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ABSTRACT

Microcystis aeruginosa, as a typical alga, produces microcystin with strong liver toxicity, seriously endangering
the liver health of human and animals. Inhibiting the bloom of the Microcystis aeruginosa in lakes becomes a
significant and meaningful work. Ultrasonic cavitation is currently considered to be the most environmentally
friendly and effective method for the removal of Microcystis aeruginosa. However, the commercialized ultrasonic
algae removal systems require multi-Langevin transducers to achieve omnidirectional ultrasonic irradiation due
to the single irradiation direction of the Langevin transducer, resulting in the complex design and high energy
consumption. To achieve a low-cost, simple structure, and high-efficiency algae removal system, a novel
omnidirectional ultrasonic cavitation removal system for Microcystis aeruginosa is proposed. The proposed
system is major composed of a novel omnidirectional ultrasonic transducer, which generates the omnidirectional
ultrasonic irradiation by its shaking-head motion coupled by two orthogonal bending vibration modes. Modal
simulation, sound field simulation, and cavitation bubble radius simulation are first carried out to optimize the
geometric sizes of the proposed transducer and verify the correctness of the omnidirectional ultrasonic irradi-
ation principle. Then the vibration characteristics of the transducer prototype are measured by vibration tests
and impedance tests. Finally, the feasibility and effectiveness of the proposed omnidirectional ultrasonic removal
system for Microcystis aeruginosa are evaluated through the algae removal experiments. The experimental re-
sults exhibit that the algal cells damaged by ultrasonic irradiation from the proposed system do not have the
ability to self-repair. In addition, the algal removal rates reached 55.41% and 72.97% after 30 min of ultrasonic
treatment when the corresponding ultrasonic densities are 0.014 W/mL and 0.021 W/mL, respectively. The
proposed omnidirectional ultrasonic algae removal system significantly simplifies the configuration and reduces
energy consumption, presenting the potential promise of algae removal and environmental protection.

1. Introduction

[3-7]. Numerous studies have confirmed that biological methods (e.g.,
microbial degradation), chemical methods (e.g., the addition of oxi-

With the rapid development of human industrial civilization, the
excessive reproduction of harmful algae in water caused by anthropo-
genic eutrophication has become a serious problem [1,2]. Algal blooms
destroy the ecological balance of the waters, as well as produces harmful
algae toxins that endanger the health of humans, livestock, and aquatic
ecosystems. In particular, Microcystis aeruginosa (M. aeruginosa) pro-
duces microcystin with strong liver toxicity. Long-term drinking of
water containing microcystin may cause liver and gallbladder lesions
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dants, photocatalytic active materials, and nanocomposite materials),
and physical methods (e.g., air flotation, filtration, and flocculation
precipitation methods) are effective strategies for reducing cyano-
bacterial bloom [8-13]. However, these methods present defects in
practical applications: biological methods are easily restricted by the
external environment and cause biological invasion, the by-products of
chemical methods may pollute water quality on the other hand, and
physical methods are limited by high cost and low efficiency.
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Fig. 1. Schematic diagram of the bending deformation of the end of the transducer. (a) Displacement analysis of point Q in X-Y plane. (b) Displacement analysis of

point Q in Y-Z plane.

Ultrasonic irradiation reduces the biological activity of algae cells
through the cavitation effect that occurs inside the cells, thereby
inhibiting or controlling the blooming of algae blooms, and is considered
as the most environmentally friendly treatment method at present [14-
16]. When the sound waves propagate in water, cavitation nucleus are
formed inside the algae cells during the alternating process of the
expansion and compression phases of the waves [17-19]. With sufficient
ultrasonic density, the cavitation nucleus is compressed and exploded
after multiple alternating cycles, destroying the gas vesicles in algae
cells and interrupting photosynthetic activity [20-22]. Currently, a va-
riety of ultrasonic algae removal devices have been developed and
employed [23-25]. Schneider et al. [26] developed an ultrasonic buoy
system to control algae growth in a 200-acre reservoir, which signifi-
cantly improved the water quality. Lee et al. [27] established a 200 kHz
ultrasonic irradiation system to destroy the vacuoles of cyanobacteria in
Senba Lake to prevent algae blooms. The MPC-Buoy algae removal in-
strument developed by LG-SONIC in the Netherlands is widely used in
the New Jersey Reservoir of the United States, the cooling pool of the
Raphael Nuclear Power Plant in the United Kingdom, the Dubai City
Government Sightseeing Lake, etc. [23]. The algae removal systems
mentioned above usually use Langevin ultrasonic transducers as the
ultrasonic generator. Due to the irradiation direction of Langevin
transducers is limited, multi-Langevin transducers with different ori-
entations are required to achieve omnidirectional ultrasonic irradiation.
Nevertheless, this kind of transducer array leads to a complex power
supply system and complicated control system, high energy consump-
tion, high cost, and low efficiency. To further improve the efficiency of
ultrasonic algae removal and reduce the cost, numerous research in-
stitutions mainly focus on studying the influence of ultrasonic fre-
quency, ultrasonic density, irradiation time, and other parameters on
the algae removal effect [28-33]. With the optimal ultrasonic parame-
ters, the efficiency of algae removal has been improved to varying de-
grees. However, as the core reason of the complex configuration and
high system cost, the ultrasonic transducer has been little optimized.
Especially the transducer capable of omnidirectional ultrasonic irradi-
ation is still a blank at present.

To improve the aforesaid problem, a novel omnidirectional ultra-
sonic removal system for M. aeruginosa using a single ultrasonic trans-
ducer is proposed in this study. Different from traditional ultrasonic
algae removal systems, a novel omnidirectional ultrasonic irradiation
transducer (OUAT) with bending-bending coupled vibration is proposed
in this paper. Through the regular arrangement of multiple piezoelectric

ceramic (PZT) plates, two spatially orthogonal first-order bending vi-
brations are excited and coupled in the OUAT, presenting the head-
shaking movements at both ends of the transducer. It means that the
direction of vibration of the proposed transducer changes continuously
along the circumferential direction, leading to the production of omni-
directional ultrasonic irradiation. Hence, the above-mentioned trans-
ducer array can be replaced by a single OUAT, simplifying the
configuration and control system, improving the energy utilization rate,
and reducing the cost.

This paper is organized as follows. The sound pressure distribution,
the sound pressure level, and the sound pressure irradiation received by
waters at different distances from the proposed OUAT are first theo-
retically analyzed and simulated to verify the feasibility of the proposed
OUAT with omnidirectional irradiation. Then, the cavitation bubble
radius is calculated to reveal the cavitation effect produced by the
transducer. Finally, the removal experiments of M. aeruginosa are car-
ried out to evaluate the effectiveness of the proposed OUAT algae
system.

2. Design method
2.1. Theoretical analysis

When the sound wave propagates to the liquid, the medium in the
negative pressure phase is subjected to a force of P, —P, where P} rep-
resents the hydrostatic pressure, and P is the sound pressure acting on a
medium in the sound field. As the sound intensity increases, the distance
between the medium molecules increases due to the negative pressure.
After the distance exceeds the limitation, the integrity of the liquid
structure is destroyed and cavities are generated [34]. On the other
hand, the thermal deposition during the acoustic wave transmission also
affects the generation of cavitation nuclei in the liquid. The thermal
motions within the liquid form temporary and microscopic voids that
can constitute the nuclei necessary for the rupture and growth of
macroscopic bubbles [35]. Meanwhile, the liquid enters a metastable
state when it is stretched beyond its vapor pressure or superheated
above the boiling point, at which time the thermal deposition in the
liquid facilitates bubble nucleation by lowering the cavitation threshold
[36,371.

The cavitation threshold P, refers to the minimum sound intensity
that caused the liquid to create cavitation. In a structurally complete
liquid, the threshold sound pressure for generating a cavity with a radius
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Fig. 2. Working principle of the transducer. (a) Two orthogonal first-order bending vibration modes of the transducer. (b) Shaking-head movements of the trans-
ducer coupled by the above two vibration modes. (c) Schematic diagram of the ultrasonic irradiation direction generated by the transducer.

of Ry is:

2 (26/Ry)’
P,=P,—P +——— | — 0 1
W oy v W

where ¢ is the surface tension of the liquid, P, is the vapor pressure.
Therefore, the difference in temperature, hydrostatic pressure, and gas
content in the same medium leads to different cavitation thresholds.
However, the cavitation threshold generally depends on the ultrasound
frequency. High ultrasound frequency requires high P.. In addition, the
higher ultrasound intensity applied to the liquid, the easier it is to
produce cavities.

Sound intensity, is defined as the power carried by sound waves per
unit area in a direction perpendicular to that area, can be expressed as:

1= ECO (2)

where ¢ is the speed of sound in the medium, and ¢ is the average sound
energy density, which is given as:

2
- p
F = m (3)
20665

where p, is the density of liquid, p, = umpco represents the amplitude
of sound pressure, and u, is the amplitude of the particle vibration ve-
locity. Hence, the sound intensity propagates along a certain direction
can be expressed as:

P

I =
2py¢o

1
= Pt 4

The aforementioned analyses mean that the sound intensity is pro-
portional to the amplitudes of the sound pressure and the particle vi-
bration velocity, and it is a vector pointing to the direction of the sound
propagation.

Therefore, the key to achieving the omnidirectional ultrasonic algae
removal is that the ultrasonic transducer can generate the omnidirec-
tional ultrasonic radiation while ensuring the generation of cavitation.
This research focused on the design of a mid-frequency ultrasonic

transducer with the omnidirectional vibration.

Assuming that the transducer is a cylinder, when two electrical sig-
nals with a phase difference of n/2 are applied to the two groups of PZT
plates, two orthogonal bending vibration modes can be excited in the
transducer, respectively. The displacement at any point Q on the end
face of the transducer in a bending vibration mode is analyze, as shown
in Fig. 1. When a sinusoidal voltage of sinwt is applied to a group of the
PZT plates, the displacement response w, of the center point O and the
rotation angle response « of the end face are:

Wy = wosinot 5)
a = apsinwt 6)

where wy and ag are the displacement amplitude and the rotation angle
amplitude of point O in the Y direction, respectively.

In the case of small deformation, the bending deformation of the
transducer conforms to the plane assumption. As descripted in Fig. 1(b),
the displacement responses of the point Q in the Y and Z directions are:

w, =

) = Wy — witana = wosinor — w!tana @)

j = — Rsinfsina ~ — Raysindsinwt (8)

w

Due to the small deformation angle in X-Y plane during the bending
vibration, the second term of Eq. (7) wltana is much smaller than its first
termwgsinwt. Hence, Eq. (7) can be simplified as:

w! & wosinwr 9)

Similarly, when a sinusoidal voltage of coswt is applied to another
group of the PZT plates, the displacement responses of point Q in the X
direction and Z direction are:

wz = wycosmt (10)

w2 = — RaycosOcoswt an

When the two electrical signals are applied to the two groups of PZT
plates simultaneously, the displacement response of point Q in the Z



H.-R. Feng et al.

Double end stud

Insulated tube

(2)

Fig. 3. Configuration view of the proposed OUAT and details. (a) Structure of the OUAT. (b) Exploded view of the OUAT. (c) Polarization directions of PZT plates.

direction is:

Wioml —

— Ray (sinfsinwt + cosfcoswr) = — Ragcos(wr — 0) 12)

z

As shown in Fig. 1(a), decompose w} and w7 along the normal and

tangential directions of point Q, and the responses of normal displace-
ment w, and tangential displacement w, can be expressed as:

w, = wysing +wcos = wycos(wr — 6) (13)

W, = — w;sin0+ wcosf) = wosin(wt — ) 14)

Analyzing Eq. (12) can obtain that, the displacement response of
point Q in the Z direction is related to the time t and the direction angled,
which performs a simple harmonic rotating along the circumference of
the transducer. It can be known in Egs. (13) and (14) that the responses
of normal and tangential displacements at any point on the end of the
transducer conform to the traveling wave equation, which means that
the transducer vibrates as shaking its head.

2.2. Transducer working principle and configuration

Since the effective irradiation range of low-frequency ultrasonic
waves is larger than that of high-frequency ultrasonic waves [38], low-
order vibration modes of the ultrasonic transducer are the preferred
option for efficient algae removal. Two orthogonal first-order bending
vibration modes are employed to couple the aforementioned shaking-
head movement in a cylinder transducer because of its low frequency
and large wavelength, as shown in Fig. 2(a). The cylinder formed by the
black lines in the figure represents the transducer without vibration, and
the deformed transducers under the two vibration modes are repre-
sented by the red and blue lines, respectively. The two vibration di-
rections of the cylinder transducer are along the X-axis and Y-axis,
respectively. It can be seen that the maximum deformation occurred at
the two ends of the transducer and the center of its axis. And there are
two nodal planes along the axial direction of the transducer.

The coupled shaking-head movement of the cylinder transducer is
indicated in Fig. 2(b). The green arrows denote the directions and
shaking amplitudes of the shaking-head movements. Theoretically, at
different positions of the transducer, as long as there are vibrations, the
shaking-head movement will be coupled here. Therefore, the rest

Nut ——

Electrode slice —»

PZT plates 4[ %

- o '

(b) (c)
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PZT plates of group I

PZT plates of group II

positions of the transducer except for the nodal planes perform the
shaking-head movements with different shaking amplitudes according
to the vibration amplitudes. From the two ends and the axis center of the
transducer to the positions of the nodal planes, the amplitude of the
shaking-head movement gradually decreases. According to Eq. (4) can
be inferred that the ultrasonic irradiation generated by the transducer at
different positions is different, as shown in Fig. 2(c). Yellow arrows
represent the directions and magnitudes of the ultrasonic irradiation.
The largest ultrasonic irradiation will be generated at the two ends and
the axis center of the transducer. In addition, the directions of the ul-
trasonic irradiation generated by the proposed transducer are consistent
with the directions of its shaking-head movements, which means that
the directions of the ultrasonic irradiation are constantly changing.

Based on this principle, a novel omnidirectional ultrasonic irradia-
tion transducer is proposed, as illustrated in Fig. 3. Eight PZT plates with
dual-polarization zones are regularly arranged among the nine electrode
plates, and they are fixed on a double-ended stud by two cylindrical
metal covers and two pre-tightening bolts. The purpose of choosing PZT
plates with dual-polarization zones is to excite the two orthogonal first-
order bending vibration modes of the proposed transducer. There are
three threaded holes evenly arranged on the cylindrical surface of each
metal cover, and the positions of the threaded holes are located on the
nodal plane of the two bending vibration modes.

PZT plates are equally divided into groups I and II according to the
spatial distribution of their polarization zones. The two groups of PZT
plates have a spatial phase difference of n/2. It means that the two vi-
bration modes independently excited by these two groups of PZT plates
are orthogonal in space. Therefore, when two electrical signals of a
specific frequency with a temporal phase difference of n/2 are, respec-
tively, applied to the two group of PZT plates, a traveling wave rotating
along the circumference direction will be coupled at both ends of the
double-ended stud, in other word, the OUAT presents a vibrating motion
similar to shaking-head.

3. Simulation analysis
3.1. Finite element simulation model

Utilizing the finite element method (FEM) based on the commercial
software COMSOL Multiphysics 5.5, the modal analysis and sound field
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Fig. 4. Sectional stereogram of the simulation meshing model.

simulation were conducted on the OUAT. There are two primary pur-
poses of simulation analysis. On the one hand, the geometrical di-
mensions of the OUAT can be optimized through modal simulation
analysis to reduce the frequency difference of the two orthogonal first-
order bending vibration modes. On the other hand, by simulating the
underwater working environment of the transducer in reality, the sound

Ultrasonics Sonochemistry 86 (2022) 106008

characteristics of the OUAT can be correctly analyzed to verify the
correctness of the omnidirectional ultrasonic irradiation principle.

To simulate the actual working environment of the OUAT, it was
placed in a spherical water area, while the periphery of the water was
surrounded by a perfectly matched layer (PML), as shown in Fig. 4. The
PML here refers to an infinitely thick water, which can absorb almost all
incident waves without reflection. In this simulation model, the element
type of the PML was set to a cuboid mesh, and the rest were set to a free
tetrahedral mesh. The maximum size of the water element was set to 1/6
of a wavelength to ensure the calculation accuracy of the sound pres-
sure. Meanwhile, eight layers of mesh were divided along the thickness
of the PML to ensure the sound wave are absorbed entirely.

The material of the PZT plates is circular ring-shaped PZT-8 with
dual-polarization zones (Haiying Company, Wuxi, China), and its outer
diameter, inner diameter, and thickness are 30 mm, 13 mm, and 2 mm,
respectively. Two cylindrical metal covers, two pre-tightening bolts, and
the double-ended stud are made of 304 stainless steels. The electrode
plates are silver-plated copper plates with a thickness of 0.30 mm. In
particular, a 0.5 mm thick Nylon-PA66 insulating sleeve was placed
between the outer surface of the bolt and the inner ring surface of PZT
plates and electrode plates, insulating the electrode plate from the
double-ended stud, and ensuring the verticality of PZT plates during

Table 1
Material parameters of the OUAT.
Material 304 stainless steels Copper Nylon-PA66 PZT-8
Density (kg/m3) 7750 8960 1150 7650
Young’s modulus (GPa) 193 110 2 1206 535 515 0 0 0
535 1206 51.5 0 0 0
515 515 1045 O 0 0
0 0 0 313 0 0
0 0 0 0 313 0
0 0 0 0 0 346
Poisson’s ratio 0.31 0.35 0.4 /
Damping Factor 0.002 0.001 0.15 0.0016
Relative permittivity 1 1 4 904.4 0 0
0 904.4 0
0 0 561.6
Piezoelectric constant (C/m2) / / / 0 0 -5.2
0 0 -5.2
0 0 15.1
0 0 0
0 12.7 0
127 0 0
f=20165 Hz f=20191 Hz
um um
x107 x107?
9
12
8
7 10
g 8
5
4 6
3 4
2
2
1
0 0

(a)

(b)

Fig. 5. First-order bending vibration modes of the OUAT in (a) X-Z plane (mode A) and (b) Y-Z plane (mode B).
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Fig. 6. Shaking-head movement of the OUAT in (a) X-Z plane and (b) Y-Z plane. The vibration shape of the OUAT can be seen in supporting information named “1”

and “2”.

assembly. In addition, six bolts made of Nylon-PA66 were installed in
the threaded holes of the cover plate. All material parameters are listed
in Table 1. In all simulations in this study, two electrical signals with a
peak-to-peak voltage of 1 V (1 Vpp) were applied to the electrode plates.
The end faces of the six bolts were set as fixed constraints.

3.2. Modal simulation

The calculated working vibration modes of the OUAT are shown in
Fig. 5. When an electric signal with a frequency of 20,165 Hz was
applied to the PZT plates of group I, the OUAT presented the first-order
bending vibration mode in the X-Z plane (mode A). Similarly, the first-
order bending vibration mode of the OUAT in the Y-Z plane (mode B)
was appeared when an electric signal with a frequency of 20,191 Hz was
applied to the PZT plates of group II. Compared with the middle section
of the OUAT, two ends of the OUAT have the largest vibration
displacement due to the smaller cross-section. The resonant frequency
difference between the two working vibration modes is 26 Hz, caused by
the clamping of six nylon bolts, indicating that two vibration modes can
be coupled into a traveling wave at the both ends of the OUAT.

According to the above simulation results, a harmonic response
analysis was conducted to tune the response frequencies of the two
working modes. The tuned exciting frequency of the OUAT was 20173

Hz after the harmonic response analysis. Under the excitation of two
electric signals with a temporal phase difference of n/2, the optimized
vibration shape of the OUAT was obtained, as illustrated in Fig. 6.
During one period, the vibration shape changed as O-®-®-®, as shown
in Fig. 5(a). It can be seen that the vibration direction of the OUAT
changes with time. Correspondingly, the end face of OUAT shows a
shaking-head movement, as shown in Fig. 5(b).

3.3. Sound field simulation

With the above harmonic response analysis, in addition to the vi-
bration shape, the sound field distribution generated by the OUAT vi-
bration was obtained, as shown in Fig. 7. Sound pressure and sound
pressure level are essential parameters that characterize the sound
characteristics of a algae removal transducer. The sound field distribu-
tions of the Y-Z and X-Y sections of the simulation model, that is, in the
axial and circumferential directions of the OUAT, are shown in Fig. 7(a)
and (b). Since the sound field was only calculated in the water, the
display of the OUAT in the simulation nephograms is blank. Along the
axis of the OUAT, both ends of the transducer generated a significant
sound pressure in the surrounding water due to their maximum vibra-
tion speed (seen in supporting information named “3”). Because of the
shaking-head motion of the OUAT ends, the produced sound field also
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Fig. 6. (continued).
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changes continuously along the direction of movement, in which the
positive pressure zone and the negative pressure zone alternately rotate
(seen in supporting information named “4”). The sound pressure levels
of the two sections generated by the OUAT vibration are shown in Fig. 7
(c) and (d), which indicate that the proposed transducer can produce a
good sound pressure level in water at a voltage of 1 Vj,. And the sound
pressure level gradually attenuates from the solid-liquid interface of the
OUAT to the water area.

To analyze the sound characteristics of the water at different dis-
tances from the OUAT, the exterior-field sound pressure level of the
water was analyzed and computed, and the results are shown in Fig. 8.
The exterior-field refers to the water area with a certain distance in the
radial direction of the transducer. Fig. 8 is a polar coordinate diagram of
wavenumber sensitivity (Beam pattern), in which the radius coordinate
refers to different sound pressure levels, indicating the distribution of
sound pressure levels in the water at a distance of 0.1 m, 1 m, and 10 m
from the transducer.

The plane of the Beam pattern in Fig. 8(a) coincides with the Y-Z
plane of the Cartesian coordinate system in Fig. 7. It can be noted that
there is almost no ultrasonic irradiation near the 0° and 180° directions
of the OUAT (the axis of OUAT). This is because the main deformation
direction of the transducer occurs in the X-Y plane, and the vibration
velocity of the OUAT in the Z direction is relatively small. The minimum
values of ultrasonic irradiation appear in the directions of 75°, 105°,
255° and 285° of the OUAT. These four directions respectively corre-
spond to the node positions of the first-order bending vibration mode.
Similarly, the maximum values of ultrasonic irradiation occur in 35°,
145°, 215°, and 325° of the OUAT. These four directions correspond to
the maximum amplitude of the first-order bending vibration mode.

7
N
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These prove that the mechanical properties of the ultrasonic transducer
directly affect its sound properties. In addition, the maximum sound
pressure levels of water at 0.1 m, 1 m, and 10 m from the OUAT are 160
dB, 140 dB, and 110 dB, respectively, indicating that the effect of ul-
trasonic irradiation gradually weakens as the radial distance increases.
The plane of the beam pattern illustrated in Fig. 8(b) coincides with the
X-Y plane of the Cartesian coordinate system shown in Fig. 7. The sound
pressure level isolines at different distances from the transducer present
the perfect circular distribution, indicating that the ultrasonic irradia-
tion generated by the OUAT in the circumferential direction has the
same amplitude, further verifying that the proposed transducer has the
function of omnidirectional ultrasonic irradiation.

3.4. Ultrasonic cavitation bubble simulation

Assuming the bubble wall in the sound field only moves radially, the
bubble is always spherical and the center of the sphere is fixed during
the movement. Meanwhile, considering the effects of liquid viscosity
and surface tension on the radial velocity of the bubble, the bubble
radius equation was defined as [39,40]:

S 3o 1 26\ (R\™ 26 R ‘
RR+2R = {(POJFR—O) (—RO) — o g — Pot Py + Pusinar
15)

where R is the instantaneous radius of cavitation bubble, Ry is the initial
radius of the bubble, R is the velocity of the particle on the bubble wall,
R is the motion acceleration of the particle on the bubble wall, p is the
liquid density, Py is the static liquid pressure, P, is the vapor pressure, P,
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Fig. 7. Sound properties of the proposed OUAT. Sound field distributions of (a) the Y-Z section and (b) the X-Y section of the simulation model. Sound pressure level
of (c) the Y-Z section and (d) the X-Y section of the simulation model.

Exterior-field sound pressure level (dB) Exterior-field sound pressure level (dB)
0° 0°

(a) (b)

Fig. 8. Ultrasonic irradiation generated by the OUAT at different distances in two planes: (a) Y-Z plane, and (b) X-Y plane.

is the ultrasonic sound pressure amplitude, ¢ is the surface tension of The radii of the cavitation bubbles located at different positions of
liquid, K is the heat capacity ration, y is the liquid viscosity, and o is the the OUAT were calculated to evaluate the cavitation effect produced by
ultrasonic angular frequency. the proposed transducer. Ten positions along the axial and
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(a) (b)
Fig. 9. Extract the sound pressure amplitudes at ten positions in the figure. (a)Axial and (b) circumferential directions of the OUAT.
Table 2
Calculated sound pressure amplitudes of ten positions of the OUAT.
Position 1 2 3 4 5 6 7 8 9 10
Sound pressure amplitude (10° Pa) 1.824 1.1 1.2 1.089 1.817 0.955 1.845 1.825 1.85 1.816
Table 3
Values of the factors when calculating the bubble radius.
Factor P o " Py p, K F
(kg/m®) (N/m) (Pas) (m/s) (10°Pa) (Pa) (kHz)
Value 1000 0.076 0.01 1.013 3.271 1.33 20.173

circumferential directions of the OUAT were selected, as shown in Fig. 9.
During the cavitation bubble simulation, the sound field generated by
the OUAT was first calculated when the electrical signals with 200 Vp,
were applied to the two groups of PZT plates. Then the sound pressure
amplitudes of these ten positions were extracted, as listed in Table 2.
Since the amplitudes in the two vibration directions of the OUAT are
inconsistent (seen in Fig. 5), the sound pressure amplitudes of two
symmetrical positions on the transducer (such as the positions 1 and 5)
are not the same. Finally, the extracted sound pressure amplitudes were
substituted into Eq. (15) as the single variable to calculate the cavitation
bubble radius.

The Runge-Kutta method was employed in MATLAB to calculate the
instantaneous radius of the bubble at these ten positions. The initial
conditions at time t = 0 were set as follows: R = Ry and R = 0. Besides,
the values of other factors are presented in Table 3. During the calcu-
lations, the alternating sound fields were applied in the order of the
negative pressure first and then the positive pressure.

The simulation results are illustrated in Fig. 10. The horizontal axis
represents an alternating period T of the sound field, and the vertical
axis represents the ratio of the instantaneous radius of the bubble to its
initial radius. It can be seen that the bubble radii increased rapidly under
the negative pressure, and then decreased sharply under the positive
pressure. In addition, the bubbles expanded first and then shrunk and
rebounded in one period. R/Ry gradually approaching 0 indicates that
the cavitation bubbles were about to collapse. Since the threshold

condition for bubble collapsing was not considered in the calculation
process, this ratio was not equal to 0. Comparing these ten curves, it can
be found that the greater the sound pressure around the bubble, the
more intense the growth and collapse of the bubble. In the axial direc-
tion of the transducer, the cavitation effects of the bubbles at both ends
of the OUAT are the most significant, as shown in Fig. 10(a). And the
bubble cavitation effects at the circumference of the OUAT are the most
significant, and their effect are similar, as shown in Fig. 10(b). This in-
dicates that the proposed transducer can produce a uniform cavitation
effect in the circumferential direction, which further proves the cor-
rectness of the proposed omnidirectional ultrasonic removal system for
M. aeruginosa.

4. Experiments and discussion
4.1. Fabrication and characterization

After a series of parameters adjustments to maximize the vibration
amplitude of transducer, the optimized geometrical parameters of the
proposed OUAT were determined, as shown in Fig. 11. Then the OUAT
prototype was manufactured and assembled. And an experimental
platform based on a 3D laser Doppler vibrator (PSV500-3D-M, Polytec,
Germany) was built for testing the vibration characteristics of the OUAT
prototype, as shown in Fig. 12. During tests, an end face of the OUAT
prototype was used to receive and reflect the laser beam emitted by the
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Fig. 10. Variation of the bubble radius and sound pressure in one cycle (T) at different positions of the OUAT in the (a) axial and (b) circumferential directions.
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Fig. 11. Geometric parameters of the OUAT.
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3D laser Doppler vibrometer.

First, the two first-order bending vibration modes of the OUAT
prototype were tested by frequency sweep, respectively (each mea-
surement only one electrical signal was applied to a group of PZT
plates), and the test results are shown in Fig. 13. The end face of the
transducer performs reciprocating motions in two directions in the X-Y
plane, and the two directions of the vibration are almost perfectly
orthogonal in space, which is consistent with the simulation results
(seen in supporting information named “5” and “6”). However, the
measured resonance frequencies of the mode A and mode B of the OUAT
prototype in the air are 19613 Hz and 19472 Hz, respectively. There is a
frequency difference of 141 Hz between the two vibration modes, and
the differences between the measured frequency and the calculated re-
sults by FEM are 693 Hz and 578 Hz, respectively. The difference be-
tween the measured and the calculated frequencies is primarily due to
the fact that the simulation was done in water and the measurements
were taken in air. In addition, the assembling error of the prototype and
the material error between simulation and reality also caused the fre-
quency differences.

Then applied the same electrical signal to the two groups of PZT
plates for the sweep frequency measurement. The frequency response
curves of the OUAT prototype measured and calculated by experiment
and FEM are shown in Fig. 14. In this case, both curves have only one
peak, indicating that the two vibration modes are well coupled when the
whole prototype is measured and calculated. After that, the fixed fre-
quency vibration experiment was carried out. Two electrical signals
with the same frequency of 19594 Hz and a temporal phase difference of
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Fig. 13. Measured two bending vibration shapes of the OUAT end face. (a) Mode A. (b) Mode B.
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Fig. 14. Frequency response curves of the OUAT prototype computed by the
FEM and measured by the 3D laser Doppler vibrometer.

n/2 were simultaneously applied to the two groups of PZT plates, and
the end face of the OUAT prototype performed a shaking-head motion in
the X-Y plane, as shown in Fig. 15. It can be clearly noted that the
measured results are basically consistent with the calculated results,
verifying the correctness of the OUAT working principle.
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Since the actual working environment of the OUAT is underwater,
the resonant frequency in the air may not be the best frequency in its
actual work. To maximum the ultrasonic irradiation generated by the
transducer, an impedance analyzer (PV80A, Bandera Electronics Corp,
China) was used to measure the impedance characteristics of the OUAT
prototype in the water environment, as shown in Fig. 16. Applied the
same electrical signal to the two groups of PZT plates, the impe-
dance—frequency curve of the transducer in the range of 15,000 Hz to
22,000 Hz was obtained, as shown in Fig. 17. The resonant frequency of
OUAT prototype in water is 19,138 Hz, which has reduced by 456 Hz
compared with that in air. The reason for the shifting of the resonance
frequency is that the coupling effect between solid and liquid in the
water environment changes the boundary conditions of the OUAT. The
measured frequency of 19,138 Hz is the working frequency of the OUAT
prototype in the subsequent algae removal experiments.

4.2. Growth inhibition experiment

In this study, M. aeruginosa, provided by the Shanghai Guangyu
Biological Technology Co., Ltd., was used for experiment. Before the
experiment, M. aeruginosa was placed in the sterilized culture medium,
and then transferred to a light incubator at a constant temperature of 25
°C for a 12-hour light-dark illumination cycle to simulate the natural
day and night cycle.

The omnidirectional ultrasonic removal experimental system for M.
aeruginosa is shown in Fig. 18. When the system begins working, two
electrical signals with the same frequency are sent out by a signal

OB 7N
.‘A o

Signal
Vib 30 Displacement
Inst. Value
pm
R e
0 oS 1

Fig. 15. Shaking-head vibrating motion of the OUAT prototype end face measured by the 3D laser Doppler vibrometer. The measured motion video can be seen in

supporting information named “7”.

12



H.-R. Feng et al.

Fixture

N

Ultrasonics Sonochemistry 86 (2022) 106008

Impedance analyzer

%

Fig. 16. Experimental device for measuring the impedance characteristics of the OUAT prototype placed in water.
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Fig. 17. Impedance measurement results. The red line is the logarithmic value curve of impedance amplitude, and the blue line is the impedance phase curve.
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Fig. 18. Omnidirectional ultrasonic removal experimental system for
M. aeruginosa.
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generator (AFG3022B, Tektronix, USA). The electrical signals are line-
arly amplified by two power amplifiers (HSA4052, NF, Japan) to the
same voltage and then are transmitted to the OUAT and an oscilloscope
(DP0O2014, Tektronix, USA).

In the ultrasonic removal experiments for M. aeruginosa, a control
group and two experimental groups were set up. The algae fluid in the
control group grew spontaneously without applying ultrasonic irradia-
tion. Ultrasonic irradiation with different ultrasonic densities were
applied to the two experimental groups, and each experimental group
contained devices as shown in Fig. 18. Ultrasonic density was measured
by the heat quantity method [41-44], which was calculated as:

dT
UD = (ECPM>/V

where Up is ultrasonic density (W/mL), T is the temperature of treated
liquid (°C), t is exposure duration (second), C, = 4.2 x 10® (J/kg/°C) is
the specific heat capacity of water at 25 °C, M is the mass of water (kg),
and V is the volume of treated liquid (mL).

The algal density is considered to be the basic indicator for evalu-
ating the growth of M. aeruginosa. In the experiment, it was detected by
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-

Fig. 19. Growth of M. aeruginosa after treatment at different ultrasonic densities within 10 days. Group A is the control group without ultrasound treatment. Groups
B and C are the experimental groups with applied an ultrasonic density of 0.014 W/mL and 0.021 W/mL, respectively.
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Fig. 22. M. aeruginosa in the field of biological microscope at different ultrasonic densities. (a) Control group, (b) 0.014 W/mL, and (c) 0.021 W/mL.
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Fig. 25. Means plots of algae densities in different ultrasound irradiation.

a hemocytometer with the aid of an optical microscope (CX40, Shunyu,
China), an image sensor (M3LY500TFS, Sony, Japan), and a computer.
The M. aeruginosa sank to the bottom of the container when its vesicles
was destroyed, which results in different algae densities in waters of
different heights. To ensure the accuracy of the detection, samples were
collected at the same height from the liquid surface. In addition, the M.
aeruginosa liquid at five positions on the same horizontal plane was
collected and detected for each experiment, and the five detection re-
sults were averaged. The algal cell density was calculated as follows:

D

0

xmxyx 10* a7)

where D is the cell density (cells/mL), A is the area of the counting box
(mm?), Ay is the counting area (mm?), m is the number of cells in the
counting area, y is the dilution factor of the algal samples, and the
volume of the counting box is 0.1 mL.

The algae remove rate was used to characterize the removal effect of
the omnidirectional ultrasonic removal system for M. aeruginosa,
calculated as.

D¢ — Dg

c

RR = x 100%

where RR represents the removal rate (%), and D¢ and Dg denote the
algal cell densities of the control group and experimental group at the
same time, respectively.

A ten-day growth inhibition experiment of M. aeruginosa was carried
out first. Before the experiment, the M. aeruginosa in the same batch was
diluted by the same multiple and placed in equal volumes in three
beakers labeled A, B, and C. Among them, group A is the control group,
and groups B and C are experimental groups. Group A did not receive the
ultrasonic irradiation for ten days, and groups B and C did not receive
ultrasonic treatment for the first two days. From the 3rd to the 7th days,
the experimental groups B and C were treated with ultrasonic irradiation
for 20 min at 16:00 every day. During the treatment process, the ul-
trasonic density applied to the two experimental groups was 0.014 W/
mL and 0.021 W/mL, respectively. The growth inhibition experiment
was repeated three times to ensure the accuracy of the algal density.

The experimental results as shown in Fig. 19. It can be seen intui-
tively that the color of the M. aeruginosa liquid in beakers changed over
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time. The change of color is caused by the destruction of the chloro-
plasts, which can indicate the variation of the algal density. For the first
two days, the liquid color of the three breakers was almost the same
green. After ultrasonic irradiation was applied to the two experimental
groups on the third day, the liquid color in group C changed signifi-
cantly, and there was no noticeable change in groups A and B. The
difference in this result indicates that the proposed OUAT can quickly
inhibit the growth of M. aeruginosa in a short time under the appropriate
ultrasonic irradiation intensity. For the 3rd to 7th days, the color of algal
liquid in group A became darker gradually than that of the first two days.
Meanwhile, the algal liquid color in groups B and C gradually became
transparent. The significant color difference indicates that the proposed
OUAT can effectively inhibit the growth of M. aeruginosa to a certain
extent, achieving the purpose of algal removal and water purification.
The ultrasonic irradiation applied to the experimental groups B and C
was stopped on the 8th to 10th day. There was little change in the algal
liquid color in the two beakers, suggesting that the M. aeruginosa
damaged by ultrasonic irradiation from the proposed OUAT did not have
the ability to self-repair.

A one-way repeated measurement ANOVA of the algal density ob-
tained from the repeated experiments was first carried out. And the
analysis result of the P-value of the Test of Within-Subjects Effects is
greater than 0.05, which means that there was no significant difference
in the repeated experiments (seen in Tables 4 and 5 in the Appendices
A). Then, the algal densities of the three experiments were averaged, and
a line graph of density changes of M. aeruginosa within ten days was
obtained, as shown in Fig. 20. For the control group A, the M. aeruginosa
grew rapidly in the first five days, as well as the growth and reproduc-
tion rate of algal tended to be stable due to the limited consumption of
inorganic salts (such as nitrogen, phosphorous, etc.) in the algal liquid.
For experimental groups B and C, after four days of ultrasonic irradiation
of the M. aeruginosa, the algal density decreased from 3.67 x 10° cells/
mLand 3.51 x 10° cells/mL to 1.02 x 10 cells/mL and 0.92 x 106 cells/
mL, respectively, which proved the effectiveness of the proposed ultra-
sonic removal system for M. aeruginosa. The density of M. aeruginosa
did not rebound significantly when the transducer stopped working in
the last two days, indicating that ultrasonic irradiation has a continuous
inhibitory effect on the M. aeruginosa growth, verifying that the pro-
posed OUAT has the ability to remove M. aeruginosa and purify water.

To obtain the statistical significance of the algae removal with
varying ultrasonic irradiation, a one-way ANOVA was performed. Since
the algal fluid was not sonicated for the first two days and the last three
days in the growth inhibition experiment, only the experimental results
from 3rd to 7th days were analyzed. And the analysis result of the P-
value of the Multiple Comparisons is <0.05, indicating that there are
significant differences between the group A and the groups B as well as C
(seen in Tables 6-8 in the Appendices B). The mean algal densities of
different experimental times and different ultrasonic irradiations ob-
tained by the one-way ANOVA in a line graph were plotted, as shown in
Fig. 21. It can be concluded that the effect of algae removal is the most
significant when the ultrasonic density is 0.021 W/mL.

4.3. Rapid elimination experiment

A rapid elimination experiment of M. aeruginosa was carried out to
evaluate the algae removal effect of the proposed removal system in a
short time. In this experiment, two experimental groups were irradiated
with the ultrasonic density of 0.014 W/mL and 0.021 W/mL, respec-
tively. The ultrasound treatment time for algal liquid is generally 0-20
min with an ultrasound density of 0.01-0.32 W/mL [20,38,45]. Since
the ultrasound density used in this experiment is small, the algal liquid
in the experiment was irradiated continuously for 60 min. The rapid
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elimination experiment was repeated three times to ensure the accuracy
of the experimental data. To visualize the process of removing algae, the
M. aeruginosa liquid was sampled and counted by an optical microscope
every 15 min. Each experiment sampled the algal liquid at five locations
on the same horizontal surface and averaged the five calculation results.
Compared with the control group, the number of M. aeruginosa cells in
the two experimental groups significantly reduced after 60 min of ul-
trasonic treatment, as shown in Fig. 22.

A one-way repeated measurement ANOVA of the algal density ob-
tained from the repeated experiments was first performed. And the
analysis result indicated that there was no significant difference in the
repeated experiments (P > 0.05, seen in Tables 9 and 10 in the
Appendices C). Then, the algal densities of the three experiments were
averaged, and a line graph of density changes of M. aeruginosa within
60 min was obtained, as shown in Fig. 23. The experimental data indi-
cated that the densities of M. aeruginosa in the experimental groups with
an ultrasonic density of 0.014 W/mL and 0.021 W/mL decreased sharply
within 45 min and 30 min, respectively. The algal removal rates of the
two ultrasonic densities reached 44.59% and 71.62% at 30 min,
respectively, as shown in Fig. 24, which preliminarily verified the fast
and efficient algal removal ability of the OUAT. Finally, after 60 min of
ultrasonic irradiation, the algal removal rates at the two ultrasonic
densities reached 55.41% and 72.97%, respectively, which were only
10.82% and 1.35% higher than that at 30 min. This illustrates that
higher ultrasonic density corresponded to higher removal rates, as well
as the optimal working time of the OUAT is 30 min in terms of the energy
utilization rate of algal removal. These experiment results confirmed the
M. aeruginosa removal ability of the OUAT prototype.

Similarly, a one-way ANOVA was performed to obtain the statistical
significance for the rapid elimination of M. aeruginosa with varying
ultrasonic irradiation. The analysis result of the P-value of the Multiple
Comparisons is <0.05, indicating that there are significant differences
between the group A and the groups B as well as C (seen in Tables 11-13
in the Appendices D). The mean algal densities of different experimental
times and different ultrasonic irradiations obtained by the one-way
ANOVA in a line graph were plotted, as shown in Fig. 25. It can be
concluded that the effect of algae removal is the most significant when
the ultrasonic density is 0.021 W/mL.

5. Conclusions

In this paper, a novel omnidirectional ultrasonic cavitation removal
system with an ultrasonic transducer for M. aeruginosa is designed,
theoretically analyzed, numerically simulated, and experimentally
evaluated. Benefiting from the shaking-head movement coupled with
the two orthogonal bending vibration modes, the proposed OUAT pro-
duces the uniform ultrasonic irradiation in its circumferential direction
for omnidirectional removal of M. aeruginosa. This significantly reduces
the required number of transducers, simplifies the system configuration,
lowers the system cost, and improves the algae-removal efficiency.

Firstly, the correctness of the proposed principle of omnidirectional
ultrasonic irradiation was verified by a series of simulations. The sound
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has the function of omnidirectional ultrasonic irradiation. Meanwhile,
the bubble cavitation effects at both ends of the OUAT were the most
significant, and the cavitation effects in the circumferential direction of
the OUAT were consistent, which verifies the correctness of the pro-
posed omnidirectional algae removal principle. Then, the vibration test
results illustrated that the shaking-head motion can be perfectly coupled
at both ends of the OUAT prototype. Finally, the removal effect of the
proposed removal system was evaluated through the removal experi-
ments on the M. aeruginosa. The results of the ten-day growth inhibition
experiment exhibited that the M. aeruginosa damaged by ultrasonic
irradiation from the OUAT prototype did not have the ability to self-
repair. The rapid elimination experimental results indicated that the
algal removal rates reached 55.41% and 72.97% after 30 min ultrasonic
when the corresponding ultrasonic densities were 0.014 W/mL and
0.021 W/mL, respectively. These results proved the feasibility and
effectiveness of the proposed omnidirectional ultrasonic removal system
for M. aeruginosa. Certainly, the proposed system is also suitable for the
removal of all algae. The kind of omnidirectional algae removal based on
a single transducer significantly simplifies the configuration, reduces
energy consumption, and has a potential application in algae removal.
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field generated by both ends of the OUAT rotated and changed along the Appendix

direction of its shaking-head. The sound pressure level isolines at it

different distances from the OUAT presented a perfect circular distri- Appendix A

bution in its circumferential direction, proving the proposed transducer

Table 4

Mauchly’s Test of Sphericity of the three repeated growth inhibition experiments.
Experimental group Within Subjects Effect Mauchly’s Approx. Chi-Square df P/(Sig.) Greenhouse-Geisser

w

Group A Algal Density 0.941 0.484 2 0.785 0.945
Group B Algal Density 0.955 0.372 2 0.830 0.957
Group C Algal Density 0.938 0.512 2 0.774 0.942

*Group A: Non ultrasound irradiation. Group B: 0.014 W/mL. Group C: 0.021 W/mL.
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Table 5
Test of Within-Subjects Effects of the three repeated growth inhibition experiments.
Experimental group Sorurce Type III Sum of Squares df Mean Square F P/Sig.
Group A Sphericity Assumed 0.517 2 0.258 1.904 0.178
Group B Sphericity Assumed 0.163 2 0.081 0.761 0.481
Group C Sphericity Assumed 0.129 2 0.065 0.635 0.541
Appendix B
Table 6
Test of Homogeneity of Variances of the data from the growth inhibition experiments.
Experiment time Source Levene Statistic df1 df2 P/Sig.
3rd day Based on Mean 0.571 2 6 0.593
4th day Based on Mean 1.217 2 6 0.360
5th day Based on Mean 1.400 2 6 0.317
6th day Based on Mean 2.261 2 6 0.185
7th day Based on Mean 1.939 2 6 0.224
Table 7
ANOVA of the data from the growth inhibition experiments.
Experiment time Sum of Squares df Mean square F P/Sig.
3rd day 4.181 2 2.090 15.842 0.04
4th day 23.292 2 11.646 153.455 <0.001
5th day 34.042 2 17.021 76.594 <0.001
6th day 43.042 2 21.521 182.294 <0.001
7th day 46.361 2 23.180 322.197 <0.001

Table 8
Multiple Comparisons by Tukey HSD of the data from the growth inhibition experiments.
Experiment time Group (I) Group (J) Mean Difference (i-J) Std. Error P/Sig.
3rd day Group A Group B 1.25 0.29659 0.013
Group C 1.58333 0.29659 0.04
4th day Group A Group B 3.08333 0.22567 <0.001
Group C 3.66667 0.22567 <0.001
5th day Group A Group B 4.16667 0.38490 <0.001
Group C 4.08333 0.38490 <0.001
6th day Group A Group B 4.16667 0.28054 <0.001
Group C 4.08333 0.28054 <0.001
7th day Group A Group B 4.66667 0.21900 <0.001
Group C 4.95000 0.21900 <0.001
Appendix C
Table 9
Mauchly’s Test of Sphericity of the three repeated rapid elimination experiments.
Experimental group Within Subjects Effect Mauchly’s Approx. Chi-Square df P/(Sig.) Greenhouse-Geisser
w
Group A Algal Density 0.238 4.302 2 0.116 0.568
Group B Algal Density 0.645 1.314 2 0.528 0.738
Group C Algal Density 0.473 2.244 2 0.326 0.655
Table 10
Test of Within-Subjects Effects of the three repeated rapid elimination experiments.
Experimental group Sorurce Type III Sum of Squares df Mean Square F P/Sig.
Group A Sphericity Assumed 0.111 2 0.055 3.194 0.096
Group B Sphericity Assumed 0.002 2 0.001 0.058 0.944
Group C Sphericity Assumed 0.021 2 0.011 1.340 0.315
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Appendix D
Table 11
Test of Homogeneity of Variances of the data from the rapid elimination experiments.
Experiment time Source Levene Statistic df1 df2 P/Sig.
15 min Based on Mean 0.354 2 6 0.715
30 min Based on Mean 0.516 2 6 0.621
45 min Based on Mean 1.149 2 6 0.378
60 min Based on Mean 0.832 2 6 0.480
Table 12
ANOVA of the data from the rapid elimination experiments.
Experiment time Sum of Squares df Mean square F P/Sig.
15 min 5.681 2 2.840 208.673 <0.001
30 min 31.056 2 15.528 375.684 <0.001
45 min 34.847 2 17.424 636.194 <0.001
60 min 35.792 2 17.896 937.745 <0.001
Table 13
Multiple Comparisons by Tukey HSD of the data from the rapid elimination experiments.
Experiment time Group (I) Group (J) Mean Difference (i-J) Std. Error P/Sig.
15 min Group A Group B 1.25000 0.09526 <0.001
Group C 1.91667 0.09526 <0.001
30 min Group A Group B 2.83333 0.09813 <0.001
Group C 4.50000 0.09813 <0.001
45 min Group A Group B 3.58333 0.11139 <0.001
Group C 4.58333 0.11139 <0.001
60 min Group A Group B 3.58333 0.09329 <0.001
Group C 4.66667 0.09329 <0.001
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