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Abstract. Ultrasonic droplet levitation has recently been drawing attention as a way of
non-contact transportation. Many experiment revealed that levitating droplet changes its
shape to spheroid, however, quite small number of numerical simulation have discussed
this phenomenon including fluid dynamics within the droplet. In this paper, the coupled
analysis using distributed point source method (DPSM) and moving particle semi-implicit
(MPS) method is suggested, both of which does not require grids or meshes, therefore,
can handle the moving boundary with ease. The levitating ultrasonic droplet in plane
standing wave field between the ultrasonic transducer and the reflector is simulated with
the DPSM-MPS coupled method. The spheroidal droplets are successfully reproduced nu-
merically, and ratio of the change in spheroidal ratio and the gravitational center position
are discussed.

1 INTRODUCTION

Ultrasonic levitation has recently been drawing attention as a way of non-contact trans-
portation of small objects, such as liquid droplets, in bioengineering and manufacturing
industry[1]. 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 ra-
diation force[2, 3, 4]. Many experimental reports are presented related to the droplet
levitation[5, 6, 7, 8, 9] and their shape in the air[10, 11, 12]. The droplet with large
volume is reported to turn its shape from sphere to spheroid when they are exposed



Yuji Wada, Kohei Yuge, Ryohei Nakamura, Hiroki Tanaka and Kentaro Nakamura

in the intense sound pressure field[11]. Several analytical reports have mentioned this
phenomenon|[13, 14], however, almost no report carried out dynamical simulation on the
shape change of the droplet.

In this paper, the levitated droplet shape is simulated by coupling two gridless analysis
methods, the one is distributed point source method (DPSM[15, 16, 17, 18]) and the other
is moving particle semi-implicit (MPS[19, 20]) method.

2 LEVITATION BY ACOUSTIC RADIATION

The static pressure under finite amplitude sound, acoustic radiation pressure P,, is
known to appear as a result of acoustic nonlinearity(2, 3, 4]. The magnitude of the static
pressure is expressed to be the difference between the time averaged potential energy (e,)
and kinetic energy (ex) as

) plu) 0

P, = <€p>—<€k>,:w 5

where p, uandp is sound pressure, sound particle velocity, density of acoustic medium
and (---) means the operation of time average, respectively. The surface integral on the
droplet produces the acoustic radiation force as

E5ﬁgma 2)

where m is the normal unit vector to the droplet surface.

Figure 1 shows the overview about the forces acting on the droplet, levitating near the
pressure node in the plane standing wave field along vertical axis. Gravity and surface
tension as well as acoustic radiation force is assumed in such case.

Acoustic radiation pressure is positive on the upper and lower surface of the droplet,
because the most of kinetic energy in eq.(1) is interfered by the great difference of acoustic
impedance between air and liquids. When the lower acoustic radiation force balances the
sum of the upper radiation force and gravity, the droplet can remain in the air often just
below the pressure node.

For the horizontal balance of the force, acoustic radiation pressure is negative on the
side surface of the droplet, because the kinetic energy is not interfered by droplet surface
and the sound pressure potential energy is small at the pressure node. This acoustic
radiation force stretches the side surface of the droplet to spheroid, while the surface
tension act against it for the increase in the surface curvature.

However, the droplet shape cannot be determined from single sound field analysis,
because the sound field will be changed by the acoustic scattering with the new droplet
shape. To derive the true droplet shape, an iterative coupled analysis of sound field
and incompressible fluid dynamics is required, where the droplet shape and the acoustic
radiation pressure are exchanged.
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Figure 1: Forces act on an ultrasonic levitated droplet.
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Figure 2: Distributed point sources and boundary conditions.

Figure 3: Moving particle semi-implicit method window and gradient.
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3 DISTRIBUTED POINT SOURCE METHOD

DPSM][15, 16, 17, 18] is a sound field analysis method which does not requires calcu-
lation grids or meshes, but distributed sphere sound sources. Since DPSM requires no
element-node connectivity, the calculation routine can spare troublesome mesh regenera-
tion or any extra conservation treatment.

DPSM is based on Huygens-Fresnel superposition principle and Rayleigh-Sommerfeld
integral [21]. The sound field p from a vibrator with known vibration velocity V' is calcu-
lated with area integral. Numerically, this integral can be regarded to be the summation
of the product of the complex number source A and Green functions G(kr).

p = %// VG(kr)dS ~ > Gkr){A,}, (3)

; —jkr
A, = LPvAs, Gy =S, (4)
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where w, k and r is angular ultrasonic frequency, wavenumber and the distance from the
source to the target, respectively.

DPSM can model reflecting boundary and interface as well as transmitting interface
in the following manner. Figure 2 shows the schematic diagram of DPSM. Point sources
with unknown amplitude A are placed slightly behind the boundary or interface at the
centers of imaginary small spheres with radius r;. These spheres touch the boundary
surface or interface on a point m. Therefore, the distance between the point sources
and the boundary or interface is equal to the sphere radius. Sound pressure and particle
velocity along the vector n at the point m have following relationship with the unknown
sources A.

Pm = ZG(Tmn)An (5)

n - T Op

n

If a source belong to the vibrator or the reflector, v, is set to be Vj or 0 as a boundary
condition, respectively. Now that N boundary condition is specified for N unknown
sources, the amplitude of the point sources are calculated by satisfying all boundary and
interface conditions.

{An} = [an]il{vm} (7>
Vi = "{V%,---,%,0,---,0} (8)

After determining the source amplitude, sound pressure and particle velocity at droplet
surface can be obtained. Then, the acoustic radiation pressure P, is calculated with eq.(1).

4
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4 MOVING PARTICLE SEMI-IMPLICIT

Particle method is one of the way to calculate the fluid dynamics without any grid of
mesh. It treats the fluid motion not in Eulerian form but Lagrangian form and calculates
the motion of fluid by distributed particles. MPS method [19, 20] is one of such particle
method. Figure 3 shows the schematic diagram of MPS method. The spatial differential
of a certain variable ¢ on the particle ¢ is calculated in following equation.

Vo, = %Z [Qﬁj > @Tjiw(?“jz‘)] » (9)
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where D and d° are dimension number and initial particle density, respectively. The
weighting function and the particle density are calculated as

W(T) _ { 66/7" —1 ES i :e>§ 7"@) ’ (10)
dz' = Zw(rﬁ), (11)
JFi

where r, is the influence radius of MPS.
Equation (12) indicates the incompressible fluid equation in Lagrangian form, which is

handled in MPS.
ou  V(PH+ok+P,)

— = U 12
5 o +vVU +g, (12)

where p,,, 9,0 and k are density of the droplet liquid, gravity, surface tension constant
and curvature of the surface, respectively.

Simplified marker and cell (SMAC) algorithm is applied to the MPS method, and the
pressure is calculated from Poisson equation as

VP = Z—“;div U. (13)

The surface tension and the acoustic radiation pressure is input as a boundary condition
of Poisson equation.

5 SURFACE DETECTION AND SURFACE TENSION

The surface particle is detected by threshold the ration of the current particle density
by initial density, that is, if d; < 3d°, the particle 7 is surface particle[19)].
The unit normal vector of the edge particle ¢ is calculated from the MPS-weight aver-
aged position vector r;; as
e — > Tiw(ri) | (1)
> Tiiw(7i)

5
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Figure 4: Calculation procedure for DPSM-MPS interaction analysis.

The surface particle is treated as a sphere source in DPSM routine, and the DPSM
boundary condition point is located at (r; + rsn).

The curvature k, which is required for the input the surface tension, is calculated from
the position vector 7;;, the normal unit vector n as and the tangent unit vector I by
predicting function curvature with (9?n/dl).

(rji - m)
22 (ry
. g l)2w<"’y)
(Jer)#i
Z(jel“);éi w(ri;)
I = nxnxrj)/r, (16)

where I' is the set of edge particle.

Figure 4 shows the flowchart of the DPSM-MPS coupled analysis. The coupling calcu-
lation proceeds with the exchange of the acoustic radiation force and the droplet surface
particle locations.

6 CALCULATION PROBLEM

Figure 5 indicates the problem geometry and material properties for the ultrasonic
droplet levitation. The droplet is levitated in the plane standing wave field with two
acoustic node plane, which is excited between the bolt-cramped Langevin transducer with
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Figure 5: Problem geometry for an ultrasonic levitated droplet.
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Figure 6: (a) Sound pressure and (b) static pressure distribution with initial radius of A/40, where the
black and white spheres are DPSM boundary condition point and DPSM source, respectively.
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stepped horn and the plane reflector. The ultrasonic frequency, vibration amplitude and
surface radius of the horn are 27.44 kHz, 0.5 m/s in zero-to-peak and 15 mm, respectively.

The medium of the droplet is water and ethanol, and the initial radius of the droplet
is 0.4, 0.6, 0.8 and 0.9 mm. The droplet is levitated near the lower node of the standing
wave field, which is located at z = 3.1mm, quarter-wavelength above the reflector. The
initial position of the droplet is set to be z = 2.2 mm.

For MPS parameters, initial particle placement interval dr is set to be one-eighth of the
droplet radius. The influence radius r. is 4dr. For the convergence of the calculation, 100
times larger viscosity, v = 100 ¢St is applied. And air resistance proportional to velocity
with (0.01/dt) [s7!] is also applied. MPS transient time interval and calculation time are
dt=50 ps and 30 ms (600 steps), respectively.

For DPSM parameters, the radius of point source is dr on the droplet and A/8 on the
vibrator and the reflector. For ease in handling, the surface of the droplet is treated as
acoustically rigid. For the fast calculation, DPSM calculation is done for every 20 steps
according with MPS calculation.

7 RESULTS AND DISCUSSION

Figure 6 shows the sound pressure and the radiation pressure distribution on the initial
time step. The white spheres in the figure indicate the DPSM sound source, and spread
out on the vibration, reflector, droplet surface. The amplitude of the sound pressure is 4
kPa at the antinode of the standing wave, and the radiation pressure has + 27 and -65
Pa on vertical and side surface of the droplet, respectively.

Figure 7 shows the droplet deformation and radation pressure at the time 0, 2, 5 and
30 ms. The droplet levitates because the vertical positive static pressure balances the
gravity, and the shape turns into spheroid because the horizontal negative static pressure
balances the surface tension. The change in shape completes in several miliseconds, and
after that the droplet is observed to move toward the node.

Figure 8 shows the transient response of the gravitational center position for the water
and ethanol droplet with radius from 0.4 to 0.9. Final levitation position is settled at
2=2.9 mm, which is 0.2 mm below the pressure node. The ethanol droplets move towards
the pressure nodes 10 % faster than the water droplets. This is attributed to the mass
of liquid, where the density of ethanol is almost 20 smaller than that of water, and the
radiation pressure is not dependent on liquids. Then, the ethanol droplets have smaller
inertia than water droplets, therefore, the ethanol droplets have larger acceleration than
the water droplets. Note that the larger air resistance is applied in this analysis, the
actual velocity would be faster than these calculations.

Figure 9 shows the temporal change of the horizontal-vertical spheroid ratio. The
droplets with larger initial radius tend to change its shape flatter than smaller ones asking
for larger curvature to balance the negative radiation pressure. The ethanol droplet has
approximately 1.5 times flatter than the water droplet with the same initial radius. This
is attributed to surface tension constant of ethanol is one-third of that of water, therefore,
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Figure 7: Ethanol droplet deformation and internal pressure at the time 0, 0.5, 2, 20 ms with initial
radius of A\/40.

the ethanol droplets changed its shape asking for larger curvature.

8 CONCLUSIONS

The shape of an ultrasonic levitated droplet was simulated using MPS and DPSM in
three dimensional space to confirm the experimentally well-known fact that the droplet
shape turns to spheroid. As a result, by the acoustic radiation pressure, the droplet
turned to spheroid and the droplet has settled down to just below the pressure node. The
change rate of gravitational center position and spheroid ratio is different depending on
the droplet medium.

For future study, the comparison to the measurement or literature data, and non-
statical movement of the droplet, such as flow within the droplet or on the droplet surface,
or process of droplet breaking up, is needed to consider.
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Figure 8: Time variation of the gravity center position of the droplet with various initial radii.
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Figure 9: Time variation of the ratio of width to height of the droplet with various initial radii.
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