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products' quality. In this study, a practical design method of an Ultrasonic Trang (UT), which is in the form of a circular
rgmgand Finite Element Analysis (FEA). The
ped-plate. Based on the obtained results, the

Abstract— Ultrasound-assisted air-drying is considered a useful method to reduce e and ensure some agricultural food
&

stepped-plate, was developed by using Particle Swarm Optimization (PSO)
numerical calculation is carried out for two different geometric dimension
smaller UT dimensions were chosen, and its prototypes were fabricated. The otype's measured resonance frequency is 19.927 kHz
compared to calculations getting an error of 0.073 kHz (0.37%). Also, to evaluate effects of ultrasound on a drying process, the UT
is integrated into a heat-pump drying machine for drying foods. The effpefNgents were carried out on Codonopsis javanica using heat-
pump drying method at air temperature 45 £ 0.5 °C, air humidit % air velocity 0.5 + 0.1 m/s with and without ultrasonic
intensity while keeping all other conditions and parameters const cQuasfilts showed that the total drying time was reduced in the
range of 25% to 42% depending on ultrasonic intensity, compare® t6” heft-pump drying without ultrasonic intensity. The color of the
dried products is also considered to testify the quality of the product n using UT in drying processes. The obtained results prove
the effectiveness of the proposed approach in design of the U food dehydration.

Keywords— Ultrasound-assisted drying; PSO algorithm; jEat- p drying.
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drying process's efficiency. From these above reviews, it is
I. INTRODYCTIO concluded that the ultrasonic circular plate transducer may
trapound (HIU) assisted meet all requirements in drying applications. o
The geometric parameters firmly relate to the oscillating
mode, natural frequency, and durability of the ultrasonic
transducer [5]. Therefore, they (mode, natural frequency) are
crucial to determining those parameters in transducer design.
Barone and et al. [2] proposed mathematical equations to
determine the circular stepped-plate geometric parameters
based on Rayleigh method. Afterward, Emeterio suggested
an improved method [7] to find out relevant results for this
shape with adaptive step thicknesses and extensive radiating
areas, the errors of natural frequencies between theoretical
calculations and practical measurements are less than 10%
for the radiators with the number of nodal circles up to 7.
Other researchers using the Finite Element Method (FEM)
dealt with rectangle stepped-plates with nodal lines of 8 and
12 [3], [4]. The study showed the efficient combination of

FEM and the practical method to design the radiator with a
large radiating area.

In recent years, High-Inte
drying techniques is cogflidere novel technology to
decrease drying time, m#nta¥yingredients of dried products
and be less consumin rgy. i®wever, this method's broad
applicability on an @ndustr@l scale is still limited due to
technical problems th it challenging to implement in
practical applic . The ultrasonic system consists of
two main ts: the energy source (power of the
supply) a ic Transducer (UT). The basic structure
applicable in the drying field, was first
arone and et al. [2]. Afterward, this group

rease electroacoustic efficiency in the air. Other
rs also proposed other shapes of the radiator with
¢ purpose, and it usually has the forms of rectangular
ed-plate [3-4], circular stepped-plate, or cylinder [5].
melev and et al. [6] adopted the circular stepped-plate,
which generates a sound intensity of 130-150 dB to boost a
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In our work, in the scope of developing the Ra of UT for
food dehydration, Ra's geometric parameters in the shape of
circular stepped-plate are determined by PSO algorithm
combined with Finite Element Analysis (FEA). The Ra's
operating frequency is chosen by 20 kHz in the design
process, and it will be validated after obtaining all geometric
parameters. The experiments are also carried out on a heat—
pump dryer with ultrasound to evaluate the durability of the
ultrasonic transducer and the effect of the proposed design
transducer on the product's drying time and quality.

Study on Ultrasound-Assisted (US) drying kinetics has
been researched by many scholars with many drying
approaches such as vacuum drying-US [8], convective
drying-US [9], and heat-pump drying-US [10]. A significant
number of research studies studied the effects of ultrasound
on drying kinetics of many kinds of foods and agricultural
products such as carrots, potatoes, oranges, apples, and
pepper [1]. However, practical experiments are still limited
to heat-sensitive agricultural products. Therefore, in this
paper, Codonopsis javanica, a heat-sensitive product, is
chosen for studying with the heat-pump approach in support
of HIU.

II. MATERIAL AND METHOD

A. Design of Ultrasonic Transducer

The Ultrasonic Transducer (UT) designed and
experimented with in this work has the structure as Fig. 1.
The geometric parameters of the ultrasonic transducer are
shown in Fig. 2, where the components (la, 1b, and 1c)
convert electrical pulses to mechanical waves; part 2 and 3
are Mechanical Amplifier (MA) of the waves and the
Radiator (Ra) respectively.
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Mechanical
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Fig. 2 Scheme for ultrasonic transducers of the stepped horn (a) and circular
stepped — plate (b)
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The sandwich (1a, 1b, 1¢) and mechanical amplifier (2) of
the ultrasonic transducer operating at extensional mode have
the cylinder's shapes or stepped circle. The parameters of

each part in Fig. 2 are summarized as follows [2], [11-12]: \
L, >205(N,t, +(N, + l)t/)
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Where ¢.is the thickness of g
N is the number of piezoelectri
electrodes, A, is the wavele
medium, ¢, is the sound s
of vibration.

The diameter of th rveircle (D;) of MA equals one

of the piezoelectric 1§ e relationship of the magnitude
of vibration and t%eter at the two ends of MA [11].

O3]

© g (Dz
Whi e amplitude of input end of the horn, & is
the amplit®ge of the output end of magnitude amplifier, D»,
‘E!l diameter of the MA's smaller circle.

wamic component,
tr1s the thickness of
ound in the irradiated

in Media, f,, is the frequency

©)

Bas@l on the wave equation for longitudinal waves [13]

froperties of wave transmissions in the air at
perature 20 °C, air humidity 20-40% [14], assuming that
W electrical energy convert into ultrasonic energy and
transmit to air without loss, the magnitude of vibration (¢) at
the end of Ra is determined by the following equation:

L[z,
f=——
27%7[ Iom Cm

Where I, is the average acoustic of wave intensity (W/m?) at
the surface of Ra.

Ra of the UT in Fig. 1 operates at a flexural mode which
its behavior is more complicated than one at extensional
mode and depends on its geometric parameters. To reduce
the burden of computations and to increase the correctness
of the geometric calculations, in this work, the geometric
parameters of the circular stepped-plate shown in Fig. 2b are
determined using an optimization algorithm, PSO, combined
with Finite Element Analysis (FEA) (PSO-FEA). The PSO-
FEA method adopts the PSO algorithm to find out the
dimensions of Ra in a defined space. The objective function
is the minimization of the error between its flexural modal
frequency and the predefined frequency. The natural
frequency of Ra is obtained from FEA integrated into
ANSYS software.

The concept of PSO is developed based on the social
behavior of swarms looking for the most fertile feeding
location [15]. All solutions in PSO can be represented as
particles in a swarm. Each particle has a position in search
space representing a parameter value and a velocity vector
used to update the new position. The particles start with a
random solution and are modified being updated to find the

(6)




best. At each step, all particles are updated with the best two
solution values: Pp.y, personal best position so far, and Gpes,
global best position, i.c., the best value obtained among all
particles up to now. The position and velocity of each
particle are accelerated toward the global best and its own
personal best based on the following equations [15]

vi(t + 1) =av,(t) + W (Xpy,, — X () +

+ oW, (Xgpeq — X%, (1))
x,(t+D)=x,()+v,(t+1)

()
(8)

Where vi(2), xi(t) are the velocity and position of the i-th
particle, respectively; ¢, iteration, ¢, and c; are acceleration
(scaling, learning) factors; w; and w, are real numbers
generated randomly in (0-1) range; w is the inertial weight.
Similar to most optimization techniques, the PSO requires a
fitness evaluation function shown below:

min|f - f,| 9)

Where f is the predefined operating frequency, fy is an
axisymmetric flexural mode frequency of the circular
stepped-plate particle. The following steps determine the
geometry sizes of Ra:

Step 1. Determine the coarse radius (R") of the plate,
which is suitable with the acoustic wave intensity () (I, is
chosen appropriately for drying applications). Assuming that

there is no energy loss at the surface of Ra, R” is calculated
by:

P

u

27

Where P, is the power of the source (W). Determine the
vibration mode, the number of nodal circles, and the initi
thickness of circular plate (%) fitting with the oper.
frequency f. It is chosen as the vibration frequency
sandwich-mechanical amplifier (MA) for designing &
shows the schematic of the circular plate. A
coordinate system is also shown in the
symmetry and axisymmetric model of the

(10)

1/20000

(2)
%FF%H%HFFH—O—F%
(b)

ematic of a circular plate, (b) mesh for an axisymmetric
ent 1

L,

Fig. 3 (
finite

tep 2:
ated in Fig. 2, where i is the number of modes. In this
e assume that nodal circles of the circular plate
those of circular stepped-plate, and in this case 7; is

rmined by modal analysis and a searching algorithm
wherein there are no displacements of the plate.

eq

termine the circular stepped-plate parameters (7;)
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Step 3: Determine 4, A illustrated in Fig. 2. To maximize
the transmission efficiency from UT to air and eliminate the
phenomenon of wave cancellation, the relationship of 4;, &>
and wave frequency (f) is calculated by Eq. (11) [5]. In thi
study, we proposed a novel method to obtain A;, 4> ysi
PSO-FEA as Fig. 4 with the constraints as Eq. (12

analysis model is as Fig. 5, where r; was determinedggt Step
C .
hy, —h, =—"= 1)
2f
hy<h,<h" (12)

Where c,;r is the velocity of sound in ai

s)

- Initiali i parameters
aj r@onstraints
- Initiali ze\gfer essary parameters
ective function

initial tolerance

Import the particles into ANSYS to
analyze and obtain their natural
frequencies

v

of iteration

Obtain the optimal parameters

Terminated

Fig. 4 Flowchart for determining the values of hy, hy, 1;

A calculation program based on the PSO algorithm and
other programs were performed by MATLAB 2014.
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Fig. 5 The schematic of circular stepped-plate

B. Experiment Setup for Food Dehydration

In order to study the drying kinetics of foods in support of
ultrasound, the transducer is integrated into a heat-pump
dryer, as the following diagram in Figure 6. There are two
drying chambers, one with ultrasound and the other without
ultrasound. The inlet air is the same in both chambers. Other
parameters such as temperature, velocity, and moisture are
kept constant by measurement equipment and the PID
regulator systems. All data are measured online and archived
in a computer with a sampling time of 10 minutes.

The test sample, Codonopsis javanica, is a kind of
ginseng that grows in Lam Dong province (Vietnam). Before
starting the experiments, the samples were cleaned, cut into
5 + 0.5 mm thickness slices, and stored at room temperature



(25 °C). The initial moisture content of samples was 88-
90 % (wet basic). The moisture content of the samples was
determined by using the drying oven method.

Controller I“g:;;" Ultrhsonic
cooo pawer
= 2001 =\
PLC Loadcell Loadcell |[g oo @
Computer
000 Drying [’
H chamber
PID
| Sample tray T
-| Screen 5 B
Drying =
chamber [)
1 Velocity
sensor T
Humidi .Sample tray
and | | [Soreenf 13 S
Q temperature]
sensor T
- P
N I: >_/_ Transducers
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Fig. 6 Schematic diagram of heat — pump dryer with ultrasound

III. RESULTS AND DISCUSSION

A. Numerical Calculation of the Radiator

The PSO-FEA algorithm is performed in the two circular-
stepped plates with a radius of 120 mm (the 1% plate) and
240 mm (the 2™ plate); the predefined operating frequency is
20.0 kHz, also used to design the UT. The material is an
aluminum alloy (AA 7075-T6), which has the properties in
Table 1.

TABLEI
MATERIAL PROPERTIES [16]
Property
Material l:(lognlg’s Poisson’s  Densi &Tity of
((();ll,lal)ls ration (u)  (kg/m?) sound
(m/s)
70$£T6 71.7 0.33 @ 5030
SS 41 210 0, 5188

ment? program, ANSYS, is
compWgations, an 8-node quadratic
is adgpted to model for the Ra with
wm Igvel (SMRTSIZE, 5), Lanszos

, 8) is used to calculate the
ode shapes.

The commercial finj
employed to perform
element (PLANE1S
meshing at the me
methods (MO

In this focus on finding the optimal dimensions
of Ra, aPlective function is to minimize the error
betwe natural frequency (fy) and the operating one (f).

Th

alg®ithm generates a swarm of 20 particles, and
par@gle will update its best position (Puest) at each
ion as well as the global best position (Gpest), the best
tained among all particles up to now. At each

ted arbitrarily from O to 1; ¢; and c; are chosen by 2.

The iteration will be terminated when the error between f;
and f, shown in Fig. 7, is small enough according to the
given value. The numerical calculations are shown in Table
2. Figure 8 shows the plates' oscillation by using numerica
analysis at 5" mode of the plate with a radius of 120
at 11" mode of the plate with a radius of 240 m

normalized amplitudes of the oscillation are illustr in Fie.
9.
TABLE I
PARAMETERS OF RADIATORS
Values of the 1° alues e2nd
No. Parameters plate plate
(mm) (mm)
1 I 30.995 23.751
2 I 72.374 52.716
3 I3 105. 81.682
4 Iy 112.715
5 Is 141.682
6 Te - 172.716
7 r7 203.751
8 rs Q h 230.730
9 R 0.000 240.000
10 h; 11.369 6.960
11 hz@ 19.869 15.460
PSO convergence characteristic
0.07 1 i : . . 1 .
Q
05F
©
5 0.04f
:
= 003}
2
L .02
0.01f
0 . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
Iteration
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Fig. 7 The fitness function value of the plate with a radius of 120mm
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R ANSYS
mMAS

SUBR =11 FEE 1 2018

DefX =.036568

Mode analysis

(b)
Figure. 8 The finite element model (2D, ' plate): (a) the Ra with a radius of
120 mm; (b) the Ra with a radius of 240 mm
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Fig. 9 Vibration amplitude: (a) The Ba
with a radius of 240 mm

, the two plates' obtained
dius 120 mm and 240 mm are
. The frequency error changes

19.999 kHz and 19.
insignificantly v@eag

B. Fabricgs

The @ imtiinsducer prototype is designed based on
the ingfit Mameters, including the maximum value of the
ave, acous¥ic wave intensity at the face of the radiator

000 %); and an operating frequency of the transducer

20.0 kHz). The available commercial Langevin
sdyfer (PZT- 5020-4DS) is purchased from Branson
CoMany, 1200 W power supply. Mid steel material (SS 41)
sed for (la, 2), and aluminum alloy material (AA 7075-
T6) is used for (lc, 3). Properties of these materials are

shown in Table 1. The velocity of sound in air is about 340
(m/s). Following these above parameters, we choose Ra by
the radius of 120 mm, and its geometric parameters obtained
from calculations are shown in Table 2. The oth
components of the UT are calculated based on Eq. (Jg0):
Table 3 illustrated the full parameters of the fabricatoff
The operating frequency and impedance of the
measured by TRZ Horn Analyzer of ATCP
Engineering. The UT and measured results ar

10. It can be seen that the resonance fre§uergy of the
transducer is 19.927 kHz compared to calculation ing an

error of 0.073 kHz (0.37%). &
TABLE III

PARAMETERS OF THE PRO

No. Parameters Values (mm)
1 I 30.995
2 2 72.374
3 3 105.517
9 R 120.000
10 h@ 11.369
11 19.869
12 A 14.000
13 L 62.800
14 Ls 64.900
15 L4 64.900
16 D; 50.000
17 D:; 19.100

(2) (®)

Fig. 10 (a) Ultrasonic transducer (b) Measurement equipment

C. The Experiment of Drying Assisted by Ultrasound on
Codonopsis Javanica.

~

Fig. 11 The heat — pump dryer with ultrasound



The experiment is to justify Ra's stability and the effects
of ultrasound on drying time and quality of drying product.
The samples are put on a plate in a distance of 8§ mm to the
Ra of the heat — pump dryer (Fig. 11).

The transducer operates stably with the maximum power
source of 1500 W at frequency 20 + 0.5 kHz. The
experiment was carried out at these conditions: air
temperature 45 + 0.5 °C, air humidity 18-20%, air velocity
0.5 + 0.1 m/s, ultrasonic intensity (1348, 1798, and 2247
W/m?) and without ultrasonic (0 W/m?). The weights of
drying samples were updated in the computer after each
sampling time (10 minutes) to calculate moisture content.
The results were obtained by averaging three times of the
experiments. Moisture content (%, wet basis) curves for
drying Codonopsis javanica with different ultrasonic
intensity are illustrated in Fig. 12. It is seen that the drying
time is reduced when increasing the ultrasound intensity. At
3 levels of ultrasound energy, 1348 W/m?, 1798 W/m?> and
2247 W/m?, the drying time is decreased 25.0%, 35.3%, and
42.0%, respectively, when compared to the drying process
without ultrasound.

——I1_0W/m2

—-1_1348W/m2

80

\ —a—1_1798 W/m2
70

\ —m1_2247kW/m2

60 \
50 y\ \
N N N\
30

i \12} i\.\\

0 T T T T T 1

0 100 200 300 400 500 600
Drying time (min)

Fig. 12 Drying curves of Codonopsis javanica at 45 °C, 0.5 m/sG S

Moisture content (%)

ultrasonic intensity

Colour is the quality criteria of Codonops§€aMgica [17].
The CIE Lab color parameters (L*, a*, b") a opted to
assess the color change during the dgfhggocess. The color
change level of the product is cOfy o the standard
parameters via color offset (4E)#17- ¢ values of L, a",
b* are measured by the colg ent machine of X-
Rite Inc. Grand Rapids g¥1. cliability of data is
guaranteed by taking an #Ve of 3'repeated measurements.
At each intensity, thr ied saif¥ples were chosen randomly
to estimate the colr chafee. Fig. 13 demonstrates the
product color befo after drying of Codonopsis

Jjavanica. In s ¢ values of color parameters (L”, a,
b*) and AE gge sh&@h in Table 4.
TABLE IV
COLOR OF CODONOPSIS JAVANICA
Products
terials 0 1348 1798 2247

W/m? W/m? W/m? W/m?
66.8 79.3 80.4 75.4 79.8

ar.
. 1.1 3.26 3.2 2.8 2.8
AE

31.5 22.1 25.4 22.6 26.4
12.1 10.7 11.2 14.1

8 |

QL Ol

(@) L )

Fig. 13 Photos of materials: (a, c@ying, (b) after drying

Data from Table 4 t the product's color is
affected by ultrasoun tcNs of color parameters. The
level of color chan @ompared to fresh products also
depends on the ultr& intensity. It is evident that the
higher intensit ger AE is, for example, with the
intensity level % 48 W/m?, 1798 W/m? and 2247 W/m?

WX color changes of 10.7, 11.2, and 14.1.
intensities, the color changes are lesser than
out ultrasound (0 W/m?). It means that the
gsound r®duces the drying time, which has less effect on
%\ of Codonopsis javanica. However, at the high level

qupl intensity (2247 W/m?), the influence of ultrasound

the material structure of Codonopsis javanica is
nsiderable.

IV. CONCLUSION

This study proposed a novel approach to determine the
ultrasonic  transducers' geometric parameters by a
combination of PSO algorithm and FEM. The obtained
result is entirely accurate; the error is 0.37% when
comparing the expected frequency and the prototype's
resonance frequency. It means that the proposed method
could be applied to determine geometric parameters of more
complex shapes and larger radiating areas. The prototype's
effectiveness was proved by applying it in a drying process
for Codonopsis javanica to reduce drying time.
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