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Abstract

Plasmas on liquids have provided significant applications in material, environmental, and
biological sciences. The mechanisms of these chemical reactions in liquids have been
primarily discussed by the plasma—liquid interactions and convection by an
electrohydrodynamic flow. Although shock waves play a significant role in the radical
formation, agitation, and cell destruction, not much information is available on underwater
shock waves induced by the surface discharge on water. In this study, an underwater shock
wave generated by the pulsed surface discharge on water using the laser shadowgraph method
has been demonstrated. The results reveal that the shock wave generated by the discharge on
water was transmitted into the water. The mean velocity of the shock wave reached 1.7 km/s.
The results indicate that the surface discharge accelerates the reaction in the water by the
combined action of the underwater shock wave and the plasma reaction at the air—water
interface. The results are expected to aid in the understanding the mechanisms of existing

applications, such as decomposition, synthesis, and sterilization.
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1. Introduction

Elucidation of the plasma-liquid interaction is of
importance for widespread applications in the material,
environmental, and biological sciences [1]. The hydrodynamic
effect of plasma on liquid is a significant subject because the
convection in the liquid facilitates the diffusion of reactive
species generated by the plasma. A well-known bulk liquid
motion called the electrohydrodynamic (EHD) flow is induced
in the form of a plasma jet or streamer discharge (ionic wind)
[2-5]. The essential contribution to the bulk liquid motion is
the shear stress by the gas flow at the gas—liquid interface [6—
8]. In contrast, underwater shock waves act as chemical
reactions in water because the shock wave causes plasma
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formation due to cavitation bubbles, agitation, and mechanical
stress to the dissolved material [9,10]. Generally, underwater
shock waves have been frequently observed by direct
discharge in water [11-13]. However, there are a few studies
on underwater shock waves caused by the discharge on water.
The detailed observation of the shock waves by surface
discharge on water is significant from the viewpoint of
understanding the essential reaction mechanisms in existing
applications. There is a possibility that the shock waves have
acted in addition to the plasma-liquid interactions in previous
studies of sterilization [14,15], decomposition [16—19],
synthesis [20], and plant cultivation [21] by surface discharge
on water.

This study aimed to observe the underwater shock wave
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Figure 1. Experimental setup for the observation of the trajectory-
controlled surface discharge on water by the shadowgraph method. (a)
High voltage pulsed power supply and the shadowgraph observation
system. (b) Side view of the discharge reactor.

induced by pulsed surface discharge on water using a laser
shadowgraph method. A positive pulsed voltage was applied
to a needle, which was arranged immediately above water, to
generate a pulsed surface discharge on the water. The glass
container, which limited the discharge path, was developed to
observe the two-dimensional shadowgraph images because
the surface discharge on water grows radially under the
uncontrolled trajectory of the discharge [22,23].

2. Experimental setup

Figure 1 (a) shows an illustration of the discharge reactor.
The trajectory of the surface discharge on water was limited to
the direction of one dimension by generating the plasma on
the narrow water channel of 2 mm between parallel quartz
glasses. The needle with a diameter of 1 mm was installed in

the space between the quartz glasses to avoid contacting its
wall surface. The plane electrode at the bottom of the water
was ground. The conductivity of the water was adjusted by
dissolving potassium chloride (KCl) and was set to 1 mS/cm.
The water depth was approximately 10 mm. The circular
pulsed laser beam (Nd: YAG laser; Continuum Co. Ltd.;
wavelength: 532 nm; pulse width: 5+2 ns; diameter of circular
beam: 25 mm) was directed to pass through the region of the
reactor, including the needle tip, air—water surface, and water.
The laser shadowgraph image was captured using a digital
CMOS camera (D610, Nikon Co. Ltd.). Figure 1 (b) shows the
experimental setup. A positive pulsed voltage was applied to
the needle electrode made from tungsten using a magnetic
pulse compression circuit (MPC3010S-25LP, Suematsu
Denshi Co. Ltd.). The detailed topology of the circuit was
expressed in a previous study [24]. The applied voltage at the
needle electrode was measured with a high-voltage probe
(HV-P30, Iwatsu Co., Ltd.). The current at the ground side of
the reactor was measured using a current monitor (Model 4100,
Pearson Electronics Co. Ltd.). The waveforms were observed
using an oscilloscope (DPO-4104-L, Textronix Co., Ltd.). The
delay generator synchronized the Nd: YAG laser and the
magnetic pulse compression circuit.

3. Experimental results and discussion

3.1 Voltage and current waveforms

Figure 2 shows the applied voltage and current waveforms.
The peak of the applied voltage and current were
approximately 27 kV and 22 A, respectively. The initiation of
the shock wave from the discharge channel was investigated
by varying the shooting time of the shadowgraph image
considering that # = 0 when the current starts to flow.

3.2 Time-resolved shadowgraph images of underwater
shock waves by surface discharge on water

Figures 3 (a)—(c) show the shadowgraph images with a time
resolution of 5+2 ns. The discharge branched two ways from
the needle electrode and propagated on the water surface in
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Figure 2. Voltage and current waveforms while the pulsed surface
discharge is occurring on the water.
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Figure 3. Time-resolved shadowgraph images under post-ignition of the surface discharge on water. The time t in (a)—(c) is the time from the initiation
of the current flow; (d) shows an illustration of the shock wave propagation in air and water from the plasma channel.

the opposite direction each other. The instability of the gas-
liquid interface due to the surface discharge was not observed
in Figs. 3(a)-(c) because of the high-speed phenomenon
within a few microseconds. Figure 3 (d) shows an illustration
of the shadowgraph image (Fig. 3 (b)). Shock waves were
clearly observed in the air and water. The dark region at the
boundary between the air and water in Figs. 3 (2)—(c) is due to
the surface tension of water, as shown in the upper right of Fig.
3(d). The laser across the boundary at the air—water interface
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Figure 4. Time evaluation of the propagation length of the shock wave
in air and water. The propagation lengths of the shock wave mean the
distance from the plasma to the shock front in air and from the water
surface to the shock front in water, respectively.

is scattered because of the gradient of the water surface due to
the surface tension. Figure 4 shows the propagation length of
the shock waves in air and water as a function of time. The
Mach numbers were 2.6 in air and 1.1 in water. Here, the focus
was on the fact that the shock wave in air started to propagate
within 100 ns, as shown in Fig. 3 (a). The generation of the
shock waves is closely related to the heating mechanism of the
discharge. The shock wave generation within 100 ns is
consistent with an ultra-fast gas heating, the reactions of which
are dissociative quenching of the electronically excited
nitrogen molecules N (B® I, C3I1,) and O (D) in the order
of a dozen nanoseconds [25]. Additionally, a shock wave
initiation in the atmospheric pressure air was observed
immediately after the arc discharge ignition at the pin-to-pin
electrode (~130 ns) [26]. The rapid vibration-to-translation
(V-T) relaxation of the equilibrated stretching H2O (v1, v3) (~
100 ns) and the exothermicity of the OH formation reaction
contribute to the fast gas heating [27].

3.3 Shock wave propagation from air into water

The ultra-fast gas heating mechanism indicates that the
shock waves in the air are generated extremely early within
100 ns, which affect the generation of the underwater shock
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wave. The initiation time of the underwater shock wave
corresponds to the shock wave generation time (~ 100 ns) in
air, as shown in Fig. 4. In general, an acoustic impedance
mismatch should be considered for having a huge mismatch,
such as an air—water interface. The coefficient of power
reflection, Ry, is as follows:

R, = RZ, )
_ Iy
P zp47y @)

where, R, is the coefficient of reflection, the acoustic
impedance at 25 °C for air is Z; = 409 kg s m? and for water
is Z, = 1.49x10°% kg s m=. Consequently, the incident
longitudinal wave from air to water is almost reflected because
Rw is 0.999. However, the impedance matching theory is
generally available for ultrasound and has not been
sufficiently verified for shock waves. Here, the transmission
of shock waves into water is discussed. The impedance
mismatch can be relaxed by increasing the water temperature
owing to the ion incident because the acoustic impedance
decreases with increasing the water temperature. The effect of
incident ions, which was accelerated by cathode fall region,
formed on the water surface on the water temperature was
analyzed using the classical molecular dynamics simulation
[28]. The simulated results indicated that the incident of ions
creates a temperature gradient at the water surface, and the
water temperature reaches 1100 K on the surface layer (10 A)
at an incident ion energy of 100 eV. The transmission of the
shock wave into the water can be explained by t

he gradient of the water temperature, which corresponds to the
acoustic impedance. Conversely, an observation was made of
the underwater shock wave induced by the transmission of a
blast wave (Mach number: 4.1) from air to water [29]. In our
study, the shock wave generated in the plasma channel
propagates via the cathode fall region between the plasma and
water surface. The shock wave immediately reaches the water
because the distance of the cathode fall region on the water is
a few tens to a hundred um [30,31]. In other words, an intense
shock wave acts on the water surface because of the extremely
small cathode fall distance. As stated above, the transmission
of the shock waves into the water is achieved by increasing
the water temperature owing to the incident of ions and the
propagating shock wave at a small distance from the cathode
fall.

4. Conclusions

In conclusion, it was found that the pulsed surface discharge
on water can cause underwater shock waves. The
experimental results indicate that the shock wave generated by
the surface discharge is transmitted into the water, irrespective
of the large difference in acoustic impedance between the air
and water. The discovery of the underwater shock wave
generated by the surface discharge will be helpful to elucidate

the plasma-liquid interaction, which will contribute to
constructing accurate simulations in the future. The surface
discharge on water has advantages for industrial applications.
A direct discharge in water may cause water pollution due to
erosion of the electrodes; however, the surface discharge on
the water does not cause water pollution because the
electrodes are placed outside the aqueous solution.
Furthermore, since the discharge duration of this experimental
system is in microseconds, the electrolytic behavior of the
ground electrode immersed in water can be suppressed
compared to DC discharge. These findings help to improve the
existing applications, for example, sterilization, polymetric
synthesis, and organic decomposition, because plasma
chemical reactions in liquid, combining shock wave effects,
increase with high repetition of pulsed discharges and
increasing discharge current.
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