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ABSTRACT

A desire of ultrasonic devices with large working surfaces for industrial applications has
drawn considerable attention from researchers. Many extensive radiators have been proposed
and developed for various applications in the last few decades. However the design
methodology for those devices is still a troublesome process and only works with some
traditional profiles. In this research, an effective design method of a new i-stepped plate
ultrasonic transducer is developed by using a genetic algorithm optimization scheme and
finite element analyses. A possible application of food dehydration to dry heat sensitive
materials and high-quality dry products has been recommended. Prototypes of the transducer
are fabricated by a numerical control machining process. The effect of the ultrasonic field
generated by the proposed design is investigated via a drying experiment of carrots.

Keywords: i-stepped plate, high-intensity ultrasonic, transducers, extensive radiators, genetic
algorithm.

TOM TAT

Nhu cau st dung cdc thiét bi phat song siéu agm cé bé mdt phdt séng Ién ding trong cdc img
dung quy mé coéng nghiép dang thu hit rat nhiéu sw quan tam cia cdc nha nghién civu. Pa cé
rat nhiéu thiét ké ciia cdc tam phat xa mo réng duwoc dé xuat cho nhiéu loai ung dung khac
nhau trong nhitng thip ky viea qua. Tuy nhién quy trinh thiét ké cho nhitng thiét bi nay vin
con kha phirc tap va hau nhw chi tdp trung vao cdc bién dang truyén thong. Bai bdo nay dé
xudt phicong phdp thiét ké cho mot thiét bi phat séng siéu am dang tam bdc doc sir dung thudt
todn t6i wu héa di truyén két hop phwong phdp phan tich phan tir hivu han. Mét vmg dung cu
thé cho thiét bi dimg dé sdy cdc loai thue pham khé c6 gid tri cao va twong déi nhay cam voi
nhiét do ciing da dwoc dé xudt. M6 hinh thir nghiém cua thiét bi dwoc ché tao bdng may gia
cong diéu khién s6. Cudi ciing hiéu qua lam viéc cia thiét bi phdt song siéu am duwoc thir
nghiém cho img dung sdy carot.

Tir khoa: Tam bdc doc, siéu dm nang lwong cao, thiet bi chuyén doi song am, tam phat xa mo
rong, thudt toan di truyén.

1. INTRODUCTION attention from researchers recently. These
applications include the atomizers [1],
welding devices [2], wire bonding [3],
ultrasonic motor [4], food preparation [5]
and so on. A traditional structure of an

The increasing mneed for  high
displacement amplification and simple
ultrasonic transducer in various industrial
applications has drawn  considerable
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ultrasonic transducer consists of three main
parts, the back metal block, the piezoelectric
elements and the horn. The horn acts as a
mechanical amplifier where stepped horn is
believed to possess the highest displacement
amplification among classic profiles.

Scholars are working endlessly to find
new horn profile with higher displacement
amplification for their specific applications.
Wang et al [6] presented a Bezier-profile
horn which is a compensation between high
displacement magnification of a stepped
horn and low stress distribution of a
Catenoidal horn. Iula et al. [7] proposed an
ultrasonic horn vibrating in flexural mode
instead of  extensional mode. Its
displacement amplification is about 50%
higher than that of the stepped horn.

In some industrial applications such as
food dehydration,
devices with large ultrasonic field beside the
high vibration amplitude. Power ultrasonic
transducers with extensive radiators have
been developed by Gallego-Juarez and his
group for many years [8]. The concept of
combining a stepped horn vibrated in the
extensional mode and an extensive plate
resonated in its flexural mode helps them
successfully solve the task given by industry.
Stepped profile plates are the common
design for their transducers. However, the
high stress occurring near the abruptly
changing section of this profile requires the
usage of high strength metal alloys for the
fabrication.

one may expect for

In this research, we developed a new
inclined stepped profile plate or i-stepped
plate for short which could reduce stress
concentration. The optimal design of a
high-intensity ultrasonic transducer with
extensive radiator for food dehydration
application is found by computational

modeling and optimization procedure.
Prototypes of the transducer are fabricated
by a numerical control machining process.
The effect of the ultrasonic field generated
by the proposed design is investigated via a

drying experiment of carrots.

2. TRANSDUCER AND RADIATOR
DESIGN

It is a critical challenge to generate
ultrasonic energy in fluids due to the low
specific impedance and high
absorption of the medium [8]. Hence an
extensive radiator is the key component to
obtain an efficient ultrasonic transmission
and to produce high pressure levels in
ultrasonic dehydration application. Fig. 1
schematically shows a basic structure of an
ultrasonic transducer with an extensive
radiator. A Langevin transducer normally
constituted by an
piezoelectric
configuration is used to drive a solid horn.
This horn which is vibrated in its extensional
mode functions as a mechanical amplifier.
The longitudinal vibration is successively
converted to flexural vibration of an
extensive radiator. In order to increase the
ultrasonic field, it is suggested that the
work-face area of the plate should be as large
as possible. An extensive surface also helps
to increase the radiation resistance in fluidic
environment [9]. This is one of a key
requirement to offer for a good impedance
matching between the electrical input energy
and the ultrasonic output work done.

acoustic

even number of
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Figure 1. Schematic of a transducer with an
extensive radiator.

The mechanical amplifier could be in
any classical shapes such as exponential,
stepped, sinusoidal, conical, catenoidal [10]
or new profiles which were recently
developed such as Bezier profile [6] or
nonrational B-spline profile [11]. Of all
designs, stepped horn provides the largest
magnification amplitude and is the most
popular profile used in industry due to its

easy design, fabrication and modification [8].

The total length of a step horn can be
calculated as following:

L=t 4 1
where Ci, f, are the velocity of sound

propagating inside the material and the
vibration frequency, respectively.

Nodal line

Figure 2. Schematic for the design of a stepped
horn (a) and an inclined stepped plate (b)

One of the most difficult tasks is to
design an extensive radiator plate which
vibrates flexurally in one of its non
axisymmetrical modes at the same natural
frequency of the stepped horn. The design of
the extensive radiator could be either a flat
plate [5] or a stepped plate [9]. However an
extensive flat-plate radiator showed a poor
directivity pattern due to counter-phase
vibrating surface elements on two sides of the
nodal lines [9]. Meanwhile the high stress
occurring near the abruptly changing section
of the stepped-profile plate
unfavorable. High strength metal alloys are
normally required to fabricate this type of
plate. This research proposed a new i-stepped
plate transducer design which could help
release stress concentration. Fig. 2 shows the
profile of the new plate which could be
designed to vibrate in its flexural mode. The
purpose of the step (f) on the plate is to
prevent the phase cancellation when it is
vibrated in its flexural modes. The thickness
of the step should be half a wavelength of the

sound propagating in the drying medium [12]

renders it

whilst the slope angle (@) is a new parameter
for the design of the plate.

Before implementing the optimization of
any design, the general dimensions of the
plate should be defined. In this research, we
choose the overall length (L) and width (w)
of the plate. Any variation of the thickness
(d) of the plate will change its mode shape
frequencies. The larger the thickness is, the
larger the natural frequency of the plate
could be obtained. In most industrial
applications using the extensive radiation
plates, large surface area is always expected.
However, if the surface is enlarged, thickness
must be increased to maintain the working
frequency. One possible solution is the usage
of high mode of vibration. Therefore this

thickness should be constrained in the
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appropriate Finally, optimization
parameters for the i-stepped plate include
thickness (d) of the plate, width (%), space
(Li), and slope () of the step.

range.

The profile of the i-stepped plate is
found by using the same optimization
procedure developed by Wang et al. [6]. The
non-dominated sorting genetic algorithm
[13] is applied to the optimization of the
transducer profile. The algorithm is suitable
for solving constrained multi-objective
problems.

In the optimization process, initially, the
working frequency (f), the length of the
plate (L), the thickness of plate step (t)
and geometry parameters of the stepped horn
are specified. An assembly of the horn and
an arbitrary profile of the plate is
automatically built via Matlab codes. The
whole structure is then input into a finite
element program to run a modal analysis to
find the appropriate mode shape. The
objective functions of the optimization
problem are

Min |f = fol (2
Min |uy — uy| (3)
Min |u, — us| 4)

where f; is a non axisymmetrical flexural
mode frequency of the i-stepped plate, u;
are the vibration amplitudes found from the
displacement distribution curve in Fig. 2.
Better symmetry pattern could be expected
with the objective functions described in Eq.
(3) and Eq. (4).

Due to the geometry complexity, the
modal frequency fj
transducer cannot be calculated analytically.
Finite element analysis by a commercial
software ANSYS is employed to perform the
computations.

of the ultrasonic

3. ANALYSES
3.1 Finite element model

In order to obtain accurate model
frequency and displacement solutions for the
transducer, finite element analysis are carried
out. The displacements in all direction of the
nodes on the circumference of the nodal
flange are constrained. A voltage is applied
to the piezoelectric disk for harmonic
analyses of the whole structure.

In this investigation, the piezoelectric
disk, front and back metal blocks of the
Langevin transducer, the stepped horn and the
plate radiator are assumed to be linear elastic
materials. A lead zirconate titanate material
(PZT-5H), mild steel (SS 41), and an
aluminum alloy (AA 7075-T6) are used for
the piezoelectric disk, the stepped horn, and
the i-stepped plate material, respectively.
Their material properties are listed in Table 1.

Table 1. Material properties

Material Property

AA Young’s modulus (GPa) 71.7
7075-T6 Poission’s ration (u) 0.33
[12] Density (kg/m?3) 2810
Velocity of sound (m/s) 5030

SS41  Young’s modulus (GPa) 210
[6] Poission’s ratio (u) 0.3
Density (kg/m?) 7800
Velocity of sound (m/s) 5188

3.2 Numerical analysis

In the genetic algorithm optimization
process, the number of generation, N, is set
to be 40, and the population of each
generation is taken as 20. The working
frequency f is set to be 20.0 kHz. In the
experiments, the fabricated radiator is driven
by a Langevin transducer. The available
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commercial ~ Langevin  transducer  1is
purchased from a local vendor. The working
frequency of the Langevin transducer is a

known and fixed parameter.

The enlargement of the radiation surface
area requires the usage of a higher mode of
vibration [12]. The plate can be vibrated at
any flexural mode shapes. However, in order
to run the design optimization, one mode
shape has to be chosen. In this research, we
choose mode 8 as the design mode shape.
Therefore a analysis
population in the optimization process is
performed in order to find its 8" flexural
modal frequency fj. The extensive radiator is
designed to have this frequency equal to the
working frequency of the transducer.

modal of each

By wusing the
algorithm,

above optimization
an optimum design of the
transducer is found whose parameters are
described in Table 2.

Table 2. Optimum designed parameters

Parameters  Value |Parameters Value
(mm) (mm)

L 260.00 hi 46.15

w 125.00 h> 52.00

d 17.82 L 17.55

t 5.44 L 40.30

The stepped profile helps to improve the
performance compared to a flat surface.
Harmonic analysis of a flat-profile plate and
i-stepped plate with the same dimensions,
mode shape and external vibration input is
Their distributions of
displacement are shown in Fig. 3. The added
mass to the surface of the plate improves its
displacement significantly. However, the
present of steps also raises a challenge for
the design of the extensive radiator due to
maximum concentrated stress. High fatigue

undertaken.
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resistance material is a common requirement
for the fabrication of such transducer. Instead
of using a sharp step, an inclined step in this
design help to smooth the stress distribution
therefore less expensive materials can be
used for the fabrication.
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Figure 3. Displacement distribution of flat
plate and i-stepped plate

The complexity of the structure and its
operation in a high power ultrasonic system
inherit highly nonlinear vibration
characteristics. Modal interaction [14] and
combination resonance [6] are the common
problems that may cause failure to the
operation of the transducer. In order to
characterize the performance of the
transducer, any mode combinations or modal
interactions are carefully considered to
implement the design modifications.
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Figure 4. Stress distribution of the stepped
plate and the i-stepped plate transducer
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Under high frequency working condition,
failure due to concentrated stress is always a
considerable concern. Von-Mises —stress
analysis with stepped and i-stepped profiles
characterizes the stress reduction effect of
the new design. Fig. 4 shows that the
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i-stepped plate has lower stress distribution
in comparison to the stepped plate vibrating
with the same frequency. Three-dimensional
finite element models are also built for these
transducers (Fig. 5). The same results are
also observed.
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Figure 5. 3D stress simulation of the stepped plate (a,b) and the i-stepped plate transducers (c,d)
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Figure 6. FEM mesh and fluid—structure analysis for flat plate and i-stepped plate

In  ultrasonic  assisted dehydration
applications, pressure variation, oscillating
velocity and micro-streaming affect the
solid-gas interface therefor it would improve
the water transfer rate from the solid surface
to the air medium [15]. Coupled fluid-
structure analysis is undertaken to investigate
the acoustic field and scattering pressure
generated by different transducer profiles. The
schematic mesh of flat plate and i-stepped
plate are shown in Fig. 6(a) and Fig. 6(c).
Both plates are enveloped inside a fluid
medium (air) which is constructed by a half
circle of radius, r = 140mm, from the center
of the plate. The infinite acoustic elements
(FLUID129) used along the circular boundary
can absorb the pressure waves. This boundary

condition simulates the outgoing effects of a

domain that extends to infinity beyond the
acoustic field modeled by finites elements of
FLUID29. A 2D four-node structural element
(Plane182) is used for the plates. The primary
goal of this analysis is to model the acoustic
field and hence to evaluate the variation of the
air pressure above the plates. It can be seen in
Fig. 6(b) and Fig. 6(d) that the i-stepped plate
produces larger pressure variation which
would be an important criterion for the
dehydration of products in drying application.

4. FABRICATION AND EXPERIMENTS

In order to verify the effectiveness of the
proposed transducer, prototypes of a flat
plate and an i-stepped plate were fabricated
by numerical control machining. Subsequent
polishing process is undertaken to eliminate
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any defects on surfaces of the radiation
plates. Experiences showed that any micro
crack appeared on the surface of the
as-fabricated prototype
propagate when it was operated. Dimensions
of the prototype are based on the finite
element analyses. Fig. 7 are photos of the
fabricated transducers. Upon the operation of
the transducer, they were tuned to the
machine frequency that it
minimum current in the no-load condition.

would  quickly
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Figure 7. Fabricated prototypes

The application of air-borne ultrasonic
energy for drying materials
described in previous studied [16-18]. In a
drier assisted by power
ultrasound, the effect of hot-air flow is
enhanced by using high intensity sonic and
ultrasonic waves. Most recent researches
focused on investigating the water transport
mechanism and drying kinetics for food
dehydration in order to apply this technology
in large-scale industrial plants. The current
study aimed to modify the stepped plate to
enhance its reliability in dehydration
applications. The fabricated i-stepped plate is
assembled to a convective drying system to
quantify the effect of acoustic drying.

has been

convective

An experimental set-up is shown in Fig.
8. The equipment consists of an aluminum
i-stepped plate which is driven by a
piezoelectrically activated vibrator (20.0
kHz). The ultrasonic transducer is clamped
and mounted under a thermal insulation
drying chamber. AC voltages were applied to
the Langevin transducer by an ultrasonic
generator that works like a nearly ideal
voltage parameters
(voltage, current, frequency, phase, power)
were measured and controlled by a
developed program written in LabVIEW
(National Instruments, Austin, TX, USA). A
controlled velocity and temperature air is
blown into the chamber from a hot air
generator. A digital balance (METTLER
TOLEDO, RWO00-1220-301) is used to
weight the samples at preset times.

source. Electrical

Digital balance

Heating
unit
Fan @
Anemometer
5 5%

Ultrasonic
generator

Figure 8. Experimental setup for the
ultrasonic dehydration system
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ultrasonic power.
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In this experiment, carrots of cylindrical
shape with the same diameter and thickness
of 30 mm and 2 mm, respectively, were
prepared. Each batch consists of eight slides
with an initial weight of 16.8 grams. Those
samples were put into a tray with a weight of
78.6 grams. The total weight of samples and
tray is 95.4 grams. Drying experiments were
carried out at 40°C and 2 m/s for the air flow
temperature and velocity, respectively. Two
batches of carrots were dried with and
without using the ultrasonic power. Each
batch was conducted at least in triplicate.
Moisture content of samples was measured
by weighting them at fixed intervals of 15
minutes. A summary of the results is
presented in Fig. 9. The evolution of the
sample weight during the drying process
assisted by power ultrasound and without
ultrasound confirmed the strong influence of
the acoustic energy.

95

5. CONCLUSIONS

This research has presented an effective
method for the design of a new i-stepped
plate ultrasonic transducer. The radiator is
resonated in flexural mode that is activated
by an extensional vibration from a solid
stepped horn. An acoustic analysis has
proven that the optimum design could also
provide a larger air pressure variation in the
drying medium. Prototypes of the
transducers have been fabricated and tested
in a drying experiment to verify the
effectiveness of the proposed design. With
the new design of the extensive radiator the
problem related to stress concentration could
be reduced and less expensive metal alloys
could be used for their fabrication.

REFERENCES

[1] Perron R.R., The design and application of a reliable ultrasonic atomizer, /EEE
Transactions on Sonics and Ultrasonics, SU-14, 149-153, 1967.

[2] Parrini L., Design of advanced ultrasonic transducers for welding devices, [EEE
Transactions on Ultrasonics, Ferroelectrics and Frequency Control, 48, 1632-1639, 2001.

[3] Or S.W., et al.,, Dynamics of an ultrasonic transducer used for wire bonding, [EEE
Transactions on Ultrasonics, Ferroelectrics and Frequency Control, 45, 1453-1460, 1998.

[4] J. Hu, K. Nakamura, S. Ueha, An analysis of a noncontact ultrasonic motor with an
ultrasonically levitated rotor, Ultrasonics, 35, 459-467, 1997.

[5] Fuente-Blanco, S. de la, et al., Food drying process by power ultrasound, Ultrasonics, 44,

€523-e527, 2006.

[6] D.-A. Wang, W.-Y. Chuang, K. Hsu, H.-T. Pham, Design of a Bézier-profile horn for
high displacement amplification, Ultrasonics, 51, 148-156, 2011.

[7] Tula, A., et al., A high displacement ultrasonic actuator based on a flexural mechanical
amplifier, Sensors and Actuators A, 125, 118-123, 2006.

[8] Gallego-Juarez,

J.A., High power ultrasonic transducers,
Sonoluminescence, 524, 259-270, 1999.

Sonochemistry and

[9] Gallego-Juarez J.A., et al., Power ultrasonic transducers with extensive radiators for
industrial processing, Ultrasonics Sonochemistry, 17, 953-964, 2010.



[16]

[17]

[18]

Journal of Technical Education Science No.36 (06/2016)
Ho Chi Minh City University of Technology and Education

Abramov O.V., High-intensity ultrasonics: Theory and industrial applications, Gordon
and Breach Science Publishers, The Netherlands, 1998.

Huu-Tu Nguyen, et al., A nonrational B-spline profiled horn with high displacement
amplification for ultrasonic welding, Ultrasonics, 54, 2063-2071, 2014.

Gallego-Juarez, J. A., New technologies in high-power ultrasonic industrial applications.
Ultrasonics symposium, IEEE Proceedings, 1343-1352, 1994.

K. Deb, A. Pratap, S. Agarwal, T. Meyarivan, A fast and elitist multiobjective genetic
algorithm: NSGA-II, /IEEE Trans. Evol. Comput. 6, 182—197, 2002.

Gallego-Juarez J.A., E. Riera, V.M. Acosta-Aparicio, Modal interactions in high-power
ultrasonic processing transducers, in: B. Enflo (Ed.), Nonlinear Acoustics- Fundamentals
and Applications AIP Conference Proceedings (18" ISNA.), New York, pp 595-604, 2008.
Gallego-Juarez, J.A. Some applications of air-borne power ultrasound to food processing.
In Ultrasound in Food Processing; Povey, M.J.W.; Mason, T.J., Eds.; Chapman & Hall:
London, UK, 127-143, 1998.

Carcel JA, Garcia-Perez JV, Riera E and Mulet A, Influence of high intensity ultrasound
on drying kinetics of persimmon. Dry Technol. 25, 185-193, 2007.

Garcia-Perez JV, Carcel JA, Riera E and Mulet A, Influence of the applied acoustic
energy on the drying of carrots and lemon peel, DryTechnol. 27, 281-287, 2009.

Ozuna, C., et al., Improvement of water transport mechanisms during potato drying by
applying ultrasound, J Sci. Food Agric. 91,2511-2517, 2011.

Théng tin lién hé tic gid chinh (ngwoi chiu trdach nhi¢m bai viéy):

Ho tén: Pham Huy Tuin

Pon vi: Truong Pai hoc Su Pham Ky Thuat TP.HCM
bién thoai: 0919.636.515

Email: phtuan@hcmute.edu.vn



