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ABSTRACT High-voltage pulse discharge in water is a promising technology to enhance the permeability
of coal seam and rock mass by generating fractures within them. With the aim of improving the stability and
efficiency of this technology, a high voltage electric pulse experiment systemwas constructed. The discharge
electrodes in the experiment was hemispherical. The positive and negative electrodes were arranged on the
same axis with adjustable spacing. Five sets of experiments were undertaken with the electrode spacing
of 1mm, 2mm, 3mm, 4mm, and 5mm, respectively. In the experiments, an oscilloscope was used to analyze
the voltage, current, and pressurewave signals. The experimental results of two typical voltage-current curves
indicate that the peak pressure of plasma shock wave follows a parabolic trend with the electrode spacing,
and there is an optimal electrode spacing for a given discharge voltage. The peak pressure of plasma shock
wave tends to increase linearly with the increase of discharge voltage. The greater the electrode spacing,
the greater the sensitivity of shockwave peak pressure to the discharge voltage. The shockwave peak pressure
sensitivity of 5 mm discharge spacing is 4.7 times that of 1 mm discharge spacing. The experimental results
for the voltages of 9 kV, 12 kV, and 24 kV with the optimal electrode spacing show that a power function is
the best fit for the attenuation of the peak pressure of shock wave with its propagation distance.

INDEX TERMS Electrodes spacing, plasma shock wave, peak pressure, pressure attenuation, high-voltage
discharge in water, hemispherical electrode.

I. INTRODUCTION
In 1938, Yutkin [1] proposed the industrial applications of
high voltage electrical pulses. Since then, the high voltage
electrical pulse technology has seen significant developments
and successful applications in many fields, such as sewage
treatment [2], [3], hydraulic electric sand cleaning [4], extra-
corporeal lithotripsy [5], [6], rock fragmentation [7], oil reser-
voir removal and fracture creation [8], and new nanomaterial
synthesis [9].

In recent years, some scholars [10], [11] put forward the
application of high-voltage pulse discharge technology in
coal mine gas disaster prevention and control and carried
out field tests in some mining areas [12]. In terms of labo-
ratory research, some scholars [13], [14] used the repetitive
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electrical pulse technology to act on coal, and observed
that the pore volume, pore size, micro cracks and other
microstructure of the coal increased after the experiment.
It was concluded that the high-voltage electrical pulse sig-
nificantly improved the permeability of coal. Lin et al. [15]
and Yan et al. [16] reached the same conclusion when insert-
ing high voltage electrodes in coal and proposed that the
existing fractures and minerals in coal were important factors
affecting coal fracturing. In terms of the basic properties
of high voltage electrical pulse, Zhu et al. [17] concluded
through experiments that the liquid conductivity had a major
influence on the voltage, current strength, and the pressure
wave generated by the discharge, but the shape of electrodes
was not mentioned. Lu et al. [18] found through experiments
that the peak pressure of shock wave was significantly depen-
dent on discharge voltage and electrodes spacing, and the
rod electrode with a diameter of 2 mm was selected. Some
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scholars [19]–[21] studied the characteristics of the shock
wave generated by needle-shaped electrodes and concluded
that the deposition energy, plasma channel length, and expan-
sion speed were important contributory factors of the shock
wave pressure. In terms of attenuation laws, Liu et al. [20]
and Zhu et al. [22] observed that the shock wave pressure in
gas-liquid two-phase medium decreased with the increase of
propagation distance. However, the combined effects of elec-
trodes spacing and discharge voltage were yet to be analyzed.
In the study of the needle-plate-shaped electrodes, Zhou [23]
obtained the relationship between the electrodes spacing,
circuit resistance, voltage, and circuit inductance. In terms
of applied researches, some scholars suggested the possi-
bility of an optimal electrodes spacing. For example, when
removing the Escherichia coli from sewage, researchers [24]
found that the shock wave pressure increased first and then
decreased as the electrodes spacing increased from 0.25 to
1.5 mm. It was concluded that the pulse arc discharge had
the best sewage treatment effect when the electrodes spacing
was 1 mm. In the production of rock breaking equipment,
researchers [25] found that the selection of electrode spacing
is of great significance to the deformation of rock specimen.
Some scholars [26]–[28] have studied the effect of metal wire
on shock wave performance by adding metal wire between
electrodes. Scholars such as Liang [29] and Yang [24] used
the electrodes of different shapes to conduct discharge experi-
ments, and found that the relative electrodes of hemispherical
tip have better breakdown stability and higher breakdown
efficiency. It is clear that the parameters of discharge elec-
trodes play an important role in high voltage pulse discharge
experiments. The needle-needle relative electrode, needle-
plate relative electrode, and some other forms of electrode
have been used in previous studies. However, the research
concerning the hemispherical relative electrode with high
break down efficiency is few. Therefore, it is necessary to
study the discharge characteristics of relative electrode of
hemispherical tip.

In this study, a high-voltage pulse discharge experiment
was conducted with the relative electrodes of hemispherical
tip to investigate the characteristics of the high voltage dis-
charge plasma shock wave and the influences of the discharge
electrodes spacing, discharge voltage, and measuring point
distance. This study will provide a further theoretical basis
for the application of high voltage pulse discharge in rock
breaking and coal mass fracturing.

II. HIGH VOLTAGE PULSE DISCHARGE EXPERIMENTAL
SYSTEM AND THE PRINCIPLE OF SHOCK WAVE
GENERATION
A high-voltage pulse discharge system was built for this
study. It mainly consists of a step-up transformer (transfor-
mation ratio of 1000:1, the power is 5 kVA), high-voltage
rectifier silicon stack, a pulse capacitor (three 5µF withstand
voltage of 50kV in parallel), an ignition sphere gap switch,
coaxial cable (withstand voltage of 50kV), hemispherical tip
discharge electrode with adjustable spacing (adjustable range

of 1-5mm), discharge resistance (three 2.1� discharge resis-
tor in parallel). A 50kV high-precision pulse high-voltage
divider was adopted to measure the capacitor voltage in
charging and discharging. A Rogowski coil was utilized to
measure the current strength of the charging and discharg-
ing circuit. An underwater PCB138 sensor was adopted to
measure the shock wave pressure. The experimental data
were recorded and collected with an HDO4034 oscilloscope
(sampling frequency of 2.5 GHz). The ripple frequency of
HVDC in the experiment was 50Hz, and the ripple coefficient
was 0.00175. The maximum DC voltage of the experimental
system was 50 kV. The experiment was carried out in a
cylindrical container made of Q235 ordinary carbon steel
with a diameter of 1.3 m and a height of 0.8 m.

In the related research of rock breaking [7] and fracturing
coal [30], it is necessary to put the discharge electrode into
the drilled hole of rock or coal in advance. The borehole
was also filled with incompressible liquid (water) to ensure
low deformation energy loss and high transmission efficiency
[31]. Water can spread shock wave mechanical energy very
well. Therefore, the experimental container was filled with
regular tap water. During the experiment, the hemispherical
shaped front end of the electrode can be immersed in water,
and the length of the electrode head is 5 cm. The experimental
system is shown in Figure 1, the hemispherical tip of the
electrode is presented in Figure 2, where d is the distance
between the discharge electrodes.

The high voltage charging and discharging experiments
were carried out with the system shown in Figure 1. The
voltage, current strength, shock wave pressure, and other
signals in the process of charging and discharging were mon-
itored during the experiments. It should be noted that two
situations would occur when the discharge sphere gap switch
T2 is pressed. One situation is that the energy stored in the
capacitor is sufficient, the electric energy will break through
the water medium and connect with the discharge circuit to
form a plasma channel between the relative electrodes. After
the plasma is formed, the water medium will be compressed
rapidly to create shock waves with great mechanical energy
and transform part of the energy into light energy, sound
energy, and radiation energy, etc. The other situation is that
the energy stored in the capacitor is not sufficient to break
through the water medium between the electrodes. There-
fore, the discharge circuit cannot be connected. When all the
energy is consumed during the water dielectric breakdown,
there will be no current or electric potential in the discharge
circuit. At this time, the connected discharge circuit fails to
generate plasma and shockwaves. The electrodes spacing and
the discharge voltage play key roles in both situations.

When the capacitors are charged, turning on the ignition
switch will instantaneously apply a high voltage between
the electrodes. First, the high-energy electrons will collide
with and ionize the water molecules [32], resulting in a pilot
flow column [33] that develops from the positive electrode to
the negative electrode. As the degree of ionization increases,
the temperature between the electrodes and the concentration
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FIGURE 1. Schematic diagram of high-voltage pulse discharge experimental system.

FIGURE 2. A hemispherical shaped electrode. (a) Physical picture of
discharge electrode; (b) Structure diagram of discharge electrode.

of ionized particles continue to increase. At the same time,
the water molecules change from liquid state to gas state.
When the ionization avalanche reaches a certain degree, the
electrodes spacing is broken down. Finally, a high-energy,
high-temperature and high-density plasma channel is formed.
And an arc discharge occurs, which has the characteristics of
arc detonation [34], producing a high-energy shock wave.

III. EXPERIMENTAL SCHEME
A. RESEARCH ON OPTIMAL SPACING
In previous studies [20], [24], [25], research on changing
the discharge electrodes spacing is involved. In different
application fields, the change of electrode spacing produces
varied discharge effects. In this study, the plasma shock wave
pressure is studied to find the optimal discharge electrodes
spacing under different discharge voltage.

The charging voltage values in the experiment were kept
under 30 kV to ensure better performance of the pulse capac-
itors and the safety of the experiments. The electrodes spacing
could be adjusted in the range from 1 to 5 mm due to the
electrodes structure of the system. A pcb138 pressure sensor
was placed at 10 cm away from the discharge center to
measure the pressure value of the plasma shock wave. The
CH3 channel of the oscilloscope was connected to the pres-
sure sensor to measure the pressure signal. The CH1 chan-
nel of the oscilloscope was connected to the circuit voltage
signal, and the CH2 channel was connected to the circuit

TABLE 1. Experimental design for optimal electrode spacing.

current signal to ensure the synchronous triggering of the
three channels and collect data accordingly. The experiment
was carried out with varied electrode spacing under each
discharge voltage, and the corresponding parameters were
measured. The experiment was repeated three times with the
same combination. The average pressure value of the pressure
sensor was recorded and counted three times. The experiment
was conducted 135 times in total. The specific experimental
combination mode is shown in Table 1.

B. STUDY ON ATTENUATION LAW OF SHOCK WAVE
PRESSURE
The optimal discharge electrodes spacing under each dis-
charge voltage were calculated from the experiments in the
previous section. The combinations with discharge voltages
below 10 kV and above 10 kV were selected for the further
experiments under optimal discharge electrodes spacing to
study the attenuation laws of the shock wave pressure. The
shock wave pressure at different distances from the discharge
center were measured. The discharge voltage was 9 kV,
12 kV, and 24 kV, respectively. The distance between the
pressure sensor and the discharge center was 10 cm, 20 cm,
30 cm, 40 cm, and 50 cm, respectively. Each experiment
under the same conditions was repeated three times. Average
pressure was calculated from the three measurements. A total
of 45 experiments were conducted. The specific experimental
scheme is presented in Table 2.
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TABLE 2. Experimental design for shock wave pressure attenuation.

IV. EXPERIMENTAL RESULTS
A. TYPICAL VOLTAGE, CURRENT, AND SHOCK PRESSURE
WAVEFORMS OF HIGH VOLTAGE PULSE DISCHARGE
The curves of voltage, current strength, and shock wave
pressure signals were drawn and two kinds of curves were
shown in Figure 3. The first type was obtained in the situation
with very little power loss of the system and almost no loss in
the forming of voltage and current curve. The second typewas
obtained in the situation that the power loss of the system is
significant. However, for the shockwave pressure curve itself,
the peak pressure curves obtained in over 180 experiments are
rather similar.

Figure 3 (a) shows the waveform diagram with a discharge
voltage of 8kV and the discharge electrodes spacing of 2 mm
(experimental combination #5). Figure 3 (b) is the waveform
diagram with a discharge voltage of 8kV and the discharge
electrodes spacing of 4mm (experimental combination #5).
These two kinds of waveforms were drawn from the data
measured 10cm away from the discharge center. It can be
seen from Figure 3 that when the discharge ignition switch
was turned on, it took a certain time to break down the
water medium. During the high-voltage discharge, the volt-
age at both ends of the capacitor dropped rapidly, and the
loop current oscillated in an underdampedmanner, eventually
forming a plasma shock wave. The electromagnetic inter-
ference exerted to the pressure sensor when turning on the
ignition switch can be observed from the pressure curve. The
interference signal was caused by the sudden change of volt-
age and current strength in the discharge circuit during high
voltage breakdown of the water medium. The interference at
the moment of breakdown was caused by the strong pulse
electromagnetic field generated by the strong current pulse
when the plasma channel is formed. These two interference
signals can be considered as the information when the igni-
tion switch is turned on and the electrode spacing is broken
down.

According to Figure 3 (a), the breakdown occurred approx-
imately 200 µs after the ignition switch was turned on. There
was no significant voltage decrease before the breakdown.
The peak pressure waveform of shock wave appeared at
about 60 µs after the breakdown. As shown in Figure 3 (b),
the breakdown occurred approximately 1,900 µs after the
spark gap switch was turned on. The voltage dropped sig-
nificantly before the breakdown. The water medium was
not broken down until the voltage dropped from 8 kV to
around 4.8 kV. The shock wave pressure peaked approxi-
mately 80µs after the breakdown. The results of the electrical
parameters in high voltage discharge experiments are shown
in Table 3.

FIGURE 3. Two types of voltage, current, and shock wave pressure curves.
(a) The first type; (b) The second type.

B. SHOCK WAVE PRESSURE UNDER DIFFERENT
EXPERIMENTAL CONDITIONS
According to the experimental combination in Table 1,
the peak pressure of shock wave under different discharge
voltage and different discharge spacing can be obtained. The
specific peak shock wave pressure is listed in Table 4.

According to the experimental scheme, to study the atten-
uation law, the experiments were carried out to study the
attenuation law at five positions, namely, 10 cm, 20 cm,
30 cm, 40 cm, and 50 cm away from the discharge center were
studied combinations, respectively. The aim was to obtain the
shock wave pressure at different distances under the three
experimental combinations. The values are listed in Table 5.

V. ANALYSIS AND DISCUSSION OF EXPERIMENTAL
RESULTS
A. TWO TYPICAL WAVEFORM GENERATION REASONS
The sudden application of a specific high voltage between the
two electrodes will change the liquid properties between the
electrodes, and the constant change of its resistance value is
the most intuitive thing, which will further generate the pulse
current. After the generation of the pulse current, the ‘‘stream
column’’ [33], like the discharge channel between the elec-
trodes, begins to form and change, eventually forming a
plasma shock wave.
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TABLE 3. Statistical table of electrical parameters of high voltage discharge experiment.

TABLE 4. Peak pressure of shock wave with various discharge voltages
and electrode spacing.

After the high voltage is applied to the liquid between the
electrodes, the change of the resistance value will become
evenmore complicated [4]. The liquid between the electrodes
is a conductor before the breakdown, but after the discharge
switch is closed, the liquid will become an insulator imme-
diately, and a specific polarity with a free starting point will
be formed with the high electrode [1]. When the free starting
point reaches the limit, the two electrodes will be connected.
At this time, the electrode spacing is broken down.

Therefore, the distance between the discharge electrodes
needs to be adjusted for high-voltage pulse discharge to make
better use of the high voltage. The two types of waveforms
in the Figure 3 are generated with discharge voltage of 8kV
and electrode spacing of 2 mm and 4 mm. It can be seen that
the resistance value with electrode spacing of 4mm is larger,
which will consume more voltage to connect the discharge
circuit. When the electrode spacing was 2 mm, the resistance
between the electrode spacing became more appropriate, and
a less voltage was consumed to connect with the discharge
circuit and generate the shockwave. Similar waveform curves
can be obtained with other discharge voltages and electrode
spacing. The difference is that the breakdown delay and volt-
age loss are varied. The differences of breakdown and voltage
loss can be observed because the two groups of waveforms
have evident contrast. Therefore, these two waveforms are
listed accordingly.

B. OPTIMAL SPACING UNDER DIFFERENT DISCHARGE
VOLTAGES
Experimental results in Table 4 show the relationship between
the shock wave pressure obtained with different discharge

electrode spacing under the voltage from 4 to12 kV. It can
be seen that the shock wave pressure under a particular
discharge voltage varies with the discharge electrode spac-
ing. When electrical energy is applied to the discharge elec-
trodes, the energy deposited between discharge electrodes
will break through the electrode spacing before forming a
plasma shock wave [35]. Pulse energy between the electrode
spacing is important [33], which determines the peak pressure
of the shock wave. Different electrode spacing has different
pulse energy, thus, different electrode spacing eventually can
change the peak pressure of the shock wave.

The relationship between the first peak shock wave pres-
sure and the different discharge electrodes spacing is plotted
in Figure 4 according to Table 4.

Figure 4 is the curve fitting diagrams of the three types
of shock wave peak pressure with significant characteristics.
Figure 4 (a) shows the fitting curve when the discharge volt-
age was 4 kV and 5 kV, indicating that when the discharge
electrodes spacing was larger than 2mm under 4kV or 3mm
under 5 kV, the liquid medium cannot be broken down. This
shows that with a constant initial electric energy, the range
of electrodes spacing suitable for liquid medium breakdown
is rather limited. It can be observed from the fitting curves
of 4kV and 5kV that the peak shockwave pressures decreased
with the increase of discharge electrodes spacing, showing the
shape of the right side of an inverted parabola.

Figure 4 (b) shows the fitting curve of discharge voltages
from 6 to 10 kV, in which shock wave was detected at the
discharge electrodes spacing of 1mm, 2mm, and 3mm under
a discharge voltage of 6kV. The shock wave pressure when
the discharge electrodes spacing was 2mm was higher than
that of 1mm or 3mm. However, when the electrode spacing
was 4mm or 5mm, the water medium cannot be broken down.
Therefore, under a discharge voltage of 6kV, the shock wave
pressure increased first and then decreased with the increase
of discharge electrodes spacing. When the discharge voltage
was 7kV, 8kV, 9kV, and 10kV, the shock wave pressure
increased first and then decreased with the increase of dis-
charge electrodes spacing, showing the shape of an inverted
parabola.

According to Figure 4 (c), when the discharge voltages
were 11kV and 12kV, the shock wave pressure increased with
the increase of discharge electrodes spacing. The peak pres-
sure of the shock wave and the discharge electrode spacing
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TABLE 5. The shock wave pressure at various propagation distance with optimal electrodes spacing.

FIGURE 4. The relationship between the first peak pressure and discharge
electrode spacing. (a) Discharge voltage of 4kV and 5kV; (b) Discharge
voltage from 6kV and 10kV; (c) Discharge voltage of 11kV and 12kV.

exhibit the characteristics of the left side of an inverted
parabola.

Figure 4 shows that there is an optimal discharge electrode
spacing under each initial discharge energy, and there is an
apparent ‘‘parabola’’ characteristic between the peak pressure
of the shock wave and the discharge electrode spacing, which
is consistent with the previous study [24], [33], [36]. The
shock wave pressure peaked under optimal discharge elec-
trodes spacing. Note that this conclusion is only suitable for
discharge voltages ranging from 6kV to 10kV because the
maximum electrode spacing of the experimental is 5mm.

The optimal electrode spacing is defined as the dis-
charge electrode spacing of the peak shock wave pressure

FIGURE 5. (a). The optimal electrode spacing with the discharge voltage.
(b). The optimal electrode spacing with capacitor energy.

TABLE 6. The optimal electrode spacing with discharge voltage.

corresponding to each discharge voltage. According to Fig-
ure 4 (b), the optimal discharge spacing under the correspond-
ing discharge voltage is shown in Table 6.

The fitted curve of optimal discharge electrodes spac-
ing DOPTI and discharge voltage U and the fitted curve of
DOPTI and capacitor energy storage Q in Table 6 is presented
in Figure 5.

The relationship between DOPTI and discharge voltage U
is that DOPTI = 0.097·U1.564, R2

= 0.98; and that between
DOPTI and capacitor energy Q is that DOPTI = 0.02Q0.782,
R2
= 0.98. In this system, the capacitance is 15µF.
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FIGURE 6. Relationship between the first peak pressure and discharge
voltage.

Further investigations are needed for different capacitances.
The empirical formula is in line with the formula for esti-
mating electrode spacing proposed by Liu Ning [25] except
that the ratio coefficient and power function coefficient of the
two are different. It can be concluded that the ratio coefficient
and power function coefficient are determined by the specific
structure of the electrode and the characteristics of the equip-
ment. The basic formula can be written as DOPTI = α·Uθ .

When the discharge voltage was 4kV and 5kV, the optimal
electrode spacing was 1mm. When the discharge voltage was
11kV and 12kV, the optimal electrode spacing was 5mm.
It can be inferred that when the discharge voltage is larger
than 10kV, the optimal electrode spacing in the experimental
system is 5mm.

C. THE RELATIONSHIP BETWEEN THE PEAK PRESSURE
OF SHOCK WAVE AND THE DISCHARGE VOLTAGE WITH
THE SAME ELECTRODE SPACING
With constant discharge electrodes spacing, the changes in
peak shock wave pressure under different discharge volt-
age can be obtained according to the experimental results
in Table 4.

As can be seen from Figure 6, with the same discharge
electrode spacing, the electrode spacing will be broken down
as long as the initial discharge energy is large enough or the
discharge voltage is high enough. In this case, the probability
of peak pressure of shock wave increasing with the rise of
discharge voltage is higher than 85%, and the relationship
between peak pressure of first shock wave and discharge
voltage is almost linear. The larger the electrode spacing,
the higher the required initial energy or discharge voltage.

With different electrode spacing, the changing rate K of the
peak shock pressure is calculated spacing with the increase
rise of the discharge voltage in Table 7. Table 7 shows the
relationship between the increase of peak shock pressure
with different discharge electrode spacing as the discharge
voltage increases from 4 kV to 12kV. It can be clearly seen
from Table 7 that the increment of peak pressure rises with
the electrode spacing. As the spacing increase from 1 mm
to 5 mm, the pressure increment rises from 1.305 MPa to

FIGURE 7. Attenuation diagram of peak pressure with propagation
distance at optimal spacing.

TABLE 7. The changing rate of peak pressure with discharge voltage with
different electrode spacing.

6.131 MPa. When the electrodes spacing was 1mm, 2mm,
3mm, 4mm, and 5mm, the increasing rate of the peak pressure
with the increase of the discharge voltage were recorded
as K1, K2, K3, K4, and K5. It is safe to conclude that
K1<K2<K3<K4<K5, and K5 is approximately 4.7 times
of K1. Thus, the larger the discharge electrodes spacing,
the greater the changing rate of the peak shock wave pressure
with the increase of the discharge voltage. That might be due
to the increase in resistance and stored energy between the
electrodes with the increase in the electrode spacing.

The pressure of the plasma shock wave increases linearly
with increase of the discharge voltage, but the energy storage
capacity of the system is constant. Taking safety and cost
into consideration, it is impractical to blindly improve the
discharge voltage. Therefore, a reasonable discharge voltage
is needed for the high voltage discharge experiments.

D. ANALYSIS OF THE ATTENUATION LAW OF SHOCK
WAVE PRESSURE WITH PROPAGATION DISTANCE UNDER
THE OPTIMAL ELECTRODE SPACING
In the experimental system, the maximum distance between
electrodes is 5mm, which is also the optimal electrode spac-
ing when the discharge voltage is greater than 10kV. Three
experiments were conducted out with the voltage under 10kV
and above 10kV to study the attenuation law, where, the opti-
mal electrode spacing of 9 kV discharge voltage is 3 mm,
the optimal electrode spacing of 12 kV and 24 kV are 5 mm.
According to the experimental results listed in Table 5, the
relationship between the peak pressure of shock wave and
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the distance between measuring points under the optimal
spacing was plotted in Figure 7. Regression analysis was
also conducted for the three measuring points. Furthermore,
the fitting curve of the shock wave pressure and the distance
between the measuring points under the optimal electrodes
spacing is shown in Figure 7.

It can be seen from Figure 7 that the peak pressure of
the shock wave decreases continuously with the increase of
propagation distance under all three discharge voltages. The
fitting curve shows that the shock wave pressure Pm changes
with the propagation distance S in a power function, and the
correlation coefficients are all larger than 0.94. The reason
is that the shock wave is an energy consuming process with
energy transformation. During propagation, the shock wave
reflects and refracts upon the container wall or other objects,
which eventually exhaust mechanical energy of the shock
wave.

Under the optimal spacing of the three discharge voltages,
the fitting relationship between the peak pressure Pm and the
propagation distance L is as follows:

When the spacing is 3 mm, and the voltage is 9 kV,
Pm = 18·S−0.895;
When the spacing is 5 mm, and the voltage is 12 kV,

Pm = 111.27·S−1.265;
When the spacing is 5 mm, and the voltage is 24 kV,

Pm = 157.86·S−1.131.
This conclusion is consistent with the findings of previ-

ous studies [4], [37], and the primary form of the empirical
formula on the attenuation law obtained is a power function
relationship.

It is necessary to combine the electrodes spacing and the
discharge voltage reasonably for optimal use of the high
voltage pulse discharge. The peak pressure of shock wave
increases with the increase of stored pulse energy [19].
A higher discharge voltage often produces a greater shock
wave pressure. However, excessively high voltages are not
recommended due to the energy storage capacity, cost, and
safety of the system. Therefore, the discharge voltage and
electrode spacing should be combined reasonably to achieve
the ideal shock wave pressure and then make the best use of
this shock wave mechanical energy.

VI. CONCLUSION
The basic research on the shock wave generated by high
voltage pulse discharge under water is very important for
its applications in many fields. In this experimental study,
the characteristics of shock waves generated with hemispher-
ical discharge electrodes were investigated and the following
conclusions were drawn:

1. The high-efficiency application of high-voltage pulse
technology requires a reasonable combination of dis-
charge voltage and discharge spacing.

2. There is an optimal discharge electrode spacing (D) for
each discharge voltage (U) or capacitor energy (Q). The
empirical formula of the optimal discharge electrode spac-
ing is DOPTI = 0.097U1.564 and DOPTI = 0.02Q0.782,

which are suitable for the hemispherical relative electrode.
The formulas are consistent with the empirical formulas of
the needle-needle relative

3. As long as the electrodes spacing is suitable for the break-
down of the liquid medium, higher discharge voltages are
favorable to the peak shock wave pressure most of the
time.

4. The larger the electrode spacing, the greater the sensitiv-
ity of the plasma shock wave peak pressure to the dis-
charge voltage. At large electrodes spacing, an increased
discharge voltage accelerates the increase of the peak
shock wave pressure. The sensitivity of peak shock wave
pressure to the increase of discharge voltage when the
discharge electrodes spacing is 5 mm is 4.7 times that
of 1 mm.

5. In the discharge experiment with the optimal electrode
spacing, the attenuation law for the peak pressure of the
shock wave with the propagation distance conforms to the
power function relationship.
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