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ABSTRACT mICLE HISTORY

An ultrasonic atomizer can produce large vibration amplitude is Received 8 February 2021
designed. Different from the structure of the usually seen ultrasonic ~ Accepted 15 June 2021
spray nozzle, the atomizer is fundamentally constructed with a hol-
low tube encircled with several pieces of sectional type piezoelectric
actuators, which radially oscillate the tube to generate desired
vibration profile. Atomization is formed on the surface around the
liquid outlet of the tube where maximum vibration amplitude
occurs. In search of resonance frequency and vibration amplitude,
modal and harmonic analyses of the ultrasonic atomizer are carried
out by ANSYS. In comparison the simulated results with the experi-
mental results, both are in good agreement. A measurement system
is set up for detecting the atomization droplets and calculating the
droplet size and distribution. An attempt is to design an ultrasonic
atomizer can produce high distribution and small diameter droplets
for some application-level requirements, droplet diameter around
20-60 um is assumed to be the specification for performance verifi-
cation of the proposed atomizer. In experiment, it is found nearly
90% of atomized droplets fit for the requirement. Besides the most
important factor of operating frequency, a relation of amplitude is
found to include in the well-known Lang and Rayleigh's equation.
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1. Introduction

Atomization processes have gn applied in many fields, such as industry, medicine,
agriculture, automotive, etc. Ultrasonic atomization is the fastest growing atomization
technology at present, which has more advantages than the conventional atomization
[1-7]. Ultrasonic atomization is a disintegration process ofghiquid sheet or ligament into
small particles by using ultrasonic vibration mechanism. Capillary wave and cavitation
effect are the two main reasons of liquid disintegration in the process of ultrasonic
atomization [8, 9]. The former one relies on the Taylor’s instability theory. The latter
one usually happensgin high frequency and high energy intensity systems. Through
ultrasonic vibration, a combination of capillary waves on the liquid surface along with
acoustic cavitation bugle oscillations beneath the liquid surface cause the droplets to
be emitted. When an

ance in the liquid surface is formed. The cavitation bubbles along with capillary waves

trasound wave engguntering a liquid-air interface, a protuber-
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on the liquid surface will produce droplets in atomization. A conjunction hypothesis of
ultrasonic atomization is proposed that the generated capillary wave will interact with
the hydraulic shock and excite both phenomena to form droplets [10-12]. Diameter is
normally measured as the size of droplet. For miscellaneous application purposes,
diameter of the generated droplet for most of the existing atomizers is in a range of a
few micrometers up to 500 pm [13]. A number of research works attempted to find
the relation between the droplet diameter and operating conditions. Kelvin's equation
described the relation among the wavelength, operating frequency, and liquid property
[14]. The droplet diameter is proportional to the wavelength that was verified in
experiment by Lang [15]. Further empirical studies on the influence of frequency, sur-
face tension, density, viscosity to the droplet formation and the droplet size were car-
ried out in various research works [1, 7-9, 16, 17]. Results and conclusions of t?&
investigations were similar to the combination of Kelvin's and Lang’s equations that
the droplet size is mainly determined by the operating frequency, the surface tension,
and the liquid density. Few of research articles explored the significance of vibration
amplitude. For instance, studied about dependences of diameter droplet on the vibra-
tion amplitude for several frequencies and found that increasing amplitude will
increase droplet diameter, increasing amplitude from 3 um to 18 um, the droplet
diameter also increases almost linearly [5]. An atomizer was designed to observe the
generated droplets with diameter of 50 pm under the condition of frequency 54 kHz
and vibration amplitude 2.02 um [9]. Different amplitudes of the two vibrating plates
were employed to ascertain whether amplitude affects the droplets size [18]. However,
without in-depth study, the mathematical relation between the amplitude and the
droplet size was not clear.

In our previous numerical study of using Volume of Fluid (VOF) of ANSYS
FLUENT 12.0, it is found that large amplitude but lower frequency is likely to make
ultrasonic atomizatir.unuccessfully happen [19]. In this article, the proposed ultrasonic
atomizer is basically constructed with a hollow tube encircled with several pieces of
piezoelectric actuators that is able to gain larger vibration amplitude. The developed
atomizer can demonstrate its feasibility of achieving ultrasonic atomization without
driving very high frequency, which is different from a few of micro-machined ultrasonic
nozzle sprays or atomizers needs to operate at frequency up to megahertz [2-4, 6,
20-24]. Moreover, an aim is to design an ultrasonic atomizer can produce high distribu-
tion and small diameter droplets for some application-level requirements, and
investigate the effect of vibration amplitude on the droplet diameter. To prove the
cause-and-effect thoroughly, several atomizers with the same structure but different
tube length are designed to generate different vibration amplitude and produce different
droplet diameter on purpose. A relation of vibration amplitude is found to include in
the well-known Lang and Rayleigh's equation.

Industrial printing application is selected as an example to examine the performance
of atomization. In conventional inkjet printing, the typical particle size has a resolution
of 20-50 um in diameter [25]. In printing process, such as 3D printing and speed print-
ing, common requirement of the droplet size is around 30-60 um in diameter [26-28].
In reference to the above applications, droplet diameter of 20-60 um is chosen as the
objective for further analysis and evaluation.
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2. Ultrasonic Atomization

In ultrasonic atomization, Kelvin's and Lﬂ’s equations are probably the most well-
known proof in experiment. According to Kelvin's equation, the wavelength of capillary

wave is defined as [14]:
0

where @ is surface tension; p is liquid density; f is ultrasonic frequency; 4 is wave
length. In Lang’s equation, the correlation between the droplet diameter (d,) and capil-
lary wavelength in ultrasonic atomization process is given by [15]:

d, = C 2)

where d, is diameter of the droplet; C is a constant found in experiment for different
liquids and setting condition. As seen from (1) and (2), besides the liquid properties,
frequency is another significant factor determines the droplet diameter. In our previous
numerical simulation study, it is found that large amplitude is instrumental to achieve
atomization [19]. The influence of vibration amplitude on the droplet diameter not
included in the Kelvin's and Lang’s equations is also a major focus in this article.

3. Atomizer Design

As illustrated in Figure 1, simple structure constructed with a hollow tube encircled
with piezoelectric actuators onto its outer surface is used in this study. According to
our previous study of encircling different shape of piezoelectric actuators such as the
ring type, 2-piece sectional type, and 3-piece sectional type around the hollow tube, it
implies that the 3-piece sectional type would gain larger radial vibration effect. When
tube attached with single vibration source, the wave field spray out as a sector area, it
indicates the wave field will be a superimposed or destructive field occur with multi-
vibration source. In previous study, the 3-piece sectional type with 90° arc length as
well as 30° clearance in between the actuators would gain larger radial vibration effect
[29]. The liquid outlet on the tube is assigned on the position of superposition effect as
shown in Figure 2. The tube is fixed at both ends. The piezoelectric actuators are radi-
ally oscillating to vibrate the tube. Driving with appropriate frequency to match the
desired vibration mode shape of the tube, expected vibration profile of the tube is

Fixture Hallow tube Drmplet
Miniatur PI]:'\-"\ PZ\T e
4 H 5 Hole{Liquid
Liquid outlet)
— + N ==
H Minizure pipe
Radial vibwation Hollow tube

(a) Main parts of atomizer (b) Vibration on the tube & droplets around the hole

Figure 1. Structure and operating function of Atomizer.
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Superposition effect

Vibrarion wave field

Figure 2. The superposition effect area on the tube.

Hollow tube

Piezoelectric actuators

(a) Hollow tube encircled with ceramic actuators (b) Sectional-type ceramic actuators
Figure 3. Structure of hollow tube and piezoelectric actuators.

obtained. Maximum vibration amplitude would occur in certaiglocation on the tube,
which is presumed to be large enough for atomization purpose. With such fundamental
structure, several atomizers with different tube length are designed to provide desired
vibration mode shapes that can produce large vibration amplitude. A miniature steel
pipe with inner diameter of 0.2 mm and out diameter of 0.4 mm is employed inside the
hollow tube with one end in connection with a tiny hole on the tube where the max-
imum vibration amplitude occurs. Liquid is pressurized by a low-pressure pump to flow
in the miniature pipe and then flow out through the tiny hole at very low flow rates.
While encountered with ultrasonic vibration, atomization phenomenon would appear
on the tube surface around the hole.

4. Modal and Harmonic Analysis

ANSYS is used for modal and harmonic analyses. Figure 3 shows a hollow tube

ployed with 3 pieces of sectional type of piezoelectric actuators, which have same
inner diameter of 9.5mm and outer dimmeter of 10.5mm and same arc angle of 90°.
Three sets of hollow tube with same[!:er diameter of 9mm and outer diameter of
9.5mm but different length L= (70,80,90)mm are used for atomizer design. Lp is the
length of piezoelectric actuators. Ly represents the part of the tube embedded into the
fixture. Ly is the region to generate vibration amplitude. Since the length of Lp and Ly
are both assigned with constant value of 10mm, Ly is the only variant length in the
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three atomizers. Ceramics PZT-5A and steel AISI-304 is used for the piezoelectric actu-
ator and the hollow tube, respectively.

The stiffness matrix, piezoelectric matrix, and dielectric matrix are given by

Stiffness matrix [s]:

[12.1 7.54 7.52 0 0 0
7.54 12.1 7.52 0 0 0
7.52 7.52 11.1 0 0 0
{=1"% o o 211 o o |9 (3)
0 0 0 0 2.11 0
0 0 0 0 0 226
Piezoelectric matrix [d]:
0 0 0 0 123 0
d=1| 0 0 0 123 0 O[N/(V.m) (4)

—54 —54 158 0 0 0

where d31 =d32 and di15 =d24.
Dielectric matrix [£] :

=1 0 1700 o0 (5)
0 0 1730

By modal analysis, desired vibration mode shape can generate large amplitude for the
three atomizers is found respectively as shown in Figure 4 and listed in Table 1. By har-
monic analysis, the simulated vibration amplitude is ascertained and listed in Table 2
for each case (a), (b), (c) in Figure 4 while applying input voltage Vpp from 200V to
400V with an increment of 25V, respectively. As seen, for all testing cases, vibration
amplitude is greater than 2.5 pum, which is expected to be enough to make atomization
occur. Figures 5-7 show the examples of harmonic analysis with input voltage Vpp of
200V and 400V for each chosen vibration mode of Figure 3(a), (b) and (c) respectively.
The exit orifice is located at 20mm, 18.3mm, 17.5mm from the left end of the tube
respectively, where it generates large amplitude.

=-43.TkHz =—44 SkHz an—45.3kHz

Hole Hole Hole
|

(a) L=70mm(43.7kHz) (b) L=80mm(44,.5kHz) (c) L=90mm(45.3kHz)
Figure 4. Modal analysis.
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Table 1. Analytical and measured resonance frequency.

Length L (mm)

Methods 70 80 a0

Analytical (ANSYS simulation) kHz 43.70 44,50 45.30
Measured (Impedance Analyzer) kHz 42,61 4455 46.07
Actual (Experiment) kHz 44.10 44,90 45.50

Table 2. Analytical and measured amplitude.

70 mm 80 mm 90 mm
Amplitude pm Amplitude um Amplitude pum

Length

Vpp Analytic Exp Analytic Exp Analytic Exp
200V 316 3.1 5.59 3.1 3.21 32
225V 3.28 33 312 35 337 34
250V 3.48 35 3.78 39 3.67 36
275V 3.81 3.8 4.16 4.2 423 4.0
300V 442 4.1 430 4.5 461 4.7
325V 452 4.5 5.06 5.0 518 52
350V 525 4.7 591 5.4 6.04 5.6
375V 537 5.0 5.84 5.8 6.19 6.1
400 V 6.06 5.4 6.48 6.3 6.50 6.6

3.16pm __6.06pm

Figure 5. Amplitude - gﬁ)\f (left) and 400V (right) © f=44.1kHz (L =70 mm).

6.481M

2.59um

Figure 6. Amplitude - gDV (left) and 400V (right) @ f=449kHz (L =80 mm).
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AN N

321um 6.50Um

Figure 7. Amplitude — 200V (left) and 400V (right) @ f=45.5kHz (L =90 mm).

PZT Hollow Tube PZT Hole Fixture Liguid

Figure 8. Photo of main parts of the atomizer.

5. Experiments

Like the above case studies in simulations, three types of tube with length L=(70,80,
90)mm encircled with 3 pieces of piezoelectric actuators are fabricated and assembled
with miniature pipe etc. to form an atomizer as shown in Figure 8. The resonance fre-
quency of each atomizer is measured by Impedance Analyzer (Agilent4294A) respect-
ively and shown in Figure 9. The resonance frequency and anti-resonance frequency are
shown at the signal curve valley and peak respectively by impedance analyzer for radial
vibrator. In practice, the actual driving frequency is set to be (44.1,44.9,45.5)kHz
respectively for each atomizer. As listed in Table 1, the difference among the analytical
(ANSYS), measured (Impedance @alyzer}, and actual frequency is very small, mainly
due to mass of the fixture. The vibration amplitude is measured by a laser-Doppler
vibrometer (Polytec OFV-5000 and OFV-511). While operating the actual driving fre-
quency for each atomizer and applying the input voltage Vp, and the input current I,
in the range of 200-400 V and 200-450 mA respectively, the generated vibration ampli-
tude is gradually increased as shown iggFigure 13. Figures 10-12 show the measured
signals of the selected examples Vpp = V and 400V respectively on the oscilloscope
(Agilent 33500B). The resolution of the vibrometer is 10 um/V. For instance, in Figure
10, applying voltage of 200V to the atomizer with length L =70mm, the measured
vibration amplitude is calculated as 310mV x 10 um/V =3.1 ym. In comparison the
analytical results with the experimental results shown in Figure 13, it is seen that both
are in a close approximation.
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] e
i “ ,
44 1kHz Ty o 4 9%Hz
(a) /= 44.1 kHz (L=70mm) (b) /= 44.9 kHz (L=80mm)

P
§

45.5kHz
(c)/=45.5 kHz (L=90mm)

Figure 9. Measured resonance frequency by impedance analyzer.

Mgilent . ~ _ Agilent
i [ [\ o

(a) Applied voltage Vpp=200V (b) Applied voltage Vpp=400V
Figure 10. Measurement of vibration amplitude ©@44.1 kHz (L =70 mm).

Figure 14 shows the schematic diagram of experimental setup of atomizer and meas-
urement system. Figure 15 shows the actual experimental setup of g@mizer and meas-
urement system. A measurement system is established including high speed camera
(Basler acA1300-30gm) to capture the particle image of atomization and to inspect the
atomization phenomenon. A high-intensity light source is employed to assist in captur-
ing higher quality image. Software Image | is used to analyze the particle size and the
particle distribution of the image [30, 31]. The capture images were analyzed first. Then
the “in-focus” droplet images which the droplet images are sharp compared to the dark
background were chosen. By introducing multiple intensity levels, the droplet is defined
with a “halo” of Ad/2, where d yields the actual diameter of the droplet around the
droplets. The out-of-focus droplets were determined and eliminated by fixing the
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Agilent
1]

Agilent

(a) Applied voltage Vpp=200V (b) Applied voltage Vpp=400V
Figure 11. Measurement of vibration amplitude ©@449 kHz (L =80 mm).

Agilent

Ll g
wdy

(a) Applied voltage Vpp=200V (b) Applied voltage Vpp=400V
Figure 12. Measurement of vibration amplitude @455 kHz (L = 90 mm).

2 # Analytic 70 mm
6.5 M Analytic 80 mm El
6 Analytic 90 mm - i
- L 4
ESS X Exp 70 mm o p 4 ® ¢
=5 X Exp 80 mm [ | %
S45 | ®Exp 90 mm ; % =
£ a4 s
“35 y E
: @
3 * i
2.5 B
p
150 200 250 350 400 450

Vui?t’aqge v)
Figure 13. Analytical and measured amplitude.
intensity level. In shape analysis, the shape factor defined by perimeter’/area is calcu-

lated. If the shape factor is greater than 4m, the droplet is determined as noncircular
droplets and eliminated [32]. The calculation of droplet size is based on the equivalent
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Image J

High-intensity light

=

. '. 5 High speed Comguter
G .."'. camera
" o -
- [ [ )
Pump ’ ]
Hollow-tube
Atomizer

Figure 14. The schematic diagram of experimental setup and measurement system.

Figure 15. Experimental setup of atomizer and measurement system.

diameter defined as D, = 2,/A,/n, where D, is the equivalent diameter and A, is the
area of the droplet [33]. By eliminating both the out-of-focus and noncircular droplets,
the droplets size and mean value can be calculated. In this study, each of the different
vibration amplitude was repeated 5 times in experiment. And, at least 10 images were
captured and analyzed. The measured droplet size was in the range of 10-70 pm, about
a total 5000 droplets were detected. The dominant diameter size, for example, is about
40pm and 30 um by vibration @nplitude of 6.6 um and 2.5um respectively. In this
study, water with density 998.2kg/m’, viscosity 0.001003 kg/m-s, and surface tension
0.0728 N/m 1is selected as an example for atomization. As a result, atomization is suc-
cessfully achieved with large enough vibration amplitude in the range of 3.1-6.6 um.
Figure 16 shows the captured image of atomization for different vibration amplitude
and frequency. Figure 17 shows the trend of droplet diameter versus vibration ampli-
tude. As seen, while increasing vibration amplitude can obtain larger droplet diameter.
While applied 400V, the size and distribution are 7% under 20 um, 4% greater than
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{e) Amplitude 5.6pum (f) Amplitude 6.6um

Figure 16. Captured image of atomized particle.

60 um, thus 89% fits for the application example of industrial printing specification.
Moreover, there are 86% in the rangggof 20-50 pm and 77% in the range of 20-40 pm.
A nearly linear relationship appears between the amplitude and the droplet diameter in
this study. This interesting phenomenon implies that large vibration amplitude at
adequate frequency can make atomization happen but will engender large droplet diam-
eter. Droplet particles are not generated when applied vibration amplitude is not
enough to generate capillary wave. Such fact is reasonable because large amplitude is
instrumental to aggravate cavitation effect and produce larger size of droplet.

According to the above correlation of the droplet size and the vibration amplitudegpi
implies that amplitude is also a crucial factor in droplet diameter. In other words, the
vibration amplitude is instrumentalsgo energize the liquid film to generate droplet par-
ticle. Considering a proportional relationship between the droplet diameter and the
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= 60.0 A
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= *,
2 35.0 oh i
S 30.0 -

25.0

20.0

2.0 3.0 4.0 5.0 6.0 7.0

Vibration Amplitude (pum)
Figure 17. Droplet diameter vs. amplitude at different frequency.

vibration amplitude, an attempt is to include this effect into the Kelvin’s and Lang’s

870\ * "
dp:c(mq)A (6)

where # is the order of amplitude needs to be searched.

Concerning with same liquid properties, the influence on the droplet diameter due to
frequency and vibration amplitude can be separate for further discussion. That is, the
above (6) is rewritten as:

equations in (1) and (2) as below.

d

P ;= cA" (7)
Bra
(%)
Assuming the left-hand side of (7) is known in experiment and defined by y, it can

be formulated by y =c.A". To solve the number #, it is rewritten as:

logy = loge 4 nlogA (8)

By using a linear regression function in MS Excel tool, the intercept and the coeffi-
cient n are found as show in Figure 18 that shows the relation between log A and log y
of equation (8) with R-squared near to one. Its show how close the data fit to the
regression line. The intercept is shows as log ¢ = —0.914, hence ¢ =0.122. The coeffi-
cient # is found 0.914, which is approximate to one. Therefore, (6) can be written as:

1
8na\>
d, = 0.122 (—2') Ao (9)
pf
From (9) show that correlation between droplet diameter and amplitude, which
means the droplet diameter is approximately proportional to the vibration amplitude at

certain frequency.
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Figure 18. Relation of the two quantities in (8).

6. Conclusion

A new type of atomizer constructed with a hollow tube and 3-piece piezoelectric actua-
tors is designed for the purpose of generating large amplitude under low frequency. In
this study, for example, driving frequency around 44-46kHz and vibration amplitude
greater than 3.1 yum will be enough to make atomization occur. Nearly 90% of the atom-
ized droplets with diameter in the range of 20-60 um suitable for industrial printing
applications is obtained. The higher vibration amplitude is employed the larger size of
droplet is gained. Moreover, influence of vibration amplitude is likely included in the
combined Kelvin’s and Lang’s equations to derive a formula as expressed by (6). The
order n in (6) is equal to approximately one, which means the droplet diameter is
approximately proportional to the vibration amplitude at certain frequency. To sum up,
without operating very high frequency of mega-hertz, the proposed atomizer is able to
achieve atomization and produce acceptable droplet size. The maximum driving current
Ly is approximate to I, =~ f x C, x V;,, x m where C, is the equivalent capacitor
of piezoelectric ceramic. Assuming the driving voltage for most of the atomizer is in the
range of 200-400 Vpp in general, the actual driving power is proportionally reduced
while the frequency is reduced from several Megahertz to around 40kHz. The atomiza-
tion system driving circuitry and is therefore simplified as well as cost-effective due to
reduction of driving power. This advantage encourages the development of similar type
of ultrasonic transducer providing large enuu? amplitude but operating at lower ultra-
sonic frequency. Regarding a linear relation between the vibration amplitude and the
droplet diameter, liquid flowrate, atomization rate versus applied voltage, exit velocity
of the atomized droplets, etc., it needs more examinations with various types of liquids
and operating conditions to verify the fact, which will be tackled in the near future.
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