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

products' quality. In this study, a practical design method of an Ultrasonic Transducer (UT), which is in the form of a circular 

stepped-plate, was developed by using Particle Swarm Optimization (PSO) algorithm and Finite Element Analysis (FEA). The 

numerical calculation is carried out for two different geometric dimensions of the stepped-plate. Based on the obtained results, the 

smaller UT dimensions were chosen, and its prototypes were fabricated. The prototype's measured resonance frequency is 19.927 kHz 

compared to calculations getting an error of 0.073 kHz (0.37%). Also, to evaluate the effects of ultrasound on a drying process, the UT 

is integrated into a heat-pump drying machine for drying foods. The experiments were carried out on Codonopsis javanica using heat-

pump drying method at air temperature 45 ± 0.5 °C, air humidity 18-20 %, air velocity 0.5 ± 0.1 m/s with and without ultrasonic 

intensity while keeping all other conditions and parameters constant. The results showed that the total drying time was reduced in the 

range of 25% to 42% depending on ultrasonic intensity, compared to heat-pump drying without ultrasonic intensity. The color of the 

dried products is also considered to testify the quality of the product when using UT in drying processes. The obtained results prove 

the effectiveness of the proposed approach in design of the UT for food dehydration. 
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I. INTRODUCTION

In recent years, High-Intensity Ultrasound (HIU) assisted 
drying techniques is considered a novel technology to 
decrease drying time, maintain ingredients of dried products 
and be less consuming energy. However, this method's broad 
applicability on an industrial scale is still limited due to 
technical problems that make it challenging to implement in 
practical applications [1]. The ultrasonic system consists of 
two main components: the energy source (power of the 
supply) and Ultrasonic Transducer (UT). The basic structure 
of the UT, which is applicable in the drying field, was first 
proposed by Barone and et al. [2]. Afterward, this group 
continued improving the Radiator (Ra) to expand radiating 
areas and increase electroacoustic efficiency in the air. Other 
researchers also proposed other shapes of the radiator with 
the same purpose, and it usually has the forms of rectangular 
stepped-plate [3-4], circular stepped-plate, or cylinder [5]. 
Khmelev and et al. [6] adopted the circular stepped-plate, 
which generates a sound intensity of 130-150 dB to boost a 

drying process's efficiency. From these above reviews, it is 
concluded that the ultrasonic circular plate transducer may 
meet all requirements in drying applications. 

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.  
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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 (1a, 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. 

Power

1b

1c

2

3

1a

Fig. 1 Structure of the ultrasonic transducer 
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Fig. 2 Scheme for ultrasonic transducers of the stepped horn (a) and circular 
stepped – plate (b)   

The sandwich (1a, 1b, 1c) 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]: 
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Where tc is the thickness of each piezoceramic component, 
Nc is the number of piezoelectric rings, tf is the thickness of 
electrodes, λm is the wavelength of sound in the irradiated 
medium, cm is the sound speed in media, fm is the frequency 
of vibration. 

The diameter of the bigger circle (D1) of MA equals one 
of the piezoelectric rings. The relationship of the magnitude 
of vibration and the diameter at the two ends of MA [11].   
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Where ξ1 is the amplitude of input end of the horn, ξ2 is 
the amplitude of the output end of magnitude amplifier, D2, 
is the diameter of the MA's smaller circle.  

Based on the wave equation for longitudinal waves [13] 
and properties of wave transmissions in the air at 
temperature 20 °C, air humidity 20-40% [14], assuming that 
all electrical energy convert into ultrasonic energy and 
transmit to air without loss, the magnitude of vibration (ξ) at 
the end of Ra is determined by the following equation: 
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Where Iu is the average acoustic of wave intensity (W/m2) 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 
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best. At each step, all particles are updated with the best two 
solution values: Pbest, personal best position so far, and Gbest, 
global best position, i.e., 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] 

))((
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iGbest

iPbestii


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Where vi(t), xi(t) are the velocity and position of the i-th 
particle, respectively; t, iteration, c1, and c2 are acceleration 
(scaling, learning) factors; w1 and w2 are real numbers 
generated randomly in (0–1) range; ω is the inertial weight. 
Similar to most optimization techniques, the PSO requires a 
fitness evaluation function shown below: 

0min ff  (9) 

Where f is the predefined operating frequency, f0 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 (Iu) (Iu is 
chosen appropriately for drying applications). Assuming that 
there is no energy loss at the surface of Ra, R* is calculated 
by: 

u

u

I
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R

2
*  (10) 

Where Pu is the power of the source (W). Determine the 
vibration mode, the number of nodal circles, and the initial 
thickness of circular plate (h*) fitting with the operating 
frequency f. It is chosen as the vibration frequency of the 
sandwich-mechanical amplifier (MA) for designing. Fig. 3(a) 
shows the schematic of the circular plate. A cylindrical 
coordinate system is also shown in the figure. Due to 
symmetry and axisymmetric model of the circular plate is 
considered. Fig. 3(b) shows a mesh for an axisymmetric 
finite element model. A harmonic displacement in the z-
direction is applied to the nodes at the surface of MA and Ra 
with an amplitude which is determined using Eq. (6) 
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(b) 
Fig. 3 (a) The schematic of a circular plate, (b) mesh for an axisymmetric 
finite element model 

Step 2: Determine the circular stepped-plate parameters (ri) 
illustrated in Fig. 2, where i is the number of modes. In this 
paper, we assume that nodal circles of the circular plate 
equal those of circular stepped-plate, and in this case ri is 
determined by modal analysis and a searching algorithm 
wherein there are no displacements of the plate. 

Step 3: Determine h1, h2 illustrated in Fig. 2. To maximize 
the transmission efficiency from UT to air and eliminate the 
phenomenon of wave cancellation, the relationship of h1, h2, 
and wave frequency (f) is calculated by Eq. (11) [5]. In this 
study, we proposed a novel method to obtain h1, h2 using 
PSO-FEA as Fig. 4 with the constraints as Eq. (12). The 
analysis model is as Fig. 5, where ri was determined at step 2. 

f

c
hh air

2
12  (11) 

 hhh 21 (12) 

Where cair is the velocity of sound in air (m/s) 

Fig. 4  Flowchart for determining the values of h1, h2, ri 

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 
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(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. 

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 1st plate) and 
240 mm (the 2nd 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. 

TABLE I 
MATERIAL PROPERTIES [16] 

Material 

Property 

Young’s 

modulus 

(GPa) 

Poisson’s 

ration (μ) 

Density 

(kg/m3) 

The 

velocity of 

sound 
(m/s) 

AA 
7075-T6 

71.7 0.33 2810 5030 

SS 41 210 0.3 7800 5188 

The commercial finite element program, ANSYS, is 
employed to perform the computations, an 8-node quadratic 
element (PLANE183) is adopted to model for the Ra with 
meshing at the medium level (SMRTSIZE, 5), Lanszos 
methods (MODOPT, LANB, 8) is used to calculate the 
natural frequencies and mode shapes.  

In this study, we focus on finding the optimal dimensions 
of Ra, where the objective function is to minimize the error 
between the natural frequency (f0) and the operating one (f). 
The PSO algorithm generates a swarm of 20 particles, and 
each particle will update its best position (Pbest) at each 
iteration as well as the global best position (Gbest), the best 
value obtained among all particles up to now. At each 
iteration, ω is decreased linearly from 0.9 to 0.4; w1, w2 have 
adapted arbitrarily from 0 to 1; c1 and c2 are chosen by 2.  

The iteration will be terminated when the error between f0 
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 numerical
analysis at 5th mode of the plate with a radius of 120 mm and
at 11th mode of the plate with a radius of 240 mm. The
normalized amplitudes of the oscillation are illustrated in Fig.
9.

TABLE II 
PARAMETERS OF RADIATORS  

No. Parameters 
Values of the 1st 

plate 
(mm) 

Values of the 2nd 
plate 
(mm) 

1 r1 30.995 23.751 
2 r2 72.374 52.716 
3 r3 105.517 81.682 
4 r4 - 112.715
5 r5 - 141.682
6 r6 - 172.716
7 r7 - 203.751
8 r8 - 230.730
9 R 120.000 240.000
10 h1 11.369 6.960
11 h2 19.869 15.460

Fig. 7 The fitness function value of the plate with a radius of 120mm 

(a) 
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(b) 

Figure. 8 The finite element model (2D, ½ plate): (a) the Ra with a radius of 
120 mm; (b) the Ra with a radius of 240 mm 

(a) 

                                
(b) 

Fig. 9 Vibration amplitude: (a) The Ra with a radius of 120 mm, (b) The Ra 
with a radius of 240 mm 

From the mode analysis results, the two plates' obtained 
natural frequency with the radius 120 mm and 240 mm are 
19.999 kHz and 19.997 kHz. The frequency error changes 
insignificantly when the radius of Ra varies greatly.  

B. Fabrication, Measurements of Ultrasonic Transducer

The ultrasonic transducer prototype is designed based on
the input parameters, including the maximum value of the 
average acoustic wave intensity at the face of the radiator 
(30000 W/m2); and an operating frequency of the transducer 
(f = 20.0 kHz). The available commercial Langevin 
transducer (PZT- 5020-4DS) is purchased from Branson 
Company, 1200 W power supply. Mid steel material (SS 41) 
is used for (1a, 2), and aluminum alloy material (AA 7075-
T6) is used for (1c, 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 other 
components of the UT are calculated based on Eq. (1-6). 
Table 3 illustrated the full parameters of the fabricated UT. 
The operating frequency and impedance of the UT are 
measured by TRZ Horn Analyzer of ATCP Physical 
Engineering. The UT and measured results are shown in Fig. 
10. It can be seen that the resonance frequency of the
transducer is 19.927 kHz compared to calculations getting an
error of 0.073 kHz (0.37%).

TABLE III 
PARAMETERS OF THE PROTOTYPE  

No. Parameters Values (mm) 

1 r1 30.995 
2 r2 72.374 
3 r3 105.517 
9 R 120.000 
10 h1 11.369 
11 h2 19.869 
12 L1 14.000 

13 L2 62.800 
14 L3 64.900 
15 L4 64.900 

16 D1 50.000 
17 D2 19.100 

(a)  (b) 

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 
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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/m2) and without ultrasonic (0 W/m2). 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/m2, 1798 W/m2, and 
2247 W/m2, the drying time is decreased 25.0%, 35.3%, and 
42.0%, respectively, when compared to the drying process 
without ultrasound. 

Fig. 12 Drying curves of Codonopsis javanica at 45 0C, 0.5 m/s, and various 
ultrasonic intensity  

Colour is the quality criteria of Codonopsis javanica [17]. 
The CIE Lab color parameters (L*, a*, b*) are adopted to 
assess the color change during the drying process. The color 
change level of the product is compared to the standard 
parameters via color offset (ΔE) [17-18]. The values of L*, a*, 
b* are measured by the color measurement machine of X-
Rite Inc. Grand Rapids MI. The reliability of data is 
guaranteed by taking an average of 3 repeated measurements. 
At each intensity, three dried samples were chosen randomly 
to estimate the color change. Fig. 13 demonstrates the 
product color before and after drying of Codonopsis 

javanica. In summary, the values of color parameters (L*, a*, 
b*) and ΔE are shown in Table 4. 

TABLE IV 
COLOR OF CODONOPSIS JAVANICA 

Par. Materials 

Products 
0 

W/m2 
1348 
W/m2 

1798 
W/m2 

2247 
W/m2 

L* 66.8 79.3 80.4 75.4 79.8 
a* 1.1 3.26 3.2 2.8 2.8 
b* 31.5 22.1 25.4 22.6 26.4 
ΔE 12.1 10.7 11.2 14.1 

(a)  (b) 

Fig. 13 Photos of materials: (a) before drying, (b) after drying 

Data from Table 4 show that the product's color is 
affected by ultrasound in terms of color parameters. The 
level of color change (ΔE) compared to fresh products also 
depends on the ultrasound intensity. It is evident that the 
higher intensity, the bigger ΔE is, for example, with the 
intensity levels of 1348 W/m2, 1798 W/m2, and 2247 W/m2 
corresponding to the color changes of 10.7, 11.2, and 14.1. 
In the first two intensities, the color changes are lesser than 
those without ultrasound (0 W/m2). It means that the 
ultrasound reduces the drying time, which has less effect on 
the color of Codonopsis javanica. However, at the high level 
of sound intensity (2247 W/m2), the influence of ultrasound 
on the material structure of Codonopsis javanica is 
inconsiderable.  

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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