+ (𝜌−𝜌0 )
2𝜌+𝜌0

−

(-) is the acoustic contrast factor, 𝑘 = 𝜔/𝑐0 (m-1) is the wave number. The

resulting sinusoidal-shaped force field will travel from the higher-frequency source
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to the lower-frequency source at a constant velocity of 𝑣 = 𝜖/2𝑘 (m s-1). If the
frequencies of excitation are given by: 𝑓1 = 𝑓2 + Δ𝑓 and 𝑓 = (𝑓1 + 𝑓2 )/2 (Hz), the
Δ𝑓
velocity of the wave pattern is 𝑣 = 2𝑓 𝑐0 [6, 34]. This type of a field is analogous to
a field created by introducing a linear continuous phase shift between two
transducers.
Theoretically [6], it is required that the amplitudes of two waves are equal. In
practical applications, however, this may not always be the case. When 𝛿𝑃1 ≠ 𝛿𝑃2
and still 𝛿𝑃1 + 𝛿𝑝2 = 2, the force on a particle scales as (see Appendix 6A for
numerical validation)
′ (𝑥,
𝐹𝑎𝑐
𝑡) =

2𝛿𝑃1 𝛿𝑃2
𝐹 (𝑥, 𝑡)
δP1 + 𝛿𝑃2 𝑎𝑐

(6.4)

In Equation (6.4), the term multiplying the acoustic radiation force, for the case
𝛿𝑃1 ≠ 𝛿𝑃2 , is the harmonic average of 𝛿𝑃1 and 𝛿𝑃2 . The force on a particle is thus
maximized when 𝛿𝑃1 = 𝛿𝑃2 = 1. The case 𝛿𝑃1 = 0 and 𝛿𝑃1 = 2, for instance, gives
′ (𝑥,
𝐹𝑎𝑐
𝑡) = 0, which corresponds to a travelling wave and zero acoustic radiation
force on a particle. Assuming there are no reflections and denoting the harmonic
average as 𝐻, with 0 ≤ 𝐻 ≤ 1, the equation of motion (EOM) of a particle in a dual
frequency type dynamic acoustic field reads as follows:
4
( 𝜋𝑟 3 𝜌) 𝑥̈ + (6𝜋𝜇𝑟)(𝑥̇ + 𝑢)
3
+ 4𝜋𝑘𝑟 3 𝐻 (

𝑃𝐷2
) 𝛷(𝜌, 𝑐) sin(2𝑘𝑥 − 𝜖𝑡) = 0
4𝜌0 𝑐02

(6.5)

In Equation (6.5), 𝑢 (m s-1) is the constant flow velocity of the liquid from the highfrequency source to the low-frequency source and 𝜇 (Pa s) is the viscosity of host
medium.
6.2.2 Experimental setup
The experimental set-up consists of a 3D-printed polylactic acid (PLA) prototype of
a separator with piezoelectric transducer (Noliac NCE41, dimensions 50 mm × 10
mm × 1 mm) , a dual-channel signal generator (Keysight Trueform 33512B), a
custom-made amplifier, an oscilloscope (Tektronix TDS2024C), two syringe pumps
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for inlets (Aitecs PRO SP-12S) and two syringe pumps for outlet (HARVARD
Apparatus Pump 33).
The geometry of the prototype is designed such that the angle between the
transducers is 60° and each transducer therefore makes an angle 30° with the
horizontal plane. Figure 6.1 illustrates the prototype.

(a)

(b)

Figure 6.1 - (a) The 3D printed prototype and (b) the schematic representation. The transducers
are electrically connected to the two channels of the amplifier. The inlets and outlets have equal
flow rates. Particle mixture is fed from the inlet indicated by the purple (darkest) arrow.
Samples are taken from the outlet indicated by the yellow (lightest) arrow. Acoustic windows
(AW) are displayed in orange, transducers are displayed in pink and absorbing blocks (AB) are
displayed in green in (b). Due to the geometry, the reflected waves are directed towards the
absorbing blocks (b). Consequently, a standing wave is generated as if there were no
reflections. Blue arrows in (a) indicate the location of cooling water inlets and outlets.

The transducers were excited by signals generated in the separate but synchronized
channels of the signal generator. When the angle between the transducers is larger
than 60°, the reflected waves are directed away from the flow channel. Hence, the
angle of 60° ensures that the reflections do not disturb the acoustic field while
keeping the 𝑥-component as large as possible. The flow entrances were designed
to be smooth, so that in the main resonator channel turbulence is avoided. The
resonator channel was created by placing inner walls, 2 cm apart from
polyurethane sheets as polyurethane is acoustically transparent. The prototype is
closed by a PMMA cover on top. Between the transducers and the inner wall,
cooling water was circulated between experiments to cool the transducers. In order
to isolate the resonator channel from the cooling liquids, silicone lines were applied
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between the cover and the inner wall, closing any remaining gaps. The absorbing
blocks were cut from polystyrene blocks and glued to the transducer wall. Small
holes on the absorbing blocks were pinched to ensure that the cooling liquid can be
pumped to the chambers.
In order to check whether the reflections were absorbed by the absorbing blocks
and no resonances are present in the system, the electrical admittance of the
prototype was measured by using an HP4194A impedance analyzer. The excitation
frequency of the transducers was determined based on the frequency response of
the transducers measured by the impedance analyzer.
A Polytec OFV-5000 single-point vibrometer was used to measure the vibrations
and calculate the pressure generated by each transducer. For the laser vibrometer
measurements, the transducers were placed on a special stand imitating the fixture
in the prototype, immersed in water to ensure sufficient signal quality. The pressure
was later calculated by using the specific acoustic impedance of the host medium.
Polyethylene particles ( 𝑐 = 1700 m s −1 ) of sizes: 36 (red), 56 (cyan), 70 (orange)
and 100 μm (blue) were used for both the simulations and experiments. Densities
of the different set of particles are 𝜌𝑟𝑒𝑑 = 998 kg m−3 , 𝜌𝑐𝑦𝑎𝑛 = 1000 kg m−3 ,
𝜌𝑜𝑟𝑎𝑛𝑔𝑒 = 1006 kg m−3 and 𝜌𝑏𝑙𝑢𝑒 = 1002 kg m−3 . The particle mixture contained
1 𝐿 MilliQ water, 0.075 g CTAB (hexadecyltrimethylammonium bromide) as
surfactant, 0.03 g red, 0.08 g cyan, 0.2 g orange and 0.5 g blue particles.
Particle motion was recorded by a microscope with camera and particle trajectories
were visualized with ImageJ software [37]. Particle size distributions were analyzed
using a Mastersizer 3000 particle size analyzer.
6.2.3 Computer simulations
For the computer simulations, COMSOL Multiphysics (5.5) was used to calculate the
particle trajectories and MATLAB (r2018b) was used to generate particle size
distributions. Due to the angled orientation of the transducers the dynamic acoustic
field is generated in a limited area in the prototype, as illustrated in Figure 6.2.
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Figure 6.2 - Geometry of the prototype used in the computer simulations. The inlets and outlets
have equal flow rates. Particle mixture was fed from the inlet indicated by the purple (darkest)
arrow. Particle size analysis were done for the outlet indicated by the yellow (lightest) arrow.
Purple area highlights the region of the acoustic field.

In the simulations the total flow rate was set to 600 mL h−1 , 800 mL h−1 and
1000 mL h−1 . The average frequency of excitation was 2.19 MHz while the top
transducer was excited at a higher frequency. The frequency difference between
the transducers was set 1 Hz, 2 Hz and 3 Hz. Simulations were carried out for all
combinations of flow rates and frequency differences. Particles were released from
the tilted line at the left-hand side of the acoustic field region (Figure 6.2) in order
to limit simulation time. Particle sizes were randomized around the average sizes
for each group and particles started at a random location along the starting line.
For each simulation, the same particle set was used with the same particle starting
location. Table 6.1 summarizes the particle properties used in the simulations.
Table 6.1 – Parameters of particles used in the simulations
Particle
color

Diameter
(μm)

STD of Diameter
(μm)

Number of
particles

Density
(kg m−3 )

Red

35

6.36

1756

998

Cyan

50

6.34

602

1000

Orange

71

13.11

220

1006

Blue

99

13.11

200

1002

For the simulations and experiments, the filtration performance was evaluated
based on the commonly used 𝑑90 value of the particle size distribution at the top
outlet.
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6.3

Results and discussion

6.3.1 Frequency response of the prototype
The electrical admittance of both transducers was measured while they were
placed in the prototype filled with water. Figure 6.3 displays the electrical
admittance of the transducers between 2 MHz and 2.5 MHz.

Figure 6.3 - Admittance of the transducers placed in the prototype. Solid black line represents
the admittance of transducer 1 and dashed black line represents the admittance of transducer 2.
The two lines intersect near 2.19 MHz.

The absence of sharp peaks and valleys in the admittance graphs confirms that the
reflections are absorbed by the absorbing blocks, and the device is not operated at
a resonance. Measurements without the absorbing blocks contained many sharp
peaks resulting from resonances [6]. The admittance curves of the transducers
intersect at 𝑓 = 2.19 MHz, and this intersection frequency was chosen as the
average excitation frequency. Each transducer was separately excited at 2.19 MHz
and with 20 Vpp . The calculations on the basis of the vibrometer measurements
suggest that each transducer produces 35 ± 2 kPa. According to Figure 6.1, the 𝑥components of each wave creates the dynamic acoustic field in the highlighted area
in Figure 6.2.
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6.3.2 Computer simulations
For the computer simulations, it was assumed that the transducers are generating
equal pressure and the 𝑥-component of pressure from each transducer is taken as
30 kPa. First, the steady state flow field was computed assuming laminar flow in
the prototype. Subsequently, given the stationary flow field, particle trajectories
were calculated. The acoustic field from the transducers was assumed to be an ideal
plane wave field. Therefore, the highlighted area contains an acoustic quasistanding wave field with pressure nodes parallel to the 𝑦-axis. Figure 6.4 illustrates
the simulation results for 𝑉̇ = 1000 mL h−1 , thus through each channel
500 mL h-1, and Δ𝑓 = 1 Hz . In order to improve the visibility, the number of
particles were reduced to 10% of values given in Table 6.1.

(a)

(b)
Figure 6.4 - (a) Steady state flow pattern for 𝑉̇ = 1000 mL h−1. Flow direction is from left to
right. (b) Particle trajectories for Δf = 1 Hz. Top transducer has a higher frequency than the
bottom one.

Figure 6.4 indicates that the particles following the nodal movement have a
downwards slope and are pushed towards the bottom outlet. All blue (largest)
particles were able to follow the nodal pattern. Some orange particles (71 µm) were
able to follow the movement whereas none of the small, cyan and red, particles
could follow. Even though a particle cannot follow the nodal movement, it may still
have a downwards motion, as a result of the flow and the acoustic radiation force.
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Nevertheless, these particle trajectories have a smaller slope than the trajectories
of particles that can follow the nodal movement. As a result, a small particle
entering the acoustic field near the center of the prototype can still be pushed
towards the bottom outlet. Thus, some cyan and red particles end up in the bottom
outlet. Particle size distributions in terms of total particle volume were calculated
and analyzed with MATLAB to calculate the 𝑑90 value. The analyses were based on
the simulations using on the full number of particles given in Table 6.1.To evaluate
the effect of flow rates (600, 800, 1000 mL h-1 ) and frequency difference (1, 2, 3
Hz) on the 𝑑90 value, computer simulations were carried out for all combinations
of flow rates and frequency differences. Figure 6.5 displays the 𝑑90 values for the
top outlet for each combination.

Figure 6.5 - The d90 values from computer simulations for the top outlet for the different
combinations of flow rates and frequency differences. Squares connected by solid line
correspond to 𝑉̇ = 1000 mL h−1, circles connected by the dashed line correspond to 𝑉̇ =
800 mL h−1 and triangles connected by dotted line correspond to 𝑉̇ = 600 mL h−1 .

Figure 6.5 suggests that the higher the frequency difference, the higher the 𝑑90
values for each flow rate. The speed of the nodal movement increases linearly with
the frequency difference. As a result, the drag force on a node-following particle
increases with frequency difference, while the acoustic radiation force on the
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particle is limited [6]. This effect increases the 𝑑90 value of the top outlet, as larger
particles cannot follow the nodal movement and end up in the top outlet. In
addition to this, simulations were carried out without an acoustic field and such
simulations did not result in any separation, as all the particles exited from the top
outlet.
In order to explore the possibility of density selective separation, a separate set of
simulations was carried out with the same combination of flow rates and frequency
differences. A total of 1000 particles with 𝑑 = 70 μm were released from the
release location and each particle has a random density value in the range
1000 ± 100 kg m−3 . Of all the simulations, only the case with Δ𝑓 = 1 Hz and
𝑉̇ = 1000 mL h−1 resulted in differences in density spectrums from the two
outlets. All particles exited from the top outlet were heavier than 1031 kg m−3. In
all other simulations, there was not a distinct cut-off density in both outlets.
6.3.3 Lab experiments
The simulations suggest that the particles can be size and/or density selectively
separated by adjusting the frequency difference between the transducers. The
geometrical arrangement of the transducers allows the generation of acoustic
(quasi-)standing waves in the flow channel, with pressure nodes parallel to the flow
direction. Figure 6.6 displays the particle trajectories during the experiments.
The pictures were taken immediately after the entrance, near the top inner wall,
see also Figure 6.1. In the first 30 frames of Figure 6.6b, particles can still be seen
following the nodal pattern, whereas the nodal lines lie parallel to the plane of
symmetry of transducers. Larger particles in Figure 6.6b were captured by the
dynamic acoustic field and were following the nodal movement. The non-captured
particles still have a downward motion due to acoustic radiation forces, but with a
less steep slope, as shown in Figure 6.6b. Therefore, smaller particles can possibly
exit from the bottom side outlet.
Figure 6.7 illustrates the 𝑑90 values of the samples from the top side outlet.
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(a)

(b)

Figure 6.6 - Particle trajectories recorded in the experiments. The flow is from left to right
whereas the acoustic field is moving downwards. (a) when Δf = 0 Hz the particles are
concentrated in the nodes of the standing wave. (b) when Δf = 1 Hz, the particles captured by
the nodal movement go downwards on a straight line, whereas the non-captured particles still
have vertical motion due to the acoustic radiation force. The frequency difference was
introduced after 1 seconds, thus initially the particles were trapped in the stationary nodes,
shown in Figure 6.6a. The images were created by overlaying 300 consecutive pictures taken in
a span of 10 s.

Figure 6.7 confirms the dependency of the 𝑑90 values on the flow and excitation
parameters, as suggested by the computer simulations. Similar to the computer
simulations, the higher frequency difference or higher flow rate resulted in a higher
𝑑90 value. The effect of the frequency difference on the 𝑑90 value seems weaker
in the experiments than in the simulations.
Also, the 𝑑90 values measured in the experiments are in general lower than those
calculated in the simulations. This observation indicates that in the experiments the
acoustic field was stronger than in the simulations. In the simulations, acoustic
pressure from each transducer in the 𝑥-direction was set at 30 kPa. Particle motion
in Figure 6.6b shows that the blue particles (d ≅ 100 μm) are captured by the
nodal movement. Using the 𝐾 number presented in [6], it can be estimated that
the acoustic pressure in the system was locally greater than 39 kPa.
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Figure 6.7 - The d90 values from lab experiments for the top outlet for the different
combinations of flow rates and frequency differences. Squares connected by solid line
correspond to 𝑉̇ = 1000 mL h−1, circles connected by the dashed line correspond to 𝑉̇ =
800 mL h−1 and triangles connected by dotted line correspond to 𝑉̇ = 600 mL h−1 . Data
points are averages of multiple measurements, with standard deviation less than 5%.

6.4

Conclusions

This study explored the selective particle separation on centimeter scale by dual
frequency type dynamic field. Admittance measurements confirmed the nonresonant operation of the 3D-printed prototype. The selectivity was made possible
by adjusting the frequency difference between two signals and the total flow rate
in the separator. Lower frequency differences or lower flow rates resulted in lower
𝑑90 values from the top outlet of the separator. Computer simulations and lab
experiments confirmed that the selectivity can be adjusted by the frequency
difference and/or the total flow rate.
The 3D-printed prototype confirmed the ability of dual frequency type dynamic
field for selective particle separation on centimeter scale in a continuous flow. The
successful application opens up possibilities for future optimization studies of the
separator.
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(6.A) Acoustic radiation force in case of unequal amplitudes from each source
For a spherical particle with diameter much smaller than the wavelength of the
acoustic wave field in the medium, the acoustic radiation force is given by [7, 8]
4
1
1
3
2
2
〈𝑝𝑖𝑛
〉 − 𝜒2 𝜌0 〈𝑣𝑖𝑛
〉)
𝐹𝑎𝑐 = − 𝜋𝑟 3 ∇ ( 𝜒1
2
3
2 𝜌0 𝑐0
4

In Equation (6.A1) the terms 𝜒1 = Re (1 −

𝜌0 𝑐02
𝜌𝑐 2

(6.A1)
𝜌
𝜌0
𝜌
2
𝜌0

2(

) and 𝜒2 = Re (

− 1)
+1

) are the

monopole and dipole scattering coefficients, respectively. The combination of
these coefficients results in the so-called acoustic contrast factor. The terms 𝑝𝑖𝑛
and 𝑣𝑖𝑛 are the incident pressure and velocity fields at the location of particle. In
order to use Equation (6.A1), the incident pressure need not to follow from a
standing wave field. The expression is applicable to any plane wave field. For a
traveling wave field the average force over one period will be zero. When two
waves with different pressure amplitude and different frequency propagate against
each other, the resulting wave field is expressed as
𝜔1
𝑥)
𝑐0
𝜔2
+ 𝛿𝑃2 𝑃0 cos (𝜔2 𝑡 +
𝑥)
𝑐0

𝑝(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 ) = 𝛿𝑃1 𝑃0 cos (𝜔1 𝑡 −

(6.A2)

For a spherical particle in a plane wave field, the force becomes
𝐹𝑎𝑐 (𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 )
1 1
𝜕
= 2𝜋𝑟 3 (
𝜒1 𝑝(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 ) 𝑝(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 )
2
3 𝜌0 𝑐0
𝜕𝑥
1
𝜕
− 𝜌0 𝜒2 𝑣(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 ) 𝑣(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 ) )
2
𝜕𝑥

(6.A3)

For a plane wave field, 𝑝(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 ) = 𝜌0 𝑐0 𝑣(𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 ). Hence Eq. (A3) can
be used to calculate the acoustic radiation force on a particle with the given
pressure field. Numerical calculations suggest that, when 𝛿𝑃1 , 𝛿𝑃2 ≥ 0 and 𝛿𝑃1 +
𝛿𝑃2 = 2, the acoustic force scales with the harmonic mean of 𝛿𝑃1 and 𝛿𝑃2 . The
average acoustic radiation force acting on the particle over one period (𝑇) can be
defined by Equation (6.A4). Figure 6.A1 displays examples of a force distribution
when the pressures from each source are unequal.
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(a)

(b)

(c)

(d)

Figure 6.A1 - Two numerical examples when the pressure amplitudes are unequal. Black solid
line represents the acoustic radiation force when the pressures are equal, and black dashed line
represents the acoustic radiation force when the pressures are unequal. Force distributions are
normalized by the maximum force given by the solid line. Red line represents the ratio of force
of unequal pressures case to the force of equal pressures case. (a-c) solid line represents 𝛿𝑃1 =
𝛿𝑃2 = 1 and dotted line, maximum amplitude is represented by the dashed line, represents the
case with (a) 𝛿𝑃1 = 0.8 and 𝛿𝑃2 = 1.2, thus H = 0.96, (b) 𝛿𝑃1 = 0.7 and 𝛿𝑃2 = 1.3, H = 0.91
(c) 𝛿𝑃1 = 0.6 and 𝛿𝑃2 = 1.4, H = 0.84 (d) solid line represents case when 𝑃𝐷 = 2√𝐻 𝑃0 and
dotted line (not visible due to overlap) represents the case with 𝛿𝑃1 = 1 and 𝛿𝑃2 = 1.
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𝐹𝑎𝑣 (𝑥, 𝛿𝑃1 , 𝛿𝑃2 ) =

1 𝑇
∫ 𝐹 (𝑥, 𝑡, 𝛿𝑃1 , 𝛿𝑃2 )𝑑𝑡
𝑇 0 𝑎𝑐

(6.A4)

Where 𝑇 = 1/𝑓 is the period of excitation.
Figure 6.A1 displays force distributions for several cases of unequal pressures.
Numerical calculations suggested that the acoustic radiation force scales with the
harmonic mean of the pressure multipliers 𝛿𝑃1 and 𝛿𝑃2 . A special case is also
displayed in Figure 6.A1d. Solid line represents the force distribution when
𝜔

𝜖

𝜖

𝑝(𝑥, 𝑡) = 2√𝐻𝑃0 cos (𝑐 𝑥 − 2 𝑡) cos (2 𝑐 𝑥 − 𝜔𝑡) . Dashed line represents the
0

0

force distribution when 𝛿𝑃1 ≠ 𝛿𝑃2 ≠ 1. The overlap of the two distributions and
the ratio confirms that the acoustic radiation force on a particle scales with the
harmonic mean of the individual pressure multipliers.
When the counter-propagating waves have different frequencies but equal
amplitudes, the pressure distribution given in Equation (6.2) is an approximation
which is only applicable when 𝜖 ≪ 𝜔 . When the amplitudes are unequal the
resulting pressure field cannot be simplified to such an expression. As a result, an
analytical proof for the relation between the ratio of forces and the harmonic mean
of the pressures is to the best of our knowledge not possible. The numerical
calculations, however, confirm that when the two frequencies and amplitudes are
not equal but similar enough, the resulting acoustic wave field acts as a quasistanding wave field and able to manipulate the particles.
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In terms of particle selectivity, acoustophoresis is a successful and versatile
separation technique at microscale. The literature contains several examples of
selective separation based on particle size and other properties [1-9]. The devices
are often complex and expensive. Due to their size the flow rate is in the range of
several hundreds of μL h−1. Under such conditions, the application of microscale
acoustophoresis is limited to very specific cases. For instance, in cases where the
separation needs to be very precise and/or the separated material is very valuable
[7-9]. In order to be applicable in industry, this technique needs to be able to treat
larger volumes while keeping the ability to be selective and to be as precise as
possible. This thesis follows a (chrono)logical path towards acoustophoresis on
centimeter scale.

7.1

From microscale to centimeter scale: a review

Before any scale up attempt, the first research question addressed the need to
understand the particle behavior under the effect of an acoustic field. The particle
behavior in an acoustic field is numerously studied in the literature [10-12]. In
Chapter 2, however, the physical model of the motion of a particle in a halfwavelength resonator is revisited and a linear equation of motion (EOM) was
introduced. The linear model, represented by a linear, second-order differential
equation, describes the particle behavior from the point of view of a linear single
degree-of-freedom (SDOF) vibrating particle. This new analogy pointed out that the
existing non-linear first-order differential equation model, in which the inertial term
of the physical model was neglected, assumes the particle in a liquid to be an
overdamped system. This assumption implies that the particle asymptotically
converges to the pressure node (or antinode). The overdamped assumption can be
confirmed by the linear model beforehand. Moreover, the linear model provides
more insight about how the damping ratio relates to the excitation and particle
parameters. Subsequently, the linear model was used to evaluate the possible
consequences of scaling up microscale acoustophoresis.
The size of the microscale devices is determined by the excitation frequency. For a
half-wavelength device operating with water, and a frequency of excitation (𝑓) of
2 MHz, the channel width is approximately 375 μm. A typical application is given
in Figure 7.1, where particles enter from a pre-defined position. The interplay
between the acoustic force and drag force results in a distance between particles,
and each size of particle is forced to pre-defined outlets [13]. In order to scale up
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this concept to a channel width of 1 cm, the excitation frequency must be lowered
to approximately 75 kHz. The results given in Chapter 2 suggest that lowering the
frequency results in a higher damping ratio. A higher damping ratio means slower
particle motion towards the pressure node. In order to lower the damping ratio,
the pressure (P0) can be increased. However, this brings the risk of acoustic
cavitation. For example, assuming the excitation parameters as 𝑓 = 75 kHz and
𝑃0 = 100 kPa and the particle and medium parameters as given in Chapter 2, a
particle with 𝑟 = 50 μm can be pushed from 𝑥0 = 4.56 mm to 𝑥𝑓 = 0.5 mm in
112 s , whereas a particle with 𝑟 = 45 μm requires 138 s . In both cases, the
particles have damping ratios higher than 100. The difference in the transit times
implies that with these parameters selective separation in a continuous flow might
be possible. However, considering the channel width will be limited by the halfwavelength and assuming the same dimensions of the transducer ( 50 mm ×
10 mm × 1 mm), it can be roughly estimated that the flow rate must be around
160 mL h−1 . Furthermore, the smaller the particle size, the longer the transit time
between the two positions; resulting in lower flow rates. Even though the channel
dimensions are significantly increased, the increase failed to enable higher flow
rates, and increased the likelihood of acoustic cavitation. Thus, it is concluded that
a half wavelength separator is not a suitable option for acoustophoresis on
centimeter scale.

Figure 7.1 - Typical application of acoustophoresis on microscale in continuous flow. The
excitation frequency is 2 MHz and the distance between the transducer and the reflector is 375
μm [13].

Another possibility for scaling up was to keep the excitation frequency at 2 MHz
and obtain a multi-wavelength resonator. In water, a 1 cm wide resonator includes
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more than 25 pressure nodes at 2 MHz . Figure 7.2 illustrates a case when the
width of the resonator is 2 cm.

Figure 7.2 - Particle trajectories under an excitation frequency of 2 MHz and channel width of
2 cm. The particles were trapped in the pressure nodes and pushed with the flow. The
horizontal lines correspond to the pressure nodes in the system. Distance between adjacent
horizontal lines is 375 μm.

Figure 7.2 indicates that even though it may be possible to obtain a significant
distance between the particles, removing them separately from the resonator part
would be practically impossible. Microscale (also referred to as microfluidic) devices
require precise manufacturing processes, where the pre-determined inlet for
mixtures and outlets for different particles are precisely positioned. A 2 cm wide
channel contains more than 50 pressure nodes, and building inlets and outlets for
each pressure node would be extremely expensive for any application, even though
it is theoretically possible. Furthermore, as the dimensions increase, imperfections
in the standing waves arise, as seen in Figure 7.2. In an ideal acoustic field, the
particle trajectories would be straight horizontal lines, whereas in this case
imperfections in the field result in wavelets in particle trajectories. Considering the
issues in manufacturing and precision, a multi-wavelength resonator is thus not
directly applicable in continuous flow on centimeter scale. Even though it cannot
be used as a straightforward scale-up idea for selective separation, multiwavelength resonators are very useful for particle separation in large scale
applications [14].
Large scale separators operate either in batch, perfusion or continuous mode [15].
Batch systems treat larger volumes at once, while significant amounts of time may
be required for sample collection [16, 17]. Parallel operation of multiple batches,
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however, may compensate for the downtime. A common use is, for instance,
ultrasonically enhanced sedimentation devices [18] Alternatively, such systems can
be operated in semi-continuous mode [19, 20]. In continuous flow, clever
arrangement of the flow pattern enhances the interplay between the drag force
and acoustic radiation force on the particle [14, 21, 22]. However, such devices have
not explored the selectivity potential, their common aim was to separate and/or
concentrate all the particles as good as possible. Table 7.1 summarizes these
different methods.
Table 7.1 – Summary of notable large scale applications
Mode

Throughput

Range of particle size

Batch [16, 17]

Several L Batch

< 40 μm fat droplets

Perfusion [19, 20]

Several L day −1

< 35 μm cells

Continuous [22]

58 L day −1

< 500 μm straight cells

Continuous [21]

3.6 L h−1

< 300 μm starch

In microscale, selective separation happens mostly by fractionation of the particles
into two groups [5]. Such applications mainly take place in the application of cell
separation from blood and due to the low amount of required sample volume, the
size becomes an advantage rather than a drawback [5]. There are, however, few
studies dealt with continuous particle size distributions and achieved selective
separation [23-25]. Table 7.2 summarizes these studies.
Table 7.2 – Summary of notable size-selective applications
Mode

Throughput

Range of particle sizes

2 mL h−1

2 − 60 μm polystyrene spheres

Multi λ surface acoustic wave [24]

0.06 mL h−1

200 − 1000 nmpolystyrene spheres

Continuous flow half λ (in air) [25]

70 L h−1

2 − 22 μm glass spheres

Continuous flow half λ [23]
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The studies given in Table 7.2 all resulted in different particle size distributions as a
result of different excitation combinations. However, except for reference [25],
they are all in micrometer size range and show low throughput.
In all cases, selectivity of acoustophoresis arises due to the interplay between the
drag force and acoustic radiation force. Instead of standing acoustic wave fields
dynamic acoustic fields can be used, as well [26]. Main advantages of dynamic
acoustic fields are deemed to be the configurability and non-resonant operation
[27]. Chapter 3 demonstrates size selective separation by using a multi-wavelength
acoustic standing wave field in combination with a defined flow profile. Chapters 46 evaluate and demonstrate dynamic acoustic fields for selective particle
separation in centimeter scale. Prototypes demonstrated in the corresponding
Chapters can selectively separate polyethylene particles between 20 −
120 μm with flow rates up to 1 L h−1 . In addition, in Chapters 3 and 5, wheat beer
with yeast particles up to 20 μm was filtered with flow rates up to 100 mL h−1 .
Main challenges faced among the path towards selective separation on centimeter
scale are listed below, and are addressed in the following section:
-

Challenges in representing the particle behavior with a linear model

-

Validity of the assumption of ideal 1D plane wave field

-

Presence and significance of reflections, and their effects on the selective
particle capturing

-

Validity of modelling the prototypes in 2D during simulations and
completeness of the models

-

Challenges in representation of the particle mixture in the computer models
and comparison between simulations and experiments in terms of
separation performance

-

Minimizing the deviations during manufacturing of prototypes and
eliminating the disturbances in the system during the experiments such as
leakage, pulsation and overheating
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7.2

From microscale to centimeter scale: challenges

7.2.1 Theoretical issues
Theoretical predictions and computer simulations were crucial to provide
fundamental understanding of the concepts and experiments. The linear SDOF
model introduced in Chapter 2 resulted in valuable insights, especially with respect
to the damping ratio. However, it was initially unable to correctly predict the
particle trajectory and transition time. The damping ratio, as a function of, for
instance, pressure and frequency, predicts whether a particle shows oscillatory
behavior. Some cases resulting in oscillatory behavior, such as at high pressure and
high frequency, were impractical. The particle trajectory predicted by the linear
model did not match the numerical solution of the EOM and the transition time was
within ±6% of those predicted by the numerical solution and the non-linear firstorder model. The nonlinearity of the equation of motion was due to the sinusoidal
force profile. Hence, a linear approximation of the profile between two points is, in
general, inappropriate. Consequently, the difference in force profiles resulted in
very different particle trajectories, especially at the beginning of the motion. As a
solution to this a stepwise application of the linear model was introduced. Solving
the particle trajectory in 25 linearization steps was enough to properly approximate
the sinusoidal force profile and, compared to the non-linear first-order model, the
results were closer to the numerical solution. Even though the stepwise application
yielded better results, it also leads to higher computational load. Depending on the
aim of the users, the extra efforts may not be worthwhile. However, the SDOF
model can still be used for predicting oscillatory behavior without conducting any
simulation and for double-check purposes.
Computer simulations were a fundamental part of this research in all steps.
Mathcad 14 was used especially in Chapter 2 to do symbolic calculations and
relatively fast solutions of ODEs. MATLAB r2018b was used to numerically solve
more complicated cases. To simulate the prototypes in 2D, COMSOL Multiphysics
(versions 5.4 and 5.5) were used. The computer simulations utilized an idealized
representation of the prototypes. The pressure field in the prototype of Chapter 3
was calculated by including the piezoelectric transducer in the computer model.
The mechanical response of the transducer was generating the pressure field in the
prototype, and all solutions were carried out in frequency domain. For this purpose,
material properties of the piezoelectric transducer were taken from the
manufacturer’s website and from [16]. The resulting pressure field was depending
on the frequency of excitation, due to dynamics of both the transducer and the
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inside material. However, due to reflections in the prototype the pressure field was
not a perfect plane wave field. These reflections resulted in wavy particle
trajectories in both simulations and experiments.
Nevertheless, in the theoretical analyses, the pressure field was always assumed to
be an ideal 1-D plane wave field. For the analysis of dynamic acoustic fields such an
assumption was necessary to derive the pressure field as a function of time and
position. Thus, in order to get full information a time-dependent study was the only
option. However, even when using the most simplified models such solutions were
extremely cumbersome and time consuming, hence practically impossible. As a
result, the pressure fields in these prototypes were not calculated, they were
assumed as given a priori. Such assumptions ignored any imperfections in the
acoustic field. The assumed ideal acoustic fields were only valid in certain regions
of the prototype, but in reality due to dispersion and reflections the particles must
be experiencing acoustic forces outside the immediate area between the sources
(or the source and the transducer), albeit weaker.
The results in Chapter 4 show that even though there are reflections from each
transducer, selective particle capturing is possible. At 2 MHz and underwater, it is
practically impossible to measure the reflection coefficient of a material reliably.
Thus, a reflection coefficient had to be assumed. A deeper investigation of particle
behavior in such fields, however, may lead to reliable estimations of the pressure
field.
Throughout the research all the simulations were done in 2D. For the flow solutions
the depth of the prototype was taken into account in order to calculate the average
flow velocities. The acoustic fields were assumed not to change in the depth
direction. For the simulations done in COMSOL Multiphysics, the mesh size for
every simulation and material was chosen such that at the frequency of interest,
there are at least 12 elements per wavelength in the corresponding material.
Considering the size and multi-wavelength nature of the prototypes, the
computational load was already high for 2D simulations. Introducing the third
dimension, even with applying all possible symmetries to reduce the model, made
finding approximate solutions practically impossible. For the flow, however, some
3D simulations were carried out to verify the reliability of 2D simulations. As a
result, it was concluded that 2D simulations were providing a good enough
representation of the system.

172

In the simulations of Chapters 5 and 6, the particle sizes were randomized. This
provided a continuous size distribution in the range of 20 − 120 μm. The particle
size distribution was generated in COMSOL Multiphysics, and in each simulation
was exactly the same. In order to compare the effects of different parameters, like
flow rate, such similarity was very useful and enabled an objective evaluation of
parameters. In the lab experiments, however, different particle size distributions
were found, as every sample had a slightly different distribution. Nevertheless, the
particle sizes in the simulations were considered representative enough of the
experimental mixtures.
In the simulations other forces than the acoustic radiation force, such as gravity and
lift force, were also introduced to examine their effects. The simulation results were
compared based on the threshold and 𝑑90 metrics. For these metrics the
additional forces did not result in any difference. As a result, those forces were
subsequently neglected in order to reduce computational load. Also, particleparticle interactions and secondary acoustic radiation force effects were ignored in
the simulations. Under this assumption, all particles were independent of each
other. Consequently, it was possible to release them to the system at the same time
and thus shortening the simulation times.
7.2.2 Practical issues
The prototypes used throughout this research were 3D printed from polylactic acid
(PLA). This technology enabled relatively fast implementations of new ideas. All
prototypes were printed using a nozzle diameter of 0.4 mm . The printer
specifications resulted in some limitations in design. For example, a wall in the
prototype had to be thicker than the nozzle diameter.
In order to obtain a steady and continuous flow, syringe pumps were used. In the
experiments of Chapter 3, only one syringe was pumping the mixture from the inlet.
In the experiments of Chapter 4, two syringe pumps were used. However, it was
found that, unless the exit flow rates were also regulated, the flow rates were
mostly pulsating and not equal. The aim of Chapter 4 was to investigate the particle
behavior and determine when it can and cannot follow the dynamic acoustic field.
Particle velocity measurements indicated that the pulsating flows were not
detrimental. For more advanced separator prototypes as used in Chapter 5 and 6,
however, two more syringe pumps were used at the exits, in order to make sure
that the flow is steady and constant all the time. In the prototypes, the entrances
were made smooth so that the flow did not result in any turbulence. As the size
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increases, avoiding turbulence and unsteady effects is crucial in multi wavelength
resonators [14]. Turbulence and unsteady effects may arise due to irregularities in
flow, bubbles in the system, leakage or dead volumes in the system. During the
experiments, the condition of the flow was carefully assessed by injecting dyes to
the flow. Separation experiments were carried out after the flow was steady and
laminar. Even though it was carefully controlled, there may be still some unseen
issues regarding the flow. The serpentine prototype of Chapter 3 was simple in
terms of flow, with only one inlet and one outlet, and showed the least problems.
The X-shaped separator for frequency sweep, introduced in Chapters 4 and 5
required careful installation of the connections to the syringes, so that bubbles
were avoided. The prototype of Chapter 6 is the most complicated one, as it also
includes a cooling liquid volume. Isolation of the main separator compartment and
cooling liquid compartments is a necessity in order to have a steady flow, possibly
due to convection effects.
The 3D printed prototypes had some inherent problems due to the nature of the
manufacturing. In order to have holes in the system, for connections of cables and
pipes, support material had to be used. The layer-by-layer construction sometimes
caused leakages. Water was sometimes able to pass through the layers. This
problem was minimized when the prototype was printed with 100 % infill. Pipes
were attached to the prototype with superglue, and the remaining gaps were filled
with silicone after the cables were installed. The prototypes were closed with
PMMA covers, with rubber rings filling the gap between the PLA blocks and the
covers. In some prototypes, there was still some dead volume between the cover
and the main block. In prototype of Chapter 6, for instance, silicone layers were
applied between the polyurethane sheets and the PMMA cover in order to separate
the cooling liquid volumes. In all the prototypes, leakage was a recurrent problem,
but after careful installation of all the parts it was possible to avoid leakage. After
initializing the flow without leakage, bubbles and pulsation, the flow was steady for
long enough time to take samples from the prototypes. The prototypes were
initially filled with demineralized water and samples were taken from the syringes
in the corresponding exits.
Before starting the separation experiments, the frequency response of the
transducers were checked using an HP 4194 A impedance analyzer. Any reflections
from the PLA walls and PMMA covers were ignored, as the effect of reflections was
found to only slightly disturb the acoustic standing wave fields. In Chapter 4 it was
concluded that even though reflections are present, selective particle trapping is
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still possible. The results of the lab experiments confirmed that the reflections
disturb the acoustic field, but without much affecting the selectivity.
While the transducers pump acoustic energy into the system, overheating issues
were observed during the experiments. When the flow rate is high enough and
there were no dead volumes in the prototype, the heat generated by the
transducers was being dissipated by the flow. At the end of the wheat beer
experiment in Chapter 3 for the lowest flow rate the inner walls of the prototype
started to melt. Until that point, no overheating issue was observed. In the lab
experiments of Chapter 6, cooling liquid was circulated between each experiment
in order to avoid overheating. In addition, observations with a thermal camera on
the prototype presented in Chapter 5 yielded no overheating issues.
In Chapters 5 and 6, the mechanical response of the transducer was measured using
a Polytec OFV 5000 Laser Doppler vibrometer. The measurements were taken from
a special stand outside the prototype, where the laser beam could hit the
transducer surface perpendicularly. This configuration ensured that the signal
quality was as good as possible. Measurements without normal incidence, with any
angle of inclination, did not yield reliable results. Consequently, it was not possible
to measure the mechanical response of the transducer inside the prototype.
During the work of Chapters 3 and 5, the particle size analyzer at Wetsus was DIPA
2000. In August 2020, the machine was replaced by Mastersizer 3000. It was not
possible to compare the results between these two machines, though with
calibration mixtures both machines provided reliable and repeatable results.
Mastersizer 3000, however, provides the 𝑑90 value of the mixture as an output.
Hence, an appropriate comparison between the prototypes should utilize 𝑑90
values. However, unlike the threshold, 𝑑90 is a relative metric, and depends on the
distribution in the sample. The selectivity of the methods was demonstrated for
size selective separation, as it is a relatively straightforward measurement
supported by the current equipment. Nevertheless, the methods are in theory
equally applicable to other means of selectivity, such as density.
In order to avoid particle agglomeration, surfactants were used in each mixture.
Too much surfactant causes the mixture to foam and may change the viscosity. The
concentrations in the mixtures did not reveal any issue of foaming or viscosity
change. Rarely, particle agglomerates were observed and sometimes particles were
sticking to the PLA walls. Before each experiment, the prototype was rinsed
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thoroughly so that the agglomerates from the previous experiment did not affect
the next experiment.
7.2.2.1 Energy consumption

Throughout this research the focus was on finding and exploring the selective
separation possibilities of the resonator rather than reducing the energy
consumption. The transducers were driven by a custom-made amplifier and a DC
power supply unit was providing energy to the amplifier. Based on the readings on
the DC power supply unit, the energy consumption by the amplifier was 10 W
throughout all experiments. However, due to losses in the amplifier, this is not the
power supplied to the transducers. Based on the admittance measurements of the
transducers, the energy supplied to one transducer can be estimated. In the
prototypes, the average admittance of the transducers in the excitation ranges was
roughly 60 mS. When the transducer was driven with 20 VPP , the energy consumed
by one transducer was roughly estimated as 3 WRMS . Considering the 3D printed
prototypes, the custom made amplifier and no optimization study was carried out,
it is well possible that similar selective separation performance can be reached with
less power input.
Furthermore, in addition to the prototype, amplifier and DC power supply unit, the
set-up also consisted of a signal generator, an oscilloscope and four syringe pumps.
A simpler set-up, optimized towards a specific application, can be designed such
that less energy is consumed.

7.3

Areas of application

This research focused on developing selective separation methods rather than
targeting one particular application. The prototypes introduced in this research
were able to separate particles from approximately 50 − 80 μm with a total
throughput up to 1 L h−1 . Furthermore, in order to verify the methods, model
polyethylene particles with well-known properties were used in experiments. The
possibility of treating biological material was also demonstrated. Theoretically, as
long as particles are in suspension or emulsion, the proposed designs and way of
operation are applicable to other cases.

176

Especially on microscale, acoustophoresis is utilized as a method for cell separation
in mostly lab-on-a-chip applications [1]. Multi-wavelength resonators are mostly
used as enhanced sedimentation devices [14]. In each case, there are very few
ultrasonic resonators that can be compared to the prototypes introduced in this
research [14, 21-27].
As long as a particle is acoustically different from the surrounding medium, meaning
that it has a non-zero acoustic contrast factor, it experiences an acoustic radiation
force. This property indicates that the methods can be used in combination with
other methods. One example is a combination with centrifuging. In that case,
naturally buoyant particles can be removed from suspensions before or after the
centrifuge. Another possibility is pre-treatment of process streams using physical
filters, such as membranes. Pre-filtering of large particles would help tackling the
fouling problem in membrane applications.
In Section 7.4.5 some calculations on fibers in an acoustic field are presented.
Starting from such simulations and preliminary experiments, applications towards
microfiber removal and recovery can be developed [28].
Finally, the methods presented in this study can also be applied to enhance
crystallization and control the size of the agglomerates. The concept of size
selective particle removal can be applied to size selective crystal harvesting. In this
type of application, the particles are concentrated at pressure nodes (or antinodes)
and thus, agglomerates are formed faster. Under continuous flow and inside the
serpentine separator, when the agglomerate gets large enough, they are captured
by the acoustic field. If the agglomerate grows to a size comparable to the
wavelength, it cannot be trapped by the acoustic field anymore and may start to
settle and may even be reduced in size due to the acoustic field. Hence, the
serpentine prototype of Chapter 3 can be used to accelerate a crystallization
process and control the crystal size through acoustic radiation and drag forces.
Similarly, under a dynamic field, if the agglomerate gets big enough (which would
be the threshold size), it starts to follow the acoustic field movement and can be
removed from the reactor. For such a purpose, the dual-frequency method would
be more useful than the frequency sweep method, as the acoustic field movement
is more uniform and due to the non-resonant nature of the dynamic field, the field
is less affected by temperature changes [27].
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7.4

Explorative studies

This section contains supplementary material related the methods proposed and
tested in this thesis, but not well-developed enough to be put in the corresponding
chapters. This material can, still, provide a basis for future studies on this topic.
7.4.1 Linear model with oscillatory behavior
In Chapter 2, the linearized or simply linear model was used to model the particle
behavior when the corresponding SDOF system was overdamped. In the one- and
multi-step approach, the acoustic radiation force was linearized in a region of
interest (ROI), defined by the starting position of the particle and target position of
the particle. The equilibrium position, 𝑥 = 0, was taken at the pressure node, and
the boundaries of the ROI had positive values. When the corresponding system is
underdamped, however, the particle will oscillate around the pressure node before
coming to equilibrium. Therefore, defining the ROI by using the initial and target
positions does not work in this case. Furthermore, at each spatial step a transition
time was calculated and used to estimate the particle velocity for the next step. For
an underdamped system, however, the transition time cannot be calculated
analytically. As a result, the solution methodology in Chapter 2 was not applicable
to an underdamped system using the spatial multi-step approach.
A different approach, however, is still possible by modeling the particle as a linear
time invariant (LTI) system [28] and linearizing the acoustic radiation force at each
time step instead of each spatial step. Using the parameters as given in Chapter 2,
and for a particle radius of 𝑟 = 50 μm, Figure 7.3 illustrates sample solutions using
this approach. The particle path is solved between 𝑡 = 0 and t = 0.01 s.
Figure 7.3 indicates that such an approach becomes close to the numerical solution
as the time steps get smaller. Whilst the numerical solution solves the full EOM at
each time step, the LTI approach solution solves the linearized EOM at each time
step, making the methodology very similar to the numerical solution. In addition,
the corresponding SDOF system parameters, such as natural frequency and
damping ratio, can be calculated at each time step.
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Figure 7.3 - Particle trajectories calculated by numerical solution (solid line), 5-step solution
(dotted line) and 25-step solution (dashed line). The equilibrium position is indicated by the
dash-dot line.

7.4.2 Backwards frequency sweep
The frequency sweep type dynamic acoustic field was introduced in Chapter 3 and
demonstrated in Chapter 4. In these chapters, the frequency was periodically
ramped from a starting frequency, 𝑓0 , until an end frequency, 𝑓2 , where 𝑓2 > 𝑓0 . As
a result, the number of nodes were increasing as the frequency of excitation
increases. The nodal movement was from transducer side towards reflector side,
and it was slowing down in time, as the frequency increases, and in space, as the
nodes get closer to the transducer. An alternative application would be sweeping
the frequency in the opposite direction, meaning 𝑓0 > 𝑓2 . An example solution is
illustrated in Figure 7.4. The total flow rate is 1 L h−1 with equal flow rates from
each inlet and outlet, so that the particle motion is affected only by the acoustic
field. The particle properties are the same as in Chapter 4.
In the example, shown in Figure 7.4, almost all particles have an upwards motion at
the beginning of the channel. Even though all particles move towards the
transducer, only the largest particles are able to follow the nodal movement. The
increase in the nodal speed can be observed from the trajectories of four blue
particles, whose trajectories ended in the transducer surface at 20 mm. Still, some
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small (cyan) particles exit through the top channel. Another interesting particle
behavior occurs at the very bottom. A cyan (56 μm) and a red (36 μm) particle starts
very close to the reflector, where the nodal movement is very slow. After one
sweep period, they are not displaced enough to move to the next node. As a result,
they end up oscillating around the same position near the reflector.

Figure 7.4 - Particle trajectories (36 (red), 56 (cyan), 70 (orange) and 100 (blue) μm) in
backwards frequency sweep with f0 = 2.4 MHz, f2 = 1.9 MHz, P0 = 55 kPa and T = 5 s. Flow
direction is from left to right. Transducer is placed on the top and the reflector is at the bottom.

An interesting application of this method can be as follows: if all particles with
different sizes start at the same location next to the reflector, they can be ordered
based on their size. As the nodal velocity gets faster, smaller particles cannot follow
the anymore. Eventually, largest particle will be displaced farthest.
7.4.3 Acoustic pressure as a function of frequency in frequency sweep
In Chapter 4, Laser Doppler vibrometer (LDV) measurements for the transducer
were shown. The measurements indicated that the surface velocity of the
transducer is not constant within the sweep period, it is rather a function of
frequency. Considering the transducer has its own dynamics, this is a very
reasonable result. During the design of experiments study, however, a common
constant pressure for every sweep period was assumed. This value was the average
of the pressures in 3 s , 5 s and 7 s sweep periods. The average pressures are
58 kPa , 57 kPa and 49 kPa for 3 s , 5 s and 7 s of sweep periods, respectively.
Consequently, in all sweep periods an average pressure amplitude of 55 kPa was
assumed. Without such an assumption, the effects of sweep period and acoustic
pressure would be intertwined in the simulations. Figure 7.5 illustrates the pressure
calculations based on the LDV measurements as a function of frequency, for each
sweep period.
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Figure 7.5 - Pressure calculations as a function of frequency. Black solid line, red dashed line
and blue dotted line represent the calculations for 3 s, 5 s and 7 s sweep periods, respectively.

A design of experiments (DOE) study was carried out by using the pressure values
calculated and the results are presented in Figure 7.6. All other parameters were
kept the same.
Figure 7.6 indicates that, the lower pressure in 7 s sweep period possibly affects
the results, by yielding higher metrics in all cases contrary to the linear downwards
trends shown in Chapter 4. Nevertheless, the main conclusion of the DOE study
remains the same.
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(a)

(b)

(c)

(d)

Figure 7.6 - Effects of the flow parameters 𝑉1̇ (squares, black line), 𝑉4̇ (circles, dashed line), 𝑇
(triangles, dotted line), after averaging the effect of the other factors, on the threshold (a), d90T
(b) and d10R (c). Bottom-right panel (d) shows the standardized effects chart based on all 27
simulations, horizontal red line illustrates the level of significance for confidence level of 95%
for threshold (squares, black line), d90T (circles, dashed line), and d10R (triangles, dotted line).
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7.4.4 Periodic two-way application of dual frequency
The fundamental goal of selective particle separation is to put enough distance
between different types of particles so that they can be guided to different exits.
The dual frequency method can be applied in a way that enhances the distance
between particles. First, all particles are pushed in one direction, so that the particle
group is squeezed. This requires a higher pressure so that smaller particles are
captured as well. Subsequently, particles are selectively pushed in the opposite
direction so that distance between particles is increased. Recurrent application of
this method can be used to enhance the separation capability. An example is given
in Figure 7.7.

(a)

(b)
Figure 7.7 - An example simulation for a two-way application of dual-frequency type acoustic
field. The period of application is 10 s. For 8 s the field goes down with Δf = 2 Hz and PD = 40
kPa. In the next 2 s the field goes up with Δf = -4 Hz and PD = 200 kPa. Particle properties are
the same as in Chapters 5 and 6. Bottom panel provides a zoomed in view. The reflection
coefficient R = 0.
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In Figure 7.7, when the field goes downwards, the particles were selectively pushed
down, in 80 % of the cycle. In the remaining 20% of the cycle, all particles were
pushed up with a higher speed and higher acoustic pressure. As a result, some red
(36 μm) and cyan (56 μm) particles ended up directly at the top edge. All red and
cyan particles are forced to the top exit, whereas the majority of orange (19 out of
22) and blue (16 out of 20) particles (larger sizes) is forced to the bottom exit. When
run with the full number of particles given in Chapters 5 and 6, The 𝑑90 value from
the top exit for this numerical experiment is equal to 105 μm due value from
mainly to non-selective pushing of the particles towards the top exit. The 𝑑10 value
from the bottom exit was 79 μm . Consequently, similar to the application in
Chapter 5 with unequal flow rates, this two-way application of dual frequency
method can be explored in order to enhance the selectivity capabilities, for this
method makes the reactor virtually larger. On the other hand, as the particles are
all pushed to one side, the particle-particle interactions may become significant.
7.4.5 Modelling fibers in acoustic field
The simulations and experiments during this research were based on spherical
particles. In the literature, behavior of spherical particles in acoustic field is well
known. Taking the spherical particles as the starting point, a fiber structure in an
acoustic field was modelled as five interconnected spherical particles. Figure 7.8
illustrates the 5-sphere fiber model.

Figure 7.8 - 5-sphere fiber model. Each sphere is connected to the adjacent two spheres by
spring and damper elements.

The EOM of the fiber can be expressed as 10 coupled ODEs, where each sphere can
move in two directions. The angle and distance between adjacent spheres is given
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as

𝜃𝑖𝑗 = 𝑎𝑟𝑐𝑡𝑎𝑛2 (𝑦𝑗 − 𝑦𝑖 , 𝑥𝑗 − 𝑥𝑖 )

and

2

𝑠𝑖𝑗 = √(𝑦𝑗 − 𝑦𝑖 ) + (𝑥𝑗 − 𝑥𝑖 )

2

,

respectively. Here, the use of 2-argument arctan function is necessary in order to
correctly calculate the angle. Equation (7.1) presents the equations in matrix form.
[𝑀]{𝑥̈ } + [𝐶 𝑥 ][𝑥̇ ] + [𝐾 𝑥 ][𝑥] = [𝐹 𝑥 ]
[𝑀]{𝑦̈ } + [𝐶 𝑦 ][𝑦̇ ] + [𝐾 𝑦 ][𝑦] = [𝐹 𝑦 ]

(7.1)

In Equation (7.1), [𝑀] , [𝐶] and [𝐾] are the 5 × 5 mass, damping and stiffness
matrices, respectively. Assuming the flow is in 𝑥 direction and the acoustic force is
acting on 𝑦 direction, the external forces are the acoustic and drag forces on each
particle, given by
𝐹𝑖𝑥 = 𝐶𝑑,𝑖 (𝑢𝑥 (𝑦𝑖 ) − 𝑥̇ 𝑖 )
𝑦

𝐹𝑖 = 𝐹𝑖𝐴𝐶 − 𝐶𝑑,𝑖 𝑦̇ 𝑖

(7.2)

In Equation (7.2), 𝑢𝑥 (𝑦𝑖 ) is the flow velocity at the center location of 𝑖 𝑡ℎ sphere and
𝐶𝑑,𝑖 is the coefficient of drag for each particle. The coupled ODEs were solved in
MATLAB by using built-in ODE solvers. The fiber is assumed to be in a dualfrequency type dynamic acoustic field, similar to the field generated in the
prototype in Chapters 4 and 6. For the simulations, the fiber parameters used are
given in Table 7.3.
The flow and liquid parameters were same as those in Chapter 6, with a total flow
rate of 500 mL h−1 and channel width of 2 cm. The excitation frequency was set at
𝑓 = 2 MHz with Δ𝑓 = 0.5 Hz. The reflection coefficient 𝑅 = 0.5 and the acoustic
pressure 𝑃𝐷 = 150 kPa. Figure 7.8 illustrates two cases, where the fiber can and
cannot follow the nodal movement on the time interval from 𝑡 = 0 s to 𝑡 = 15 s.
In each case, the fiber started non-stretched, non-bent and perpendicular to the
nodal movement.
Figure 7.9 indicates that if the fiber is able to follow the nodal movement, it aligns
with the pressure nodes, hence becoming horizontal. This result is in line with other
studies demonstrating fiber alignment in acoustic fields [30-32]. In the example of
Fig. 7.9, the fiber was smaller than the wavelength at the excitation frequency.
Following example illustrates the behavior of the fiber which is larger than the
wavelength. Here, 𝑓 = 2.5 MHz, 𝑑𝑖 = 81 μm and 𝑠𝑖𝑗 = 2𝑑𝑖 .
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Table 7.3 – Fiber parameters used in the simulations
Parameter

Value

Description

𝑑𝑖

24 μm

𝜌𝑖

1050 kg m−3

Density of spheres

𝑐𝑖

1720 m s −1

Speed of sound in spheres

𝑘

1 N m−1

𝑏

1 × 10−7 N m−1 s −1

Damping coefficient between adjacent spheres

𝑠𝑒𝑞

= di

Equilibrium distance between adjacent spheres

𝑘′

1 × 10−5 N m−1

𝑏′

1 × 10−11 N m−1 s −1

Damping coefficient between non-adjacent spheres

𝜃𝑒𝑞

180°

Equilibrium angle between lines connecting adjacent
spheres

Individual sphere diameter

Spring coefficient between adjacent spheres

Spring coefficient between non-adjacent spheres

Similarly, according to Figure 7.10, when a fiber can follow the nodal movement it
is aligned to the pressure nodes. The solutions indicate that the alignment may still
be possible for the case in Figure 7.10b, but happening slowly. Simulations for 𝑇 =
60 s confirmed that the fiber does not align with the pressure nodes. This
alignment-like behavior is most likely a result of the parabolic flow profile, the
spheres closer to the center of the channel move faster in the flow direction, while
the spheres close to the edges are retarded.
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(a)

(b)
Figure 7.9 - (a) a fiber that can follow the nodal movement and (b) a fiber that cannot follow
the nodal movement when PD = 120 kPa. The flow is in the positive 𝑥 direction. Dash-dot lines
indicate the nodal movement. Trajectories of the spherical particles are illustrated by dotted
lines. The position of fiber is illustrated at every 20% of the total simulation time.

The behavior of the fiber can also be assessed in terms of the 𝐾 number introduced
in Chapter 4. For the case in Figure 7.9, 𝐾 = 1.1295 for each sphere when the fiber
can follow and 𝐾 = 0.7229 when the fiber cannot follow. Similarly, for the case in
Figure 7.10, the spheres have 𝐾 = 2.237 when the fiber can follow and 𝐾 =
0.5584 when the fiber cannot follow.
Even though the fiber model does not introduce any selectivity possibilities, it can
be used as a starting point for follow-up studies. One immediate improvement on
the model would be correcting the drag force on the spheres. In the version
presented here, the spheres individually experience Stokes drag force and their
position does not affect the drag force on the other spheres. A more realistic and
accurate drag model can improve the model significantly.
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(a)

(b)
Figure 7.10 - (a) a fiber that can follow the nodal movement when PD = 50 kPa and (b) a
fiber that cannot follow the nodal movement when PD = 25 kPa. The flow is in the positive 𝑥
direction. Dash-dot lines indicate the nodal movement. Trajectories of the spherical particles
are illustrated by dotted lines. The position of fiber is illustrated at every 20% of the total
solution time.

7.5

Outlook

The results of this research conclude that for selective particle separation multiwavelength resonators are viable options on centimeter scale. Such a resonator can
employ an acoustic standing wave field with a creative flow pattern (Chapter 3), or
dynamic acoustic fields with continuous laminar flow (Chapters 4-6). The focus of
the study was on development and proof of concept of selective separation. Hence
some important aspects like energy consumption and optimization of the design
and operation were not addressed here. Possible points that can serve as starting
points for future studies and applications are listed as:
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-

The energy consumption can be lowered by optimizing the geometries such
that stronger and closer-to-ideal acoustic fields are obtained.

-

In Chapter 3, the inner walls can be replaced by a non-reflecting material
and the bottom wall can be replaced by a steel plate. These adjustments will
provide a stronger and closer-to-ideal acoustic field.

-

Geometry of the dynamic acoustic field devices can be adjusted in a way to
improve the separation. A possibility is to make a narrower particle inlet, so
that in the beginning of the acoustic field the particles are closer to each
other.

-

By taking measurements with devices like LDV, the pressure field generated
by the transducers can be calculated and fed to the computer simulations.
Such an approach will improve the simulations.

-

Control systems can be implemented to create more complex flow fields
and acoustic fields. With the cost of complexity, such fields may offer better
selectivity.

-

The 5-sphere fiber model introduced in Chapter 7 can be improved to
include a more accurate drag force model. Such a model may lead to future
studies on selective fiber removal using acoustics.

-

Application-specific devices would not require as versatile equipment as
used in the lab experiments in this research. Simplification of electronics
may lead to lower energy consumption, at the cost of flexibility of operation.

Instead of further exploration and optimization of selective particle separation
using multi-wavelength resonators, future research may also include (i) particle
size-specific trapping for sensing and control and (ii) exploration of combinations of
acoustical radiation and drag forces with other forces, generated by, for instance,
electrical and magnetic fields.
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SUMMARY
Particulate suspensions occur in many different industrial activities, for example in
food, biomedical and pharmaceutical industries. These suspensions usually need a
treatment step to separate valuable particles from the wet process streams or
purify the streams. Such treatments may be needed at any stage during the process.
Many technologies exist to perform such treatments. A relatively recent technology
is acoustophoresis. Main advantages of the technology are: (i) it does not require
any specific particle property (such as electric charge or ferromagnetism) and (ii) an
acoustic separation system does not contain internal parts that may get clogged or
damaged. Furthermore, by interplay of the acoustic radiation force and other
forces, such as drag force, selective particle separation can be realized.
Acoustophoresis is widely and successfully used in biomedical applications on
microscale. For biomedical applications, such as blood cell separation for diagnosis,
microscale has a size advantage as it reduces the required sample size, typically in
the order of mL. For other applications, however, when the volumes to be treated
are larger, for instance in the order of L h−1 , selective particle separation from
suspensions on centimeter scale can be a viable option. This thesis investigated and
laid down the path towards realizing selective particle separation on centimeter
scale
Chapter 2 revisited the equation of motion (EOM) for a particle in a half-wavelength
acoustic standing wave field. This EOM is a second-order non-linear ordinary
differential equation (ODE). In the literature, a first order non-linear approximation
of the EOM is widely used. A different approach was followed in Chapter 2, by
representing the particle as a linear single degree-of-freedom (SDOF) vibrating
system. This approach resulted in a second-order linear ODE describing the motion
of a particle in an acoustic standing wave field. This approximation allows the
system behavior to be analytically evaluated in terms of the SDOF parameters, such
as damping ratio. The non-linear model assumes that the particle asymptotically
converges to the equilibrium position, the pressure node or antinode, whereas the
linear model allows the calculation of the damping ratio. Hence, the linear model is
able to predict oscillatory behavior, which is also seen in practice for damping ratios
smaller than one. Chapter 2 concluded that simply scaling up microscale
acoustophoresis to a centimeter scale by increasing the dimensions is not possible;
as it requires reduction in frequency and higher damping ratios, where high
damping ratios result in unpractically long transit times. Reducing the damping ratio
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is possible, for example, by increasing the applied pressure. However, such an
increase at lower frequencies also increases the risk of cavitation. Furthermore, the
linear model allows the prediction of particle trajectory and transit times between
initial and target positions. A one-step linearization on the region of interest was
unable to provide satisfactory result. Consequently, a stepwise linearization of the
non-linear acoustic radiation force term in the EOM was introduced. A 25-steps
solution of the particle trajectory resulted in more accurate approximations
compared to the non-linear model, while being computationally more effective
than evaluating the complete numerical solution.
In Chapter 3, a 3D-printed multi-wavelength prototype was introduced, where the
particle suspension flows in a serpentine channel and a standing wave field is
generated by a transducer and a reflector. Given the meandering nature of the flow,
the drag force, due to the effect of the surrounding flow on a particle, is changing
direction in the hairpins, whereas the acoustic force is always acting in the same
direction. Computer simulations confirmed that the interplay was especially
enhanced in the hairpins of the serpentine separator, hence selective trapping of
the particles in those locations is possible. In this device, the distance between the
transducer and the reflector was 4 cm , whereas the maximum flow rate was
400 mL h−1 . The acoustic force was tuned by changing the input power, whereas
the drag force was adjusted by changing the flow rate. The potential of selective
separation by using a combination of flow pattern and multi-wavelength acoustic
standing wave fields was successfully demonstrated in Chapter 3. In addition, a
mixture with flocs (wheat beer) was also filtered, where yeast particles larger than
9 μm were successfully retained in the system when the flow rate was 20 mL h−1.
By this example, it was confirmed that in a multi-wavelength resonator that utilizes
acoustic standing waves, selective separation is possible by adjusting the drag force
(through the flow rate) and the acoustic radiation force (through the input power).
In Chapter 4, two types of dynamic acoustic fields were investigated for selective
particle separation on centimeter scale. The first type of dynamic acoustic fields is
by application of a frequency sweep method, where the excitation frequency is
periodically swept from one to another frequency. Such an excitation causes the
standing wave pattern to contract towards one side, whereas new nodes are
introduced at the other side. As a result, the speed of the pressure nodes are not
constant; it is a function of time and position. The speed is faster at the source side
and goes to zero at the reflector side. The second type of dynamic acoustic field is
generated by a dual frequency method. In this method, the dynamic field is
generated by using two separate sound sources operating at slightly different
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frequencies. In the resulting dynamic acoustic field, the speed of pressure nodes is
constant. While reflection from the reflector generates a pseudo-standing wave in
the frequency sweep case, reflections disturb the dynamic acoustic field in the dual
frequency case. It was concluded in Chapter 4 that both methods are suitable for
size selective particle separation on centimeter scale, both having advantages and
disadvantages. The frequency sweep case requires a simpler prototype but the
speed of pressure nodes is not constant, whereas in the dual frequency case the
constant speed of pressure nodes comes at a cost of increased complexity.
In plain English, for both type of dynamic fields, selectivity is realized between the
following conditions: if the pressure nodes move too fast, none of the particles are
captured, whereas if the nodes move too slowly, all particles are captured. Keeping
the acoustic pressure constant, the selectivity can be adjusted by changing the
speed of nodal pattern. Further theoretical investigation and computer simulations
on the conditions for capturing a particle resulted in a dimensionless number, 𝐾.
This dimensionless number can predict the particle behavior without conducting
simulations and lab experiments. Furthermore, it can be used to estimate the
acoustic pressure in a multi-wavelength acoustophoresis device. Assuming an ideal
1D plane wave field and given the excitation and particle parameters, 𝐾 can predict
whether the particle is captured by the pressure nodes or not. The number is
applicable to both type of dynamic fields. For the dual frequency case, reflections
can be accommodated in the predictions by 𝐾.
The demonstration of the dynamic acoustic fields is presented in Chapters 5 and 6.
Each X-shaped prototype has one inlet through which the particle mixture and
another inlet through which only water was pumped. The particles were pushed
towards the bottom outlet, the samples were taken from the top outlet.
In Chapter 5 size selective separation by a frequency sweep type dynamic acoustic
field was demonstrated. The performance of the prototype was evaluated in terms
of the largest particle exiting from the top outlet, which defines the separation
threshold. The acoustic field was adjusted by changing the sweep period. In
addition, while keeping the total flow rate constant at 1000 mL h−1, the flow field
was adjusted by changing the flow rates of the individual inlets and outlets. A laser
Doppler vibrometer was utilized to measure the vibration amplitude of the
transducer, in order to provide more insight into the system. An in silico design of
experiment study was carried out in order to investigate the effects of the individual
flow rates and the sweep periods. Subsequently, lab experiments confirmed the
ability of size selective separation, where different combinations of parameters
195

yielded separation thresholds between 70 − 105 μm. Similarly to the experiments
in Chapter 3, lab experiments with wheat beer were carried out. These resulted in
a separation threshold of 11 μm for a flow rate of 100 mL h−1 .
In Chapter 6 size selective separation by dual frequency type dynamic acoustic
fields was demonstrated. The special geometrical arrangement of the prototype
ensured that the reflections were minimized. The performance of the prototype
was evaluated by the 𝑑90 value of the samples from the top outlet. Simulations
and lab experiments were carried out for different combinations of frequency
differences and total flow rates. The different combinations yielded 𝑑90 values
between 53 − 71 μm.
Main findings from this research can be listed as follows:
-

A particle in a half-wavelength resonator can be modelled as a linear single
degree-of-freedom vibrating system. In addition to more or less
exponentially decaying particle trajectories this method can be used to
predict oscillatory behavior, as well.

-

A half-wavelength resonator on centimeter scale is impractical due to
reduction in frequency and pressure.

-

Multi-wavelength resonators are a viable option for selective particle
separation on centimeter scale, as a combination of a creative flow field and
an acoustic standing wave.

-

Dynamic acoustic fields in multi-wavelength resonators further facilitate
selective particle separation on centimeter scale. Versatility of such fields
makes it a favorable option over standing wave fields, although more
complex devices are required.

As a result, the thesis presented a path for utilizing acoustophoresis for selective
particle separation on centimeter scale.
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