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Abstract. The study of ultrasonic atomization is one of the important
factors for fuel spray process in the diesel engine combustion chamber.
The droplet characteristics are influenced by liquid properties and vibration
frequency. In this study, the phenomenon of droplet formation and droplet
size were studied at different frequencies of the ultrasonic atomization
processes for water liquid. The ultrasonic atomizer was used for the
atomization process to generate droplets. CFD- 2D with the Volume of
Fluid (VOF) model was used to study the process of droplet size and
droplet formation at different frequencies. Water with constant film
thickness and bending vibration at constant vibration amplitude were used
in this model. The variation of vibration frequencies is applied from 50
kHz to 200 kHz with 50 kHz increment. The results showed that the
number of droplets and the area of droplet formation increases with the
increases in the vibration frequency. Effect of vibration frequency to the
size of the droplet, time for droplet formation, velocity, and several
droplets is more significant at vibration frequency 50 kHz to 100 kHz than
vibration frequency from 100 kHz to 200 kHz.

Keywords: Droplet size, formation, fuel spray, ultrasonic, vibration
frequency.

1 Introduction

Droplets are often found in the surrounding and engineering application. In engineering
application, such as pharmaceutical, biomedical, burner, and automotive, most of the
droplets are generated by practical methods, such as pressure atomization, rotary atomizer,
and two-fluid atomization. Those processes have some difficulty such as high energy, wider
droplets size distribution, clogged, or more complex atomizer design. Recently, ultrasonic
atomizers are growing faster than other atomizers because they offer more uniform and
smaller droplet size. This kind of droplets characteristics is appropriated for a diesel engine.
It needs more uniform droplets and small size of droplets needed to support the perfect
combustion process.

There are two hypotheses in the ultrasonic atomization process, capillary wave
hypothesis and cavitation hypothesis [1]. Capillary wave is formed by perpendicular
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vibration of a liquid thin film on the vibration surface. Boguslavskii and Eknadiosyants
studied about the capillary wave hypothesis which composed of crests and troughs on the
vibrating surface. However, there is not enough description of the formation of the droplets
and the stage of drop detachment inside the thin film [2]. The actual droplet detachment is
easy to capture only when the liquid flow rate is very low and low vibration frequency [3].
When the liquid flow rate and vibration frequency are high, it becomes difficult to capture,
while the magnitude of the vibration frequency has an important role in determining the
size of droplets. Yasuda observed the effect of vibration frequency and ultrasonic intensity
to the atomization rate and the number of atomized droplets. They concluded that vibration
frequency affected more than ultrasonic intensity [4]. However, due to the lack of studies
conducted, empirical correlations are mainly used to predict droplet size and droplet
distribution. This causes difficulty to precisely predict the size and distribution of droplet
[5, 6].

The volume of Fluid (VOF) is one of the models available to model a multiphase fluid
using Computational Fluid Dynamic (CFD). It can be used to predict the shape and motion
of the droplets on the steady or transient process. VOF can also be used to track free fluid
surface [7]. To get accurate tracking method and to capture the shape precisely should
apply smaller meshing size [3, 8, 9].

2 Numerical simulation for ultrasonic atomization spray

The results of ultrasonic atomization process can be solved in three ways, such as
analytical, experimental, and numerical approach. The numerical approach is used to
predict the phenomena of droplet formation since the disintegration of the ultrasonic
atomization process is not clear yet. The approach uses Computational Fluid Dynamic
(CFD), it is useful to solve many engineering problems which cannot be solved or difficult
to use experimental and analytical approach or to verify those approach.

2.1 Volume of the fluid model

The volume of Fluid model (VOF) is a multiphase model that is categorized as a very
robust model, simple and powerful methods [10]. The advantage of applying VOF does not
require additional equation [6, 7, 10]; it uses a single momentum equation (1). The equation
is depended on the volume fraction of all phases through the density p and viscosity p.
VOF can be tracked as a free fluid surface and cover moving boundary model [7]. The
vibration for generating droplet of ultrasonic atomization process can be utilized by using
dynamic meshing to move the boundary. The moving boundary is assigned by using
Equation (2).

ﬁ(pv)+v.(pvv) = —Vp+V.[,u(Vv+VvTﬂ+pg+F
ot (1)

The requirement for capturing droplet accurately and precisely can be done with fine
meshing size that is around one-fifth from diameter droplets of the size of the droplets with
uniform spaced mesh [3, 9]. VOF is available for pressure based analysis. Equation (2) is
the continuity equation for the volume fraction of the phases to track the interfaces between
the phases.
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Where m,, is the mass transfer from phase y to phase x and 71, is conversely. S,y is

zero or constant of user-defined mass source for each phase. Surface tension is set to
capture the capillary phenomena. For small dimension is needed to activate double
precision version in option simulation.
For standard finite-difference interpolation schemes in an explicit approach, the
volume fraction values can be applied by using Equation (3)
n+l _n+l
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Where n+1 is an index for current time step, n is an index for previous time step, «,, ris

the face value of the yth volume fraction, ¥ is the volume of the cell, and Uyis volume flux
through the face.

2.2 Model for ultrasonic atomization spray

Model of this research is built only for the ultrasonic atomization surface, which is vibrated
at specified frequencies. The model domain is built in for rectangular shape of
2 Dimensional (2D) by using Gambit software. The length and width of the model are
0.004 m and 0.0 004 m, respectively. The boundaries of the model are walls for the vertical
and the bottom sides and pressure outlet for the top side. Figure 1 shows the detail of the
model. The bottom surface is vibrated at an ultrasonic frequency, and the surface is covered
by 0.00 004 m of the liquid film thickness.

Pressure Outlet

Width W
Wwall Wall (m)

Liquid film \/t
Thickness Wall

Length L (m)
Fig. 1. Model of ultrasonic atomization spray

The quadrilateral meshing type is chosen for this model. The mesh type is chosen by
considering numerical diffusion, computational expense, set up time, and the geometry. The
quadrilateral mesh is chosen for this model since the model is applied for the top surface of
the model. The number of element meshing is 400 000 elements. Water is used for the
atomization fluid. The properties of water are 998.2 kg m™ for density, 0.001 003 kg m's™
for the viscosity and 0.0 728 N m™' for surface tension.

2.3 Dynamic meshing

Boundary motion can be achieved by using dynamic meshing. User Defined Function is
used to deform a rigid body. Refer to the equation y = A.sin (2xtft) where A = A’.(-x*+Lx)
is amplitude, A’ is adjusted amplitude, f is frequency and t is time [10], the function is
written in ¢ language. That equation should be compiled when it is applied VOF model in
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CFD. The setting parameters of vibration frequency are from 50 kHz to 200 kHz with
50 kHz increment at constant vibration amplitude.

3 Results and discussion

Figure 2 shows the simulation results of liquid disintegration phenomena. The surface of
the liquid film generates wave at the surface that is called capillary surface waves. The
capillary waves are generated when the liquid surface is disturbed. The energy to disturb
should be higher than the liquid surface tension. From Figure 2, it can be seen that the
number of capillary waves for low vibration frequency is less than that of high vibration
frequencies.

a. frequency 50 kHz

b.frequency 100 kHz

c. frequency 150 kHz

d.frequency 200 kHz

Fig. 2. Comparison of generation capillary wave of different frequencies.

Figure 3 shows the effect of vibration frequency to the velocity from the simulation
results. The trend of the velocity with the function of frequency shows a linear correlation
between these parameters. Vibration energy is converted into velocity, which will affect the
kinetic energy. That refers to equation EK = 0.5 V* = 0.5 (2nfA)* where EK is kinetic
energy, V is velocity, f is vibration frequency, and A is vibration amplitude. In the
ultrasonic atomization, the increase of velocity will be followed by a drop of static pressure,
which helps the evaporation process. The effect of liquid surface tension must be greater
than the pressure drops to avoid cavitation. When the pressure drop is more dominant than
the evaporation process, and consequently, the droplet size is larger and irregular. ms™
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Fig. 3. Effect of the vibration frequency to the velocity.

The number of droplet particles is influenced by a number of capillary waves. Figure 4
shows that most of the crests of the capillary wave generate droplets when the energy is
enough to overcome the surface tension of the liquid. The crest of capillary wave oscillates
to form crest and trough alternately, as shown in the dashed line series in Figure 4. When
the energy is sufficient to stretch the crest, each crest changes to form a ligament. The
ligaments are increasingly attracted to form a thin neck and eventually rupture into the
droplet.

Fig. 4. Process of droplet generation at vibration frequency 100 kHz, a. capillary waves, b. ligaments,
c. rupture droplets, d. droplets

Effect of the frequency to the number and the size of droplets can be seen in Figure 5.
At high vibration frequency is generated more droplets than at low vibration frequency.
Vibration frequency affects energy to generate capillary waves. The number of capillary
waves increases when the wavelength becomes shorter. The equation A = c¢/f is used to
prove the relationship between vibration frequency f and wavelength A in the phenomenon
of ultrasonic atomization. The consequence of reducing capillary wavelength will reduce
the size of the droplets because the size of each crest becomes smaller. Fig. 5 shows a
significant drop in the size of droplet around 40 % for vibration frequency 50 kHz to
100 kHz, however when the vibration frequency increases from 100 kHz to 150 kHz and
150 kHz to 200 kHz, the size of droplet decreases by about 20 % and 5 %, respectively. The
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number of droplets has increased significantly with increasing vibration frequency, as
shown in Figure 5.
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Fig. 5. Effect of vibration frequency to the number of droplets

Based on the time to generate capillary waves, droplets formation process at low
vibration frequency takes longer than at high frequency (Figure 6). Energy conversion from
the vibration frequency must be higher than water surface tension to disrupt the water
surface. In this study, the time to generate droplet takes at least 19 500 ps for vibration
frequency 50 kHz, whereas it took only 3 000 ps for vibration frequency 200 kHz. It is
predicted that the vibration energy of the capillary wave was not able to rupture the liquid
surface tension bond for low vibration frequency. Vibration energy should overcome the
surface tension forces to form capillary wave until it ruptures into droplets.
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Fig. 6. The time difference for several vibration frequencies to form the droplets

4 Conclusions

Effect of increasing vibration frequencies from 50 kHz to 100 kHz has more impact on the
velocity, size of the droplet, and time for droplet formation than increasing vibration
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frequencies from 100 kHz to 200 kHz. The increase of velocity up to two times at vibration
frequency less than 100 kHz, while the size of the droplets decreases up to 40 %. The
impacts to droplets size decrease slowly when the vibration frequency increase from 100
kHz to 200 kHz. The number of droplets increases significantly with increasing vibration
frequencies. It almost shows a linear correlation. While the time for droplet formation
requires 1 9500 ps at 50 kHz and only 3 000 ps at 200 kHz of vibration frequencies.
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