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ABSTRACT

Technology to launch objects into the air is essential for various applications. In this study, we propose a solid object launcher that pushes
the object of centimeter-scale by the rapid liquid motion resulting from explosive vaporization due to electric discharge in water. In particu-
lar, by using the electric discharge in a trapezoid-shaped chamber, we demonstrate that a centimeter-scale L-shaped piece of paper with
0.92 mg mass can be launched with an initial velocity ~4 m/s in the direction of an elevation angle of ~50°, while a centimeter-scale paper
airplane with 29.6 mg mass can be launched with the maximum velocity ~2 m/s along a glass slide runway with an elevation angle of ~45°.
In addition, to clarify the mechanism of solid launching phenomena, we systematically carried out vertical launching experiments of the
centimeter-scale solid object of 60-340 mg. Moreover, as a central design concept peculiar to the solid launching device, we demonstrate the
importance of water-repellent treatment of the solid surface. In the future, our device might be used to provide object-shooting technology

for hybrid manufacturing technology or to protect orchards from birds.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143832

I. INTRODUCTION

Technology to launch objects into the air is essential for various
applications, e.g., rockets, airplanes, drones, micro-aerial vehicles
(MAVs),"” seed ejection of plants,” 3D-printers,’ painting, inkjet
printing,” and plasma sprays.” In particular, micro-thermal liquid ejec-
tors using strong vaporization (boiling) phenomena have attracted
much attention and are widely used commercially. Here, boiling phe-
nomena are attractive as a driving force because of the ability to pro-
duce large mechanical work due to latent heat energy.” '’
Furthermore, thermal liquid ejector”'” is a device that ejects a liquid
(ink) droplet using a film boiling phenomenon'”'* on a thin film
heater. Because of their practical and scientific importance, various
studies have been devoted to this issue so far.”'”'* For example, Asai
et al” reported a one-dimensional model of bubble growth and
liquid flow and discussed the liquid ejection of the volume of up to
~3 x 10° um’. After that, there was a history of development compe-
tition in the direction of making droplets smaller'””’ in order to
improve the image quality of inkjet printing; e.g., Bae et al.'® proposed
an inkjet head composed of two rectangular heaters and reported the
liquid ejection of a volume of 30.9 pl with a velocity of 12 m/s. Sohrabi
and Liu'” reported a model of thermal inkjet and cell printing process

using lattice Boltzmann methods. Khorram and Mortazavi'® reported
a direct numerical simulation on a horizontal surface in three dimen-
sions. However, to the best of our knowledge, a launching phenome-
non of a solid object using the vaporization of the liquid and the liquid
ejection of large volume (e.g., ~100 mm?®) has not been explored yet.

Plasma spray using an electric discharge phenomenon also has
attracted much attention due to its practicality. Here, plasma spray is a
device that sprays plasma particles using an arc discharge phenome-
non mainly with an electro-static precipitator®”' or with high-speed
gas.”” Unlike the inkjet technology that ejects liquids such as ink, the
plasma spray ejects ionized molecules. For example, Karthikeyan
et al”' reported plasma spray synthesis of nanomaterials. Zhirkov
et al” reported the generation of supersize macroparticles of up to
0.7mm in diameter due to a vacuum arc discharge from a Mo-Cu
cathode. Shigeta® reviewed theoretical models and numerical methods
to simulate turbulent thermal plasma flow transporting nanopowder.
However, to the best of our knowledge, almost no study on liquid ejec-
tion using electric discharge has been reported so far, although there
are many studies on discharge phenomena in water.”* *°

Electrical discharge phenomena are important in various areas
such as sterilization,”* water treatment,”” cancer treatment, dental
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treatment,” atomic emission spectroscopy,2 and plasma spray,
and thus, it has long been studied. For example, Zeleny27 studied the
electrical discharge in the air from liquid points and reported oscilla-
tion and falling-drop phenomena due to the electric force at the sur-
face during intermittent discharge. Sano et al’® reported that
nanoparticles are obtained in the form of floating powder on the water
surface following an arc discharge between two-graphite electrodes in
water. Zuev et al.”® reported atomic emission spectroscopy using a
boiling phenomenon due to electric discharges in test solutions, while
Nicol et al.*” reported the efficiency of low-temperature plasma treat-
ments against bacteria using an atmospheric-pressure plasma jet.
Furthermore, Starikovskiy et al.*’ reviewed non-equilibrium plasma in
liquid water and discussed the dynamics of generation and quenching.
However, no report has been made on a phenomenon in which a
water droplet is launched upward from the surface of water due to
electrical discharge in water.

Inkjet technology is important not only as a 2D graphical print-
ing technology™'”**"" but also as an additive manufacturing technol-
ogy that includes 3D printing, bioprinting, maskless metal wiring, and
non-contact liquid deposition technologies.””'** Thus, various inkjet
technologies have been studied extensively. For example, Guan et al.”
reported the internal flow behaviors during the Taylor cone formation
of electrohydrodynamic (EHD) jet printing, while Sukhotskiy et al.”
reported a computational study on printability regimes of molten met-
als for a magnetohydrodynamic (MHD) actuation. Gao et al.’’
reported the stable formation of a single metal droplet by a pneumatic
actuator, while Kang et al.”” reported the analysis of inkjet perfor-
mance for a piezoelectric inkjet printhead of diameter 70 um.
However, to the best of our knowledge, techniques for launching sol-
ids, such as unmelted metals, have not been explored so far.

Overall, a launcher of a solid object using explosive vaporization
due to electrical discharge in water has not been explored yet. Thus,
we propose a centimeter-scale object launcher using explosive vapori-
zation due to electrical discharge in water and examined the perfor-
mance. In particular, we demonstrate that by the electrical discharge
in the trapezoid-shaped chamber (hereafter trapezoid chamber), a
centimeter-scale L-shaped piece of paper with 0.92 mg mass can be
launched with an initial velocity ~4m/s, while a centimeter-scale
paper airplane with 29.6 mg mass can be launched with the maximum
velocity ~2 m/s along a glass slide runway. In addition, to clarify the
mechanism of solid launching phenomena, we systematically carried
out vertical launching experiments of the centimeter-scale solid object
of 60-340 mg. Moreover, as a central design concept peculiar to the
solid launching device, we demonstrate the importance of water-
repellent treatment of the solid surface.

Il. EXPERIMENTAL METHODS

Figure 1 shows the schematic view of the centimeter-scale solid
object launcher using explosive boiling with an electrical discharge.
Specifically, Fig. 1(a) shows the plan view for a boiling experiment in a
droplet. That is, we set a pair of Cu electrodes (enameled copper wires)
of diameter ¢, = 1.0 mm with a distance D; = 2 mm on a glass sub-
strate coated with a water-repellent surfactant (water-repellent 1;
Henkel Japan Co., LOCTITE: DBS-420), while we injected a distilled
water droplet of 0.1 ml between the electrodes. Figures 1(b) and 1(c)
show the photographs of the boiling phenomenon at t =0 and 3/960s,
respectively, when we applied a DC pulse of high voltage V; (~60kV;
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catalog value) by a high-voltage pulse power supply (Walfront Co.,
ASIN: BO7BEXNQIS, arc ignition coil module). Here, for our measure-
ment, the effective pulse width is ~6 us and the discharge (breakdown)
current is ~70 A. As shown in Fig. 1(c), we find that an explosive
vaporization phenomenon occurs due to an electrical discharge phe-
nomenon. Thus, our idea is to use this explosive vaporization to eject a
liquid droplet from a chamber through a nozzle in one direction, and
to use the force of the liquid to launch a solid object into the air.

Figures 1(d) and 1(e) show the plan and side views, respectively,
for a launcher experiment using a trapezoid chamber. As shown in
those figures, the trapezoid chamber (of internal volume 0.08 ml and
height H, = 5 mm) was made of polyvinyl chloride (PVC) side walls
of thickness 0.5 mm, a PVC rear wall of thickness 1 mm, a pair of Cu
electrodes of diameter ¢, = 0.1 mm with a distance D; = 2 mm,
and the water-repellent glass substrate. Here, the Cu electrodes were
placed at a height H; = 1-4mm from the substrate, while an L-
shaped piece of paper of length L, = 4 mm, height H; = 3 mm, depth
2mm, and mass m, = 0.92 mg was placed at the outlet as shown in
Fig. 1(e). We tilted the substrate so that the elevation angle 0; was 3°,
applied a high-voltage pulse of 60 kV, and observed the motion of the
center gravity position (x,, z,) of the object with a video camera (Sony
Co., Cyber-shot: DSC-RX100M4).

Figure 1(f) shows a side view for a launcher experiment using a
U-shaped polyurethane tube chamber. The U-shaped chamber was
made of a polyurethane tube of length /=35 cm, inner diameter D,
= 5mm, and outer diameter D; = 8 mm. Here, a pair of Cu electrodes
of diameter ¢, = 1.0 mm with a distance D; = 2 mm were placed at
a distance of H; = 5 mm from the right-side tube edge, while the right-
side tube edge was directed vertically upwards; i.e., 0; = 90°. By apply-
ing a high-voltage pulse of 60 kV, we observed the motion of the center
gravity position (x, z,) of the PVC square object (Ls x Ls
=10 x 10 mm?) with a video camera. Note that the tube length above
the electrodes is 0.5 cm, while the tube length behind the electrodes is
34.5 cm. Thus, the fluid mass in the lower part is 69 times larger than
the mass of the fluid in the upper part. Consequently, the fluid in the
lower part hardly moves against the sudden vaporization phenomenon
between the electrodes, and thus droplets (of ~70.5 x 0.25% ml) are
ejected upward.

Moreover, by analyzing the video data (of size 1920 x 1080
and frame rate 960 or 30 fps), we determined the position x,
= (xp(t),2p(t)) of the flying object at a time t. From the data of

Xy, we obtained the velocity U, as Uy(t) = xp(t)2+2p(t)2

~ \/(X"(t+AAt27x"(t))2+(ZP(HAAt27Z"(t>)2, where At (typically, 1/960,

3/960, or 1/305s) is a time interval of the measurement. In particular,
we define the initial velocity U, as U, = U,(0), while we deter-
1 %(t+AY)

xp(t4At)
Similarly, for a liquid ejection experiment without the solid object, we
obtained the liquid edge position x; = [x;(t), z(¢)] [Fig. 1(h)], the ini-
tial elevation angle 0, of the liquid edge, and the initial liquid velocity
Ui o. Note that we repeated the experiment N; (typically, N; = 3) times
and N (=1 to N,) denotes a trial number. Furthermore, the solid
objects used here were usually surface-coated with water-repellent 1
(Henkel Japan Co., LOCTITE: DBS-420). Furthermore, the bubble in
Figs. 1(g) and 1(h) is exaggerated; in fact, we have not observed a large
single bubble like that in this study.

mined the elevation angle 0, as 0, = tan at t=0 s.
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FIG. 1. Schematic view of the centimeter-scale solid object launcher using explosive boiling with discharge. (a) Plan view for a boiling experiment in a droplet. (b) and (c)
Photograph of Expt. 1 at t=0 and {=3/960 s. (d) and (e) Plan and side views for a launcher experiment using a trapezoid chamber. (f) Side view for a launcher experiment
using a U-shaped tube chamber. (g) Principle of the solid object launcher. (h) Edge of the liquid. 1: electrode, 2: sidewall of the chamber, 3: distilled water, 4: glass substrate,
5: L-shaped piece of paper, 6: rear wall of the chamber, 7: plastic (PVC: polyvinyl chloride) object, 8: polyurethane tube, 9: expanding water vapor (bubble). Here,
01 = 3°-90°, m, = 0.92-340mg. W=26mm, Wy =8 mm, W, =2 mm, L=76mm, H; = 10 mm, H, =5 mm, H; = 1-4mm, H; =3 mm, Hs =5-15mm, L; =4
mm, L, = 4 mm, L3 = 120 mm, Ly = 170 mm, Ls = 10 mm, Dy = 2 mm, D, = 5 mm, and D3 = 8 mm.
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Ill. RESULTS

In this result section, we will first demonstrate three typical
launching phenomena in the diagonally upward direction using the
electric discharge in a trapezoid-shaped chamber to clarify our pro-
posed centimeter-scale solid and large-volume liquid launch technolo-
gies. That is, we will demonstrate the launching phenomenon of a
centimeter-scale L-shaped piece of paper in Sec. I1I A, the high-speed
ejection phenomenon of a large volume of water of the order of
100mm® in Sec. IIIB, and the launching phenomenon of a
centimeter-scale paper airplane in Sec. I1I C. Then, to clarify the mech-
anism of solid launching phenomena, we will present the results of
systematically carried-out vertical launching experiments using a U-
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shaped chamber. That is, we will present the vertical launching phe-
nomenon of the PVC plate in Sec. I11 D, the vertical liquid ejection
phenomenon in Sec. I1I E, and the m,, and H; dependence in Sec. I11 F.

A. Launching of the L-shaped paper using a trapezoid
chamber with electrical discharge

Figures 2(a)-2(c) show the photographs of the motion of the L-
shaped solid object at t=15/960, 9/960, and 13/960s, respectively,
under the condition that H3 = 2.5 mm and N= 1. Here, the yellow
dotted circles show the chamber position, the white broken arrows
show the flying object, and the blue broken arrows show the edge of
the liquid, which moves along the surface of the glass substrate.

8 U N=1——

7| N

6t = i
g3 '
~— 4"_//\/\‘(/_\;4/\._‘ T
2,

D 3¢ 1
2_ -
1‘ ]
0024 6 8§ 10 12 14 16
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(e)

8 ; . ; ;

71 i
29[ |
£ 50 -
N b -
23+ i
b2_ |

1- -

0 1 1 1 1

o

1 2 3 4 5
Hj (mm)

(g)

FIG. 2. Results of a solid launcher using a trapezoid chamber with an L-shaped object. (a)—(c) are the photographs at t=5/960, 9/960, and 13/960's, respectively, at H;
= 2.5mm and N= 1. (d) Trajectory of the object at H; = 2.5 mm. (e) U, vs tat H3 = 2.5 mm. (f) 0, vs Hs. (g) Up,0 on Hs. Here, m, = 0.92 mg and 04 = 3°.
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Furthermore, Fig. 2(d) shows the trajectory of the L-shaped object,
while Fig. 2(e) shows the dependence of U, on t at N=1-3 at
H; = 2.5 mm. As shown in these figures, we found that by the electri-
cal discharge in the trapezoid chamber, the L-shaped piece of paper
with 0.92mg mass was launched with an initial velocity ~4m/s
[Fig. 2(e)] in the direction of an elevation angle 0, ~ 50° [Fig. 2(d)].
Furthermore, Figs. 2(f) and 2(g) show the dependence of 0, and U,
on Hj, respectively. From these figures, we found that 0, became the
maximum value (~50°) at H; = 2.5 mm, while U,, was approxi-
mately constant regardless of Hs. Here, the droplet hits the arm of the
L-shaped piece of paper and changes its direction diagonally down-
ward to the right. Therefore, the L-shaped piece of paper flies diago-
nally upward to the right while rotating.

B. Liquid ejection using a trapezoid chamber
with electrical discharge

Figures 3(a)-3(d) show the photographs of the liquid ejection
(without using a solid object) at t =2/960, 3/960, 4/960, and 10/960s,
respectively, under the condition that H; = 2.5 mm and N= 1. From
these figures, we found that water was ejected in a line, and eventually
split into droplets [rectangular area in Fig. 3(d)] presumably because
of surface tension. Furthermore, Fig. 3(e) shows the trajectory of the
liquid edge, while Fig. 3(f) shows the dependence of U, on t at N=1-4
at H3 = 2.5 mm. As shown in these figures, we found that by the elec-
trical discharge in the trapezoid chamber, the liquid of ~0.08 ml was
ejected with an initial velocity of approximately 25-37 m/s [Fig. 3(f)]
with a low elevation angle 0, ~ 4° [Figs. 3(e) and 3(g)]. Furthermore,
Figs. 3(g) and 3(h) show the dependence of #, and U, on Hs, respec-
tively. From these figures, we found that 6, and Uy became the mini-
mum and maximum values (0/2 ~ 4° and Uy ~ 28 m/s), respectively,
at H; = 2.5 mm. Since the gas phase due to rapid vaporization is gen-
erated linearly at the electrode and expands, droplets tend to be ejected
diagonally upward to the right, rightward, and diagonally downward
at H; = 1.0, 2.5, and 4.0, respectively. However, because of the
rebound due to the substrate, 0’2 became positive values (~6°) even at
H; = 4.0 mm in Fig. 3(g).

C. Launching of the paper airplane using a trapezoid
chamber with electrical discharge

Figures 4(a)-4(d) show the motion of the paper airplane of
29.6 mg mass for the trapezoid chamber at t=0/960, 15/960, 30/960,
and 45/860 s, respectively, at ; = 45° and N = 1. Here, we set the air-
plane at a pair of U-shaped guides near the nozzle for directional con-
trol and reduction of static friction, while the length, width, and height
of the airplane are 20, 20, and 5mm, respectively. Furthermore,
Fig. 4(e) shows the trajectory of the airplane, while Fig. 4(f) shows the
dependence of U, on t at N=1-3. In Fig. 4(e), the broken line shows
the substrate of the runway. From these figures, we found that by the
electrical discharge in the trapezoid chamber, the paper airplane with
29.6 mg mass was launched with the maximum velocity ~1-2 m/s [Fig.
4(f)] approximately along a glass slide runway. Here, the maximum
reachable altitude z, ,,, are ~60-90 mm, while the maximum reachable
distance x;,, are ~200-300 mm. If we consider the theory of mass
point motion ignoring air resistance, we obtain z,,, = _(UP'D;;] nr

2
~ 102 mm and x;,, = %Sin 20, ~ 408 mm for the condition that

scitation.org/journal/phf

0, = 45° and U, o = 2 m/s. Thus, we found that the paper airplane
did not glide farther than the expected distance (408 mm) of the analo-
gous mass point. This is probably because we have not yet designed a
way to push the airplane well. Therefore, we would like to solve the
problem in the future.

D. Launching of the PVC plate using a U-shaped tube
chamber with electrical discharge

Figure 5(a) shows the typical motion of the PVC plate of 60 mg
for the U-shaped tube chamber at N = 2. Furthermore, Figs. 5(b) and
5(c) show the dependence of z, and U, on t, respectively, at N=1-3.
From these figures, we found that the PVC plate of 60 mg was
launched to the maximum altitude z;,, ~ 15-120 mm with an initial
velocity Uy, ~ 0.3-1.5m/s while rotating. Figure 5(d) shows the
dependence of U, and z,,, on m,, while Fig. 5(¢) shows the depen-
dence of the maximum potential energy E; = 1,8z, ,» and the initial
kinetic energy Ex = 3m, U;,o on m,, respectively. In Fig. 5(d), the bro-

ken line shows the theoretical U, ¢ predicted from Ex (U;,,0 = %),
and the dotted line shows the theoretical z, ,, (= z})m) predicted from
E, (z = E"g). As shown in Fig. 5(d), we find that U,y and z,,,

Zom =
decrease as m,, increases. Furthermore, in Fig. 5(e), the broken line
shows the average value of Ey (Ex ~ 31.0 yJ), while the dotted line
shows the average value of E, (E, =~ 46.2 pJ). Here, although the aver-
age potential energy 46.2 uJ is larger than the initial kinetic energy
31 pJ, we consider that this is due to the large error bars because the
average potential energy should decrease rather than increase relative
to the initial kinetic energy due to the pullback effect of the surface ten-
sion of water (see Sec. IV C in detail) and the energy loss due to air
resistance. Furthermore, although we expected physically that E, and
E;. would be constant, we find that there is a large fluctuation experi-
mentally in E; and E,. Thus, to pursue a good application, we need to
control this kind of fluctuation in the future.

E. Liquid ejection using a U-shaped tube chamber
with electrical discharge

Figure 6(a) shows the photographs of the liquid ejection using a
U-shaped tube chamber at t=0/960, 10/960, 20/960, and 30/960s
under the condition that m, = 0 mg (i.e., no solid present), Hs = 5
mm, and N=1. From these figures, we found that similar to the
results of Fig. 3, water was ejected in a line, and eventually split into
droplets because of surface tension. Furthermore, Figs. 6(b) and 6(c)
show the dependence of U, and z; on t, respectively, at N=1-3. From
those figures, we obtained that the initial velocity of water (of ~0.10 g)
is 5.909 *+ 0.881 m/s, while the initial kinetic energy Ex; of water is
1714 m]. Thus, the utilization efficiency n,, = % is ~2.7%.
Therefore, we may need to increase 17, , in the future.

F. Dependence of Uy 0, Zpm, Ex, and E; on m, and Hs
for the U-shaped tube experiment

Figures 7(a)-7(d) show the dependence of Uy, z, » Ex, and E,
on my, respectively, at Hs = 5-15mm for the U-shaped tube experi-
ment. Here, since we performed the same experiment again, the data
at H; are different from the data in Fig. 5. Furthermore, the large dif-
ference in z;, ,, at m, = 60 mg is due to the difference in the number of
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FIG. 3. Results for a liquid ejection using a trapezoid chamber. (a)-(d) are the photographs at t = 2/960, 3/960, 4/960, and 10/960 s, respectively, at H; = 2.5 mm and N=1.
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(e) Trajectory of the liquid edge (x, z) at H; = 2.5 mm. (f) U, vs tat Hy = 2.5 mm. (g) 0 vs Hs. (h) Ujo Vs Ha. Here, 0, = 3°.
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FIG. 4. Airplane launching using a trapezoid chamber. (a)—(d) show the motion of the paper airplane for the trapezoid chamber at ¢t = 0/960, 15/960, 30/960, and 45/860 s,
respectively, at N=1. (€) z, vs X,. (f) U, vs t. 10: U-shaped guide. Here, m, = 29.6 mg and 0y = 45°.

the event when flying high, as will be discussed later. From those fig-
ures, we find that there is a tendency that U, ¢ and z,, ,, decrease as m,
increase, while there is a tendency that U, and z;,, have the maxi-
mum at m, ~ 200 mg.

Figures 8(a)-8(d) show the dependence of Uy, zpm, Ex, and E,
on Hs, respectively, at m, = 60 to for the U-shaped tube experiment.
From those figures, we find that there is a tendency that Uy o, 2y m» Ep
and E, decrease as Hs increases. Furthermore, in Figs. 8(c) and 8(d),
E, and E, seem to have similar values to each other. Thus, we can
neglect the rotational energy as the first step.

Figures 9(a) and 9(b) show the dependence of U; and E; on Hs
(at m, = 0mg) for the liquid ejection experiment using a U-shaped
chamber. From those figures, we find that there is a tendency that Uy
and Ej decrease as Hs increases. Furthermore, Fig. 9(c) shows the

_Ez)

dependence of the energy efficiency #,(=3%) on m, at

Hs = 5-15mm, while Fig. 9(d) shows the dependence of the energy

efficiency 11, , (= %) on Hs. Here, 1, , involves averaging over differ-
ent object masses, while 7, is the efficiency for each object. From Fig.
9(c), we find that there is a tendency that 1, has the maximum value at
my, = 200 mg. Furthermore, we find that the values of #, at Hs = 5
mm seem to be much smaller than the values at H; = 10 and 15 mm.
Moreover, from Fig. 9(d), we find that there is a tendency that 1, ,
increases as Hs increases. Note that in Fig. 9, the data for Hs = 5 mm
are taken separately from the experiment in Figs. 5 and 6 by using a
similarly made different device. Thus, 1, , (~4.5%) at Hs = 5 mm in
Fig. 9(d) is much higher than the value (~2.7%) obtained from the exper-
iment in Figs. 5 and 6 due to the fluctuation of the experimental data.

IV. DISCUSSION

This discussion section is presented in Subsections IV A-IV F.
For a better understanding of phenomena near the electrodes caused
by underwater discharge, we will discuss the additional experimental
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FIG. 5. PVC plate launching using a U-shaped tube chamber. (a) Photographs of the PVC object of m, = 60mg at N=2. (b) z, vs t at m, = 60mg. (c) U, vs t at m,

=60mg. (d) Upo, Zom Vs Mp. (€) Ex = 1m,U2

50> Ez = MpgZpm VS M,

results of the fine bubbles near the electrode and the state of the water
surface in Sec. IV A and for the electrical input energy in Sec. IV B.
Furthermore, to clarify the central design concept peculiar to the solid
launching device, we will discuss the additional experimental results

for the effect of the surface tension in Sec. IV C and for the deforma-
tion of the solid object due to the impact of the water pressure in Sec.
IV D. Then, after discussing the effects of geometry and fluid friction,

we will finally discuss the significance of this manuscript.
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FIG. 6. Liquid ejection using a U-shaped
tube chamber without a solid object. (a)
Photographs of the ejected liquid motion
at m, = 0mg (i.e., no solid present) at
N=1.(b) U vs t (c) z vs t. In (a), the
arrows show the edge of the ejected
liquid.

FIG. 7. Dependence of Uy, Zym, Ex, and
E, on m, at Hs = 5-15mm for the U-
shaped tube experiment (solid launching
experiment). (a) Upo vs mp. (b) Z,m VS
Mp. (€) Ex Vs my. (d) E, vs m),
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FIG. 8. Dependence of Uy, Zpm, Ex, and
E, on Hs at m, = 60-340mg for the U-
shaped tube experiment (solid launching
experiment). (a) Upo Vs Hs. (b) Zp,m Vs Hs.
(c) Ex vs Hs. (d) E, vs Hs.

FIG. 9. Dependence of U, Ej, 1, and
1,2 ON Hs (at m, = 0mg) for the liquid
ejection experiment using a U-shaped
tube chamber (liquid launching experiment
and the efficiency of the solid launching).
To obtain Ex,, we assume that the liquid
in the region above Hs is ejected, although
it is corrected in Fig. 15. (a) Uy Vs Hs. (b)
Ek vs Hs. (c) n; vs mp. (d) Nza VS Hs.

Phys. Fluids 35, 054105 (2023); doi: 10.1063/5.0143832
Published under an exclusive license by AIP Publishing

35, 054105-10

£1:95:90 ¥20z AInr 61


https://scitation.org/journal/phf

Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 10. Generation of fine bubbles near the electrode and state of the water surface for the liquid ejection experiment using a U-shaped tube chamber. Here, the area

bounded by the broken lines shows remnants of fine bubbles.

A. About the additional experiment for the generation
of fine bubbles near the electrode and state of the
water surface

Figure 10 shows the typical results of the additional experiment
for the generation of fine bubbles near the electrode and the state of

the water surface for the liquid ejection experiment using a U-shaped
tube chamber at Hs = 5-15mm. Here, although Fig. 10(a) is a raw
image, Figs. 10(b) and 10(c) show contrast-enhanced images. In
Figs. 10(a)-10(c), the first image shows the initial state before applying
the high voltage between the electrodes, while the second image shows
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the image during the electrical discharge. By comparing the first image
with the third image, we can recognize that a white cloud exists in the
third image; i.e., we consider that the area bounded by the broken lines
shows remnants of fine bubbles. In other words, unlike ordinary liquid
ejection,” no bubble expansion was observed. Furthermore, from Figs.
10(a)-10(c), we found that only the center part of width ~1-2 mm (of
a water surface) protruded and eventually ejected, while the water level
of the surrounding part became lower to compensate the water loss
due to the liquid ejection. Note that the generation of the single bubble
due to rapid heating is well-known as a film boiling,” while a single
bubble due to the underwater spark was reported by several
authors™® * in a large chamber. In particular, Vokurka and Plocek™
reported a large bubble accompanying fine bubbles. Thus, we inter-
preted that mainly a single bubble grows and disappears within 1 ms,
and fine bubbles are observed. Furthermore, we also interpret that the
inertial effect due to the rapid expansion of a single bubble causes the
solid to be ejected (as shown in Fig. 1), although we have not observed
the single bubble yet.

From the above argument, we may need to correct our estimation
of the ejected liquid mass. Figure 11(a) shows the schematic view of
the measurement of Hg and H, where Hg shows the liquid level drop
in a steady state, while H, shows the liquid level drop just after the
liquid ejection. As shown in Fig. 11(a), since the right and left water
surfaces try to reach the same level at the steady state, there is a rela-
tion that H; = 2Hs and m; = TC(%)ZH7/), where p is the density of
water. Here, we directly measured H; because an oscillation phenome-
non was observed in the measurement of Hg. Figure 11(b) shows the
dependence of H; /Hs on Hs. From Fig. 11(b), we find that only 70%,

scitation.org/journal/phf

20%, and 10% of the liquid above the electrodes were ejected at
Hs =5, 10, and 15mm, respectively. Figures 11(c) and 11(d) show
the dependence of the corrected m; and Ej j, respectively. As shown in
Fig. 11(c), we find that the ejection mass of liquid decreases rapidly
with Hs. Furthermore, we find that our device can eject the liquid up
to 70 mg. In other words, our device can launch heavier mass for the
solid-liquid ejection mode than that for the only-liquid ejection mode.
Thus, we consider that launching a solid object is a different process
from first launching a liquid droplet and then transferring some of the
droplet energy to a solid.

B. About the additional experiment for the electrical
input energy

Figure 12 shows the results of the additional experiment for the
electrical input energy. Typically, we observed two kinds of behaviors.
The one is a mode (mode A) in which a discharge current
(Vog ~ 70V) flows for a moment (~40ns), and then, the current
does not recover [Fig. 12(a)]. The other is a mode (mode B) in which a
discharge current (Ip 4 ~ 60 A) flows for a moment, and then, the cur-
rent recovers [Fig. 12(b)]. Here, the solid object of m, = 130 mg
launched in the level of z;,,, ~ 6-7 cm for mode B, while it launched
in the level of Zpm ~ 4 cm for mode A. Thus, we consider that the rea-
son for the large fluctuation is due to the difference of these modes for
the current and voltage behavior of the discharge phenomenon.
Furthermore, since the launching ability of modes A and B is in the
same order, we consider that the effective discharge time t,; for the
rapid boiling is ~40ns. Here, the 40ns estimate comes from the

0.8 1 B
U:W 0.6 b
X
T 04t .
0.2 q] E
m
Liquid ejection Steady state 5 10 5
Hs (mm)
FIG. 11. Results of the measurement of
(a) (b) the ejected liquid volume for the only-
liquid ejection mode. (a) Measurement of
100 L6 the ejected liquid. (b) H7/Hs vs Hs. (c) m;
' ' ’ ' ' vs Hs. (d) Correction of Fig. 9(b). Here,
14 F B my ~ pSyHy is the liquid ejection mass.
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FIG. 12. Dependence of V and I on t.
(@) lp, Vo vs t (N=1, mode A). (b) l, Vo
vs t (N=4, mode B). Here, Hs = 5 mm
and m, = 130 mg.
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duration time of a discharge current for mode A in Fig. 12(a). Note
that in Fig. 12(a), the current characteristic of mode A (a broken line)
is a pulse-like response with a short pulse width of ~40 ns, which over-
laps with the voltage characteristic (a solid line); thus, it is difficult to
see in Fig. 12(a). Therefore, the electrical input energy E, concerning
to the rapid boiling can be estimated as E, ~ V4] 4t; ~ 168 m].
Since the observed maximum kinetic energy is ~0.15 m]J at most [Fig.
8(c)], we understand that the only 0.1% of the input electrical energy
can convert to the kinetic energy of the solid. Thus, we consider that
there is a lot of room for the improvement of our device in the future.
Note that the voltage oscillation seen after the discharge (in Fig. 12) is
known as the ringing noise caused by the reflection of the signal at
both ends of the wire. Furthermore, by considering the spark delay
time (~3 us) and the width of the recovered current (~3 us), we esti-
mate that the effective pulse width generated by the ignition coil is ~6
us for our experiment.

C. About the effect of the surface tension

The surface water-repellent treatment of a solid object plays an
important role in the launching problem of the solid. Figure 13 shows
the results of the additional experiment for the effect of the surface ten-
sion. Specifically, Fig. 13(a) shows the comparison of the maximum
launching height z;, ,, with and without surface water-repellent treat-
ment for five trials. Here, treatments 1 and 2 denote the surface water-
repellent treatments using water-repellent 1 (Henkel Japan Co.,
LOCTITE: DBS-420) and 2 (CCI Co., smart view), respectively, while
solid, dotted, and broken lines are the average values for no treatment,
treatment 1, and treatment 2, respectively. From Fig. 13(a), we find
that the average of z,,, for no treatment (102 mm; dotted line) is
much lower than that for the repellent treatments (126 mm for water-
repellent 1, 164 mm for water-repellent 2). In detail, in Fig. 13(a), tri-
angles show the results when only bubbles entered into the tube with-
out any solid launch occurring for the first voltage application [as
shown in Fig. 13(b)]. Thus, we find that the launching phenomenon of
the solid fails with a probability of 60% without water-repellent treat-
ment, whereas the launching phenomenon occurs with a probability
of 100% with water-repellent treatment. Furthermore, the cross with
the triangle shows the launching ability for the second voltage applica-
tion for the object without water-repellent treatment, after bubbles
enter [as shown in Fig. 13(c)]. Therefore, we find that the solid object
with no treatment also can be launched if bubbles enter between the

85 90 95 100
t (ms)

(b)

solid and liquid. Moreover, from Fig. 13(c), we find that the droplets
deform and splatter in the horizontal direction, similar to droplet colli-
sion, in the launching phenomenon of a solid with bubbles in the tube.
Figures 13(d)-13(f) show the images of the launching phenomenon
without bubbles immediately after launch (at t=1/960 s) for the
results corresponding to the no treatment, treatment 1, and treatment
2, respectively. From these figures, we find that the diameter of the
water column ejected with water-repellent treatment is much smaller
than that without water-repellent treatment. Therefore, from the above
facts, we interpreted that on the one hand, the solid object without the
water-repellent treatment suffers the strong force due to the surface
tension of water in the downward direction if no bubble exists. On the
other hand, the surface tension force weakens significantly if bubbles
exist. In addition, it weakens significantly if the solid object is surface-
coated with water-repellent.

D. About the deformation of the solid due
to the impact of the water pressure (for no treatment)

Figure 14 shows the deformation of the solid surface due to the
water pressure for no treatment when the solid was not launched by
the first voltage application. In this case, although the solid surface was
initially flat at t ~ —1/960 s [Fig. 14(a)], it deformed into a convex
shape during discharge at t ~ 0 s [Fig. 14(b)]; then (at f ~ 4+1/960 s),
it became a concave shape [Fig. 14(c)]. Here, we consider that this is
due to the impact effect on the solid surface. Furthermore, from Fig.
14(c), we found that a bubble entered the chamber during the defor-
mation process of the solid. Moreover, no significant deformation was
observed when the solid was launched by the voltage application (for
water-repellent 1 and 2). This is probably because the constraint by
surface tension is weak.

E. About the effects of geometry and fluid friction
(D, dependence)

To clarify the effects of geometry and fluid friction, we performed
the additional experiment at D, = Hs = 4 mm and m, = 60 mg.
Specifically, Figs. 15(a)-15(c) show the dependence of Z, ,,, H;/Hs,
and m; on the tube-diameter D,, respectively, under the condition that
Hs = D,. As shown in Fig. 15(a), we find that z, ,,, is approximately
constant at 4 < D, <5 mmy; ie, Upg ™ \/@ is also approxi-
mately constant. Here, since it is well known that the pressure loss due
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FIG. 13. Experimental results for the effect of the surface tension. In (a), treatments 1 and 2 denote the surface water-repellent treatments using water-repellent 1 (Henkel
Japan Co., LOCTITE: DBS-420) and 2 (CCI Co., smart view), respectively, while solid, dotted, and broken lines are the average values for no treatment, treatment 1, and treat-
ment 2, respectively. () Comparison between the treatments. (b) Bubble entering by a pulse (no treatment). (c) Launch by 2nd pulse (no treatment). (d) Launch by a pulse (no
treatment). (e) Launch by a pulse (water-repellent 1). () Launch by a pulse (water-repellent 2). Here, Hs = 5 mm and m, = 60 mg; in (b) to (f), N=1and {=1/960 s.
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FIG. 14. Deformation of the solid surface due to the water pressure for no treatment. (a) Before deformation. (b) Convex deformation. (c) Concave deformation. Here, N=1,

Hs = 5 mm, and m, = 60 mg.
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FIG. 15. Effect of the geometry and viscosity problems (D, dependence). (a) z, m vs D, (water repellent). (b) Hz/Hs vs D,. (c) m; vs D,. Here, N=1 and m, = 60 mg.

7/4
to fluid friction APy of the tube is proportional to ~ i;‘}f (please see

2
Blasius’ formula with Darcy-Weisbach equation””), APy, increases
1.32 times when D, changes from 5 to 4 mm, where  is the viscosity
coefficient (the viscosity in the narrow sense) of water. Thus, we can
interpret that the reason why the change in D, is small is that the influ-
ence of the fluid friction (viscous force or viscosity phenomenon in a
broad sense) on z, , is small. In other words, although Fig. 15 shows
the D, dependence, it also shows the effects of geometry and fluid fric-
tion. Furthermore, from Figs. 15(b) and 15(c), we find that although
H;/Hs decreases with D,, m; increases with D,. Furthermore, we find
that we can launch the solid object of 130 mg mass with liquid of up to
50 mg mass.

F. Significance of this manuscript

1. 10° times launching ability of mass than the previous
work

Although micro-liquid ejector is widely used commercially, we
have first explored the launching problem of a centimeter-scale solid
object using an explosive vaporization phenomenon of liquid. In par-
ticular, we have first demonstrated that a centimeter-scale object can
be launched by the water force ejected from a chamber (nozzle) due to
the explosive boiling resulting from electrical discharge and succeeded
in launching a centimeter-scale object of 0.92-340 mg in the vertical or
oblique directions. In other words, our device can launch ~10° larger
mass than the previous device (Asai ef al.’s device”), which can launch
the droplet of ~3 x 1077 g. In addition, we succeeded in ejecting a
large water droplet of ~100 mm” (~0.1 g) with a high velocity of up to
30 m/s by the expansion of the water of gas phase resulting from elec-
trical discharge, under the condition that there is no solid object; i.e.,
our device can eject ~3 x 10° larger liquid than the previous device
(Asai et al’s device”), which can eject the droplet of ~3 x 10~ mm”.
Therefore, our device is innovative.

2. The first launching study using the explosive boiling
due to electrical discharge

Here, the extremely high launching ability results from the use of
explosive boiling due to electrical discharge in water. Although there are
many studies on discharge phenomena in water,” *° we have first
reported the large-mass launching phenomenon using the explosive

boiling due to electrical discharge. In particular, as shown in Fig. 10, we
have first reported that a water droplet can be launched upward from the
surface of water due to electrical discharge in water; ie., we found that
when the diameter of the tube chamber is much larger than the electrode
distance (i.e., D, > D)), only the center part of the surface protruded
and eventually ejected, while the water level of the surrounding part
became lower to compensate for the water loss due to the liquid ejection.

3. The first launching technology for micro-aerial
vehicles (MAVs) using a boiling phenomenon

Launching technologies for a centimeter-scale solid object are
important ranging from seed ejection of plants’ to micro-aerial
vehicles (MAVs)."” For example, Li et al.” demonstrated a bionic ejec-
tion device using bent sheet structures inspired by a seed ejection
mechanism of plants, while Chen et al.” reported a hovering flight
inspired by the flying of insects. However, the liftoff of MAVs is a chal-
lenging problem even now. Thus, in this manuscript, we have shown
that our device can launch a paper airplane with a 29.6 mg mass from
a launch pad. We consider that our launching technology can contrib-
ute to the liftoff problem of other MAVs in the future. Furthermore, it
is usually difficult to throw an object without rotating it (as shown in
Fig. 5). Thus, we have shown that even a rotating L-shaped object can
be launched stably without showing a complicated rotating flight path,
as a first step. In addition to that, we consider that the L-shaped solid
object is practically important because it allows simple and stable
installation on the inclined launch pad.

4. Clarification of the central design concept for solid
launching devices

We have first clarified the importance of water-repellent treat-
ment of the solid surface as a problem peculiar to solid launching devi-
ces using water ejection by the electric discharge. That is, we find that
the launching phenomenon of the solid fails with a probability of 60%
without water-repellent treatment, whereas the launching phenome-
non occurs with a probability of 100% with water-repellent treatment.
This fact can be interpreted as the water-repellent treatment weakens
the pullback force due to the surface tension of water and enables the
separation of water and solids; consequently, it enables our device to
launch the solid object with a single discharge.
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5. Applications of our device

Innovative crop or fruit protector from pests and birds:

As the world’s population grows, producing enough food has
become a critical issue. In particular, the transition from conventional
pesticide-based crop protection to a more sustainable integrated pest
management (IPM) framework is required."** Above all, the damage
caused by birds in orchards is serious;"” e.g., 0.84 cherries min~! ha!
were lost from orchards and the financial loss of $2.2 to $2.4 million is
approximately occurring even in the state of Michigan over a 5-year
period.”” Here, our launcher can be made to launch water or small
objects on demand in response to signals from the microcomputer.
Therefore, if combined with a sensor that detects birds and pests, and
can shoot water or small objects at the target when pests approach, it
may be possible to protect crops such as fruits from birds and pests in
the future.

Innovative levitated 3D hybrid manufacturing system:

Micro-hybrid manufacturing technology including additive
manufacturing” and aerosol jet printing"* has become increasingly
important in recent years. In particular, containerless manufacturing
technology using levitation technology ™ is attractive because it avoids
unwanted interactions between the container and the material*® and
contamination; e.g,, acoustic levitation technology””** has been widely
used in many areas. For example, Cao et al.”’ reported rapid crystalli-
zation from acoustically levitated droplets, while Basu et al.”’ reported
that hollow structures with unique morphology can form due to parti-
cle agglomeration in acoustically levitated nanofluid droplets.
However, the technology to assemble small parts in the air is not
enough. In particular, there is a lack of technology to attach materials
(parts) from all directions to an object floating in the air. Thus, by
combining with levitation technology, our object-shooting technology
may open a new way to assemble small parts in the air for hybrid
manufacturing technology in the future.

V. CONCLUSION

In conclusion, we have proposed a solid object launcher using
explosive vaporization due to electrical discharge in water and exam-
ined the performance. In particular, (1) by using electrical discharge
with bubble expansion, we have first succeeded in the high-speed ejec-
tion of a large volume of water of the order of 100 mm’. (2) By using a
high-speed jet of a large volume of water, we have first succeeded in
launching a small object (0.92-340 mg) into the air with high speed up
to ~5 m/s. Specifically, we have demonstrated that (3) by the electrical
discharge in the trapezoid chamber, an L-shaped piece of paper with
m, = 0.92 mg mass can be launched with an initial velocity ~4 m/s in
the direction of an elevation angle 0, ~ 50°, while a paper airplane
with m, = 29.6 mg mass can be launched with the maximum velocity
~2m/s along a glass slide runway with an elevation angle 0, = 45°.
(4) By the electrical discharge in the U-shaped tube chamber, a PVC
plate of m, = 60-340 mg mass can be launched in the vertically
upward direction approximately to the height of 2-10cm with the
potential energy of E, ~ 46 uJ. Moreover, for the U-shaped tube
launching device, we experimentally find that (5) the initial velocity
Upo of the solid object decreases with my and Hs, while the initial
velocity Uy of liquid without any solid present decreases with Hs. In
addition, by the additional experiment, (6) we have clarified the
importance of water-repellent treatment of the solid surface as a
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central design concept peculiar to solid launching devices using water
ejection by the electric discharge.
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