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Abstract

This study experimentally investigated two-phase acoustic streaming and
droplet properties of aerosols, which were generated by a dental ultrasonic
scaler. The velocity field of acoustic streaming was measured using particle
image velocimetry with the generated liquid droplets as tracers, and the sha-
dowgraph technique was adopted to measure the droplet diameter. In the PIV
measurement of the gas-liquid two-phase flow, the injection of oil smoke
substantially suppressed the number of invalid vectors. The acoustic stream-
ing of the ultrasonic scaler showed maximum velocity at a region away from
the scaler tip, and the maximum velocity increased with an increase in the
liquid flow rate. The droplets of the ultrasonic scaler were generated by capil-
lary waves and had a diameter on the order of tens of micrometers. These
droplets effectively enhanced the velocity of the acoustic streaming in the
two-phase case compared to the single-phase case without the droplets.
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1. Introduction

In recent years, measures to prevent the spread of COVID-19 have been imple-
mented in various fields. In dental industry, the risk of cross-infection caused by
aerosols resulting from the use of the ultrasonic scaler on treatment instruments
is a major concern [1]. Aerosols are generated by the atomization of the cooling

water for the ultrasonic scaler and transported by acoustic streaming.
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Liquid atomization is important for many industrial processes, such as spray
drying, film coating, and liquid fuel combustion. Most industrial applications
require methods for atomizing a narrow droplet size distribution. Therefore, re-
searchers have attempted to predict the average droplet diameter based on the
capillary wave theory [2], and investigated the effects of liquid phase properties
[3], operating frequency, and power dissipation [4] on the droplet size distribu-
tion. However, information on the droplet velocity generated by ultrasonic ato-
mization is insufficient.

Acoustic streaming is a phenomenon in which a part of the sound energy is
dissipated by the fluid viscosity, resulting in a net mean flow [5]. The acoustic
streaming generated from the ultrasonic scaler is an Eckart-type streaming,
which is characterized by a considerably larger vortex scale than that of the
acoustic wavelength [6]. This type of acoustic streaming has been investigated in
the field of fluid mixing [7] [8], flow control [9] [10], and sonochemistry [11].
The induced velocity fields were measured by quantitative flow visualization us-
ing particle image velocimetry (PIV) [12] [13] [14]. These studies revealed that
an ultrasonic transducer induced a jet motion similar to that of a turbulent free
jet with the maximum velocity occurring at a position different from the acous-
tic focus. The maximum velocity and position are affected by the tip shape of the
ultrasonic transducer [15]. Furthermore, microbubbles in water increase the rate
of absorption of the acoustic energy and accelerate acoustic streaming [16]. Al-
though studies on the basic structure of ultrasonic acoustic streaming have been
conducted, they have mainly focused on acoustic streaming in single-phase
flows. Therefore, there are few reports on acoustic streaming under gas-liquid
two-phase flow conditions, such as those of ultrasonic-scaler-induced aerosols.

The objective of this study was to investigate the two-phase acoustic streaming

characteristics and droplet properties generated by a dental ultrasonic scaler.

2. Experimental Methods

A dental ultrasonic scaler (Suprasson P-MAX) was used for the experiments.
Figure 1 shows a photograph of the standard-shaped scaler tip used in this
study. The tip had a diameter of approximately 2 mm and was curved into a
bow-shape. The bisector of the curved scaler tip was defined as the horizontal
direction (x) in this study. The cooling water was supplied with a peristaltic
pump from the bowed part. The oscillation frequency of the ultrasonic scaler
was 30 kHz, and the output power and flow rate of the cooling water were varia-
ble.

Velocity field measurements using PIV were performed to clarify the charac-
teristics of the air-water two-phase acoustic streaming from an ultrasonic scaler.
Figure 2(a) shows a schematic of the PIV measurements. The PIV system con-
sisted of a CMOS camera (IDT, MotionPro-Y4, 1024 x 1024 pixels with 8 bits),
Nd: YAG pulsed laser (Quantel, EverGreen, 70 m]J/pulse), and pulse generator.

The liquid droplet generated from the ultrasonic scaler was used as a tracer for
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Figure 1. Ultrasonic scaler tip.
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Figure 2. Schematic of the PIV system. (a) Experimental setup;(b) Representative image.

the PIV. Oil smoke particles were supplied from behind the ultrasonic scaler tip
as the particle number density required for suitable PIV analysis could not be
obtained (see Figure 2(b)). The oil smoke was generated by a heated fog ma-
chine and blown through a tube with a diameter of 10 mm. The diameter of the
smoke particles was approximately 1 um. The speed of the oil smoke particles
was sufficiently slow compared to the target flow, which was less than 5% of the
maximum speed. The addition of smoke tracers reduced the average rate of
invalid vectors from 4.1% to 2.9%. The target area of the velocity measurement
was determined to be a vertical cross-section where the major acoustic streaming
was confirmed by visual observation. PIV measurements were conducted with
an imaging area of 40 mm X 40 mm and a recording period of 0.1 s. The velocity
field was evaluated using a direct cross-correlation algorithm with a sub-pixel
interpolation of the Gaussian peak-fitting technique [17]. The interrogation
window size was 31 x 31 pixels, with a 50% overlap. The time interval between
two consecutive images was Af = 60 - 600 ps, depending on the target flow ve-
locity. The maximum displacement of the particles was approximately five pixels
under these conditions. The uncertainty of the PIV measurement was estimated
to be 2.7% using the uncertainty quantification [18]. The average velocity field
was obtained from 500 instantaneous datasets. The PIV experiment was per-
formed under the conditions that the output power was 4, 6, 8, and 10 out of 10,
and the liquid flow rates were 0, 0.07, 0.14, and 0.38 ml /s.

The liquid droplet properties in the aerosol generated by the ultrasonic scaler
were evaluated using the shadowgraph method. Figure 3(a) shows a schematic

of the experimental setup. The CMOS camera was used for the shadowgraph
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Figure 3. Schematic of the shadowgraph system. (a) Experimental setup;(b) Representa-

tive image.

measurement, and a metal halide lamp and frosted glass plate were installed op-
posite to the camera to obtain a uniform background light. The imaging area
was 3 mm x 3 mm, and 3000 particle images were recorded at 60 fps. The coun-
table number of droplets from these images was approximately 50,000 under
typical conditions. A representative image of the droplets is shown in Figure
3(b). The recorded images were preprocessed with median and Sobel filters, and
only the focused droplets were evaluated. The droplet diameter and frequency
were calculated after removing the droplets possessing an aspect ratio of 1.25 or
higher to disregard the overlapped droplets. The droplet diameter was defined as
the volume median diameter determined using the measured droplet size distri-
bution.

The oscillation amplitude of the scaler tip in the horizontal direction (x) was
measured to gain insights to the output characteristics of the dental ultrasonic
scaler. The motion of the scaler tip was recorded using a high-speed camera
(Photoron, FASTCAM Mini AX200, 1024 x 1024, 12 bits), and the distance
moved was evaluated using the edge detection method. The recording frame rate
was 360 kHz.

3. Results and Discussion

3.1. Oscillation of Ultrasonic Scaler

The motion of the ultrasonic scaler tip was analyzed using an edge-detection
method to measure the oscillation amplitude. Figure 4 shows the time series of
the tip positions of the ultrasonic scaler with different output powers. The tip
positions exhibited sinusoidal periodic oscillations. The frequencies of the oscil-
lations are approximately 30 kHz at any output power. Only the oscillation am-
plitude Z,, increased with an increase in the output power.

Figure 5 shows the relationship between the output power of the ultrasonic
scaler and the amplitude of oscillation of the scaler tip. The amplitude increased
monotonically as the output power increased. In particular, the linear relation-
ship between the output power and amplitude can be observed at output powers

of 4 and above.
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3.2. Velocity Fields

Figure 6 compares the velocity fields of the two-phase acoustic streaming at dif-
ferent oscillation amplitudes with a constant liquid flow rate of Q, = 0.38 mL/s.
Acoustic streaming is generated horizontally at the curved part of the scaler tip
and downward at the end of the scaler tip when the oscillation amplitude is
small, as shown in Figure 6(a). This is because the supplied liquid flows along
the tip to the end of the scaler without detachment from the scaler tip owing to
its weak oscillation. The maximum velocity was observed at a position away
from the scaler tip in the flow generated at the curved part of the scaler tip.
Acoustic streaming is generated horizontally only from the curved part of the
scaler tip during a large oscillation, as shown in Figure 6(b). The maximum ve-
locity is increased by increasing the oscillation amplitude, which is detected at a
position away from the scaler tip. This is caused by an increase in the acoustic
energy emitted from the scaler tip.

Figure 7 shows the variation in the maximum velocity magnitude of in-plane
components and position of the acoustic streaming. The velocity measurements
were conducted with output powers of 4, 6, 8, and 10. The maximum velocity

increased slightly as the oscillation amplitude increased. The position of the
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Figure 6. Mean velocity fields at a constant liquid flow rate (Q_ = 0.38 mL/s). (a) Output
power 4;(b) Output power 8.
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Figure 7. Variation of the maximum velocity with the oscillation of the ultrasonic scaler
(Output powers of 4, 6, 8, and 10).

maximum velocity shifted in the downstream direction as the oscillation ampli-
tude increased. The variation in the position of the maximum velocity is consi-
dered to be related to the acoustic focal region [13].

Figure 8 shows velocity fields of the acoustic streaming at different liquid flow
rates. The output of the ultrasonic scaler is fixed at power 8. The flow field is
reasonably stationary when no liquid is supplied to the scaler tip in Figure 8(a).
This result implies that the velocity of the acoustic streaming of single-phase air
is smaller than the measurable range of the present PIV. Moreover, this observa-
tion indicates that the effects of oil smoke, which was supplied for PIV, on the
velocity field measurement and generation of the acoustic streaming are negligi-
ble. Because the supply of the oil smoke is much smaller than that of the cooling
water due to the small particle diameter of the oil smoke. The acoustic flow is
clearly observed when water is supplied in Figure 8(b) and Figure 8(c)). The
acoustic streaming is generated from two positions: above the water supply hole

as well as at the curved part of the scaler tip. The entire acoustic streaming is
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Figure 8. Mean velocity fields at a constant amplitude of the scaler oscillation (Output
power 8). (a) Q. =0 mL/s;(b) Q. =0.07 mL/s;(c) Q,=0.14 mL/s;(d) Q, = 0.38 mL/s.

directed downward owing to the influence on the downward acoustic streaming
above the water supply port. The acoustic streaming from the curved position
becomes dominant when the liquid flow rate increases further in Figure 8(d)
and the entire stream flows in the horizontal direction. The variation in the di-
rection of the acoustic streaming is expected to be combined influence of the
gravity and the shape of the scaler tip. The maximum velocity increases as the
liquid flow rate increases in the acoustic streaming.

Figure 9 shows the variation in the maximum velocity magnitude of in-plane
components with the liquid flow rate. The maximum velocity of single-phase
acoustic streaming without liquid supply is extremely small. The maximum ve-
locity increased when the flow rate of the supplied liquid increased. The change
in the droplet velocity due to the flow rate has also been reported in the experi-
ments of ultrasonic atomization [4], however, the mechanism has not been clari-
fied. It is expected that the cavitational effects disturb the capillary waves [4] and
liquid-droplet generation convert the acoustic energy into the flow more effec-

tively [16]. In the present experiment, the change in the direction of the acoustic
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Figure 9. Variation of the maximum velocity with the liquid flow rate (Output power 8).

streaming was also observed as the flow rate increased. The variation in the di-
rection of the acoustic streaming may be combined influence of the gravity and
the shape on the surface of the scaler tip. The position of the maximum velocity
occurred away from the scaler tip and changed slightly around x = 14 mm. This
result implies the flow containing liquid droplets is accelerated by the acoustic

energy.

3.3. Particle Property of Aerosol

The droplet diameter and appearance frequency of the droplet were measured to
clarify the characteristics of the droplets generated by the ultrasonic scaler with a
liquid flow rate of @, = 0.38 mL/s and output power 8. Figure 10 shows a histo-
gram of the particle size distributions at a typical distance from the scaler tip in
the direction along the streaming (y = 0 mm). The fof the droplets represents
the appearance frequency with respect to the maximum of the total number of
droplets among the experimental conditions. The measurable minimum diame-
ter of the liquid droplet was 6 pum in this experiment. A peak was observed at a
diameter of 25 um near the scaler tip at x = 20 mm, and the diameter was distri-
buted in the range of 10 - 100 um. Some peaks in the histogram of the droplet
size distribution may have been caused by a unique shape of the ultrasonic scaler
tip. The distribution of the liquid droplet size was similar, but the appearance
frequency decreased as the distance from the scaler tip increased. This result
suggests that the liquid droplets generated by the vibration of the scaler tip are
transported by acoustic streaming with less breakup and merging of liquid
droplets.

Figure 11 shows the variation in the droplet diameter with the distance from
the scaler tip. The average droplet diameter was evaluated based on the droplet
size distribution determined using the volume median diameter. The average
droplet diameter was reasonably constant regardless of the distance from the
nozzle and was approximately 40 um. The relationship between the oscillation
frequency F and the diameter d, in ultrasonic atomization using the capillary

wave is expressed using the Lang’s empirical formula [2]:
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Figure 10. Histogram of particle size distribution (Output power 8, Q_ = 0.38 mL/s).
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Figure 11. Variation of the average droplet diameter (Output power 8, Q_ = 0.38 mL/s).

1
8y 3

where a represents the empirical constant. y represents the surface tension, and
p represents the density of fluid. The empirical constant was a = 0.34. Assuming
that the water density and the surface tension are p = 998 kg/m’ and y = 72.88 x
107° N/m, respectively, the droplet diameter is d, = 43 um. The predicted diame-
ter is in good agreement with the results of the present experiment. Therefore,
the Lang’s empirical formula is applicable to droplets generated from an ultra-

sonic scaler.

4. Conclusion

In this study, velocity field and droplet diameter measurements were performed
for a gas-liquid two-phase acoustic streaming generated from a dental ultrasonic
scaler. The ultrasonic oscillation of the scaler tip led to the atomization of the
cooling water and the subsequent generation of acoustic streaming. The acoustic
streaming generated from the scaler tip increased as the oscillation amplitude
increased and exhibited a maximum velocity at a region away from the scaler tip.
The maximum velocity is significantly increased by the increase in the supplied

flow rate, or the generated droplets. These droplets effectively enhanced the ve-
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locity of the acoustic streaming in the two-phase case compared to the sin-
gle-phase case without the droplets. The diameter of the generated droplets
matched the diameter predicted from the oscillation frequency and they were
transported by the acoustic streaming. These results suggested the importance of

the droplets in the acoustic streaming of the ultrasonic scaler.
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