
Proceedings of Symposium on Ultrasonic Electronics, Vol. 37 (2016)

16-18 November, 2016

An Analysis of Ultrasonically Rotating Droplet with 
Moving Particle Semi-implicit and Distributed Point 
Source Method in a Rotational Coordinate 

回転座標系下の粒子法と分布点音源法による超音波浮揚液滴

回転解析 
  

Yuji WADA1†, Kohei YUGE1, Hiroki TANAKA2 and Kentaro NAKAMURA2 
(1Fac. Sci. & Tech., Seikei Univ.; 2FIRST, Tokyo Tech.) 
和田有司 1†，弓削康平 1，田中宏樹 2，中村健太郎 2 (1成蹊大 理工, 2東工大 FIRST） 

 
 

                                                 
1 yuji.wada@st.seikei.ac.jp 

1. Introduction 
Ultrasonic levitation has recently been drawing 
attention as a way of non-contact transportation of 
small objects, such as liquid droplets, in 
bioengineering and manufacturing industry.  The 
small objects in the finite amplitude sound field 
have been known to be trapped near the pressure 
node of the standing wave with the effect of 
acoustic radiation force [1-2]. Many experimental 
reports [3] are presented related to the droplet 
levitation and their shape and streaming field on the 
droplet. The droplet with large volume is reported 
to rotate along its shperoidal axis when they are 
exposed in the intense sound pressure field. Biswas, 
et. al [4] experimentally discussed the droplet 
roation using an ultrasonic vibrator and a pair of 
acoustic driver, which works as an levitator and an 
artificial visco-acoustic generator, respectively. 
Authors [5,6] have proposed a coupled anaysis 
method using distributed point source method 
(DPSM, [7]) and moving particle semi-implicit 
(MPS, [8]) method to simulate the rotation of the 
ultrasonically levitated droplet. The droplet rotation 
in the initial stage has been successfully calculated, 
however, the calculation routine is unstable or 
inaccurate in the latter stage calcuation. 
 In this paper, the ammendment of the calcualtion 
routine using least square MPS (LS-MPS, [9]) and 
the rotaional coordinate is suggested. 
 
2. Calculation Procedure 
Acoustic radiation force considering visco-acoustic 
torque working on volume dV are expressed by the 
sound pressure p and particle velocity u, with dS, n, 
0, c, , and  are the boundary surface, surface 
normal, density, sound speed, angular frequency, 
and dynamic viscosity as 
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The sound pressure and particle velocity are 
calculated using DPSM and the calculated acoustic 
radiation pressure is considered in static fluid 
analysis in SMAC algorithm as 
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where P, U, w, , , , g, and  are the static 
pressure, velocity, density, surface tension, dynamic 
viscosity of the liquid, curvature of the droplet 
surface, gravity, and set of point on boundary.  

Fig. 2 Sound pressure distribution from (a) 
ultrasonic levitator and (b) acoustic driver. 

Fig. 1 Problem geometry for the ultrasonic 
droplet levitation 
 

with a stripe-mode vibration plate (drive frequency: 
28 kHz) to generate high-intensity aerial ultrasonic 
waves (focusing distance: 130 mm, focal circular 
area: 8 mm) with a sound pressure of about 2200 Pa 
in the focus area [4]. The displacement and vibration 
velocity of the surface of the cement under ultrasonic 
wave irradiation are measured with a laser Doppler  
vibrometer (LDV). The LDV signal is divided into 
two signals (Fig. 2). Displacement is measured by 
passing one signal through a low-pass filter (cutoff 
frequency: 10 Hz). Vibration velocity is obtained by 
fast Fourier transform of the other signal. 

Fig. 3 shows an overview of sample used in the 
experiment. The samples were 100 × 100 × 20 mm 
(width × length × thickness), and the water-cement 
ratio was about 40%. The measurements were 
performed at nine points in each of five circular areas 
(diameter: 12 mm) including the central part of the 
sample. It took 6 min to complete the measurements 
in all the areas, and the measurements were taken at 
various times over 4 h. 
 
4. Experimental results 

4.1. Displacement of the material surface 

Fig. 4 shows the displacement measurements 
from area 3 as an example. The displacement of the 
surface decreases sharply immediately after cement 
placement and converges to nearly 0 after 1 h, 
indicating the change in the surface hardness of 
liquid cement. 

4.2. vibration velocity of material surface 
Fig. 5 shows the vibration velocity median in 

each area, and each characteristic curve is 
normalized. The vibration velocity increases slightly 
for 1 h after cement placement, whereas the vibration 
velocity decreases slightly after 1 h, sharply after   
2 h, and gradually after 3 h. These results show that 
the mechanical impedance of the cement increased 
with the cement curing. The characteristic curve of 
stress in the figure shows the surface hardness of the 
material measured with a hardness meter. The 
hardness meter measurements could only be taken 
after the cement had solidified after 2 h. The surface 
hardness increased for 1 h, and then increased 
slightly after 3 h. The surface hardness and 
impedance results showed an inverse relationship 
with the characteristic curve of the vibration velocity. 
Our results demonstrate that it is possible to monitor 
the hardening of cement by measuring the vibration 
velocity. 
 
5. Conclusion 

We monitored cement during hardening 
immediately after cement placement by using high-
intensity aerial ultrasonic waves and optical 

equipment to measure the displacement and 
vibration velocity.    
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(a) Front perspective view (b) Top view 
 

Fig. 3 Container type sample 
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Fig. 4 Displacement measurements from area 3 

Fig. 5 vibration velocity median  
and stress in each area 
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LS-MPS, proposed by Tamai and Koshizuka[9], is 
higher order differential MPS scheme, is used to 
calculate the gradient, divergence space differential, 
and the pressure implicit terms. The viscosity 
Laplacian is treated in original MPS scheme due to 
the calculation stability. 

Due to the numerical counter torque brought by 
MPS Laplacian calculation, the rotational 
coordinate is adopted for the streaming field W 
calculation as 
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where L, [I], [E], and rL are rotaitonal speed and 
moment of inertia tensor, unit ternsor, and position 
vector from droplet center. 
 
3. Results  

Fig. 1 indicates the problem geometry for the 
ultrasonic droplet levitation and rotation [4, 6]. The 
upper and lower plane on z=31/4 works as an 
ultrasonic levitator which is driven on the frequency 
of f1=18 kHz. Fig. 2 (a) shows the sound field 
excited by this levitator. The pressure distribution 
shows third-mode plane standing wave along z-axis 
and uniform on z-plane. 

The plane on x=2/4 and y=2/4 in Fig. 1 works 
as a pair of acoustic driver with the phase difference 
of /2 between x-planes and y-planes at f2=1.35 kHz. 
Fig. 2 (b) shows the sound field excited by the 
driver. Two phase drive create a zero-pressure plane 
rotating along z-axis, as a result, one nodal point at 
the coordinate origin is observed in the figure. 

Fig. 3 shows the temporal change of the rotational 
speed with and without the rotational 
coordinate. The LS-MPS results have 
complete the calculation as long as 100 ms, 
whereas the MPS calculation scheme has 
diverged at 20 ms. While the rotation 
without rotation has been saturated due to 
numerical counter torque, the result with 
rotational coordinate agrees with the 
experimental result in the error of 25 %. 

Fig. 4 (a) (b) shows the streaming field at the time 
100 ms calculated with and without the rotational 
coordinate, where U and (W+L×rL) is plotted in 
the figure, respectively. As in Fig. 3, the outer 
surface streaming velocity is approximately four 
times larger with rotational coordinate than the one 
without rotational coordinate. 

 

4. Conclusion 
The streaming on an ultrasonic levitated droplet has 
been simulated using LS-MPS and DPSM in three 
dimensional space with rotational coordinate. The 
trend of the temporal change in rotational speed 
agrees with the experiment known in Ref. [4]. 

 
References 
1. L.V. King: Proc. R. Soc. A 147 (1934) 212. 
2. W.L. Nyborg: J. Acoust. Soc. Am. 42 (1967) 

947. 
3. Y. Yamamoto, Y. Abe, A. Fujiwara, K. 

Hasegawa and K. Aoki: Microgravity Sci. 
Technol. 20 (2008) 277–280. 

4. A. Biswas, E.W. Leung, and E.H. Trinh: J. 
Acoust. Soc. Am. 90 (1991) 1502. 

5. Y. Wada, K. Yuge, R. Nakamura, H. Tanaka, 
and K. Nakamura: Jpn. J. Appl. Phys., 54, 
(2015) 07HE04. 

6. Y.Wada, K. Yuge, H. Tanaka, and K. Nakamura: 
Jpn. J. Appl. Phys., 55 (2016) 07KE06. 

7. D. Placko and T. Kundu, Eds, DPSM for 
Modeling Engineering Problems, 1st edition 
(Wiley-Interscience) (2007). 

8. S. Koshizuka, Y. Oka: Nucl. Sci. Eng. 123 
(1996) 421. 

9. T. Tamai, and S. Koshizuka: Comput. Part. 
Mech., 1 (2014) 277. 
 

 

 

 

 
Fig. 4 Streaming distribution (a) without and (b) 
with the rotational coordinate. 

Fig. 3 Temporal change in the rotational speed 
with and without the rotational coordinate. 


