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Abstract: Impulsive underwater discharges have been investigated for many decades, yet the complex
pre-breakdown processes that underpin their development are not fully understood. Higher pre-
breakdown energy losses may lead to significant reduction in the magnitude and intensity of the
pressure waves generated by expanding post-breakdown plasma channels. Thus, it is important to
characterize these losses for different discharge types and to identify approaches to their reduction.
The present paper analyses thermal pre-breakdown processes in the case of free path and wire-guided
discharges in water: fast joule heating of a small volume of water at the high-voltage electrode and
joule heating and the melting of the wire, respectively. The energy required for joule heating of the
water and metallic wire have been obtained from thermal models, analysed and compared with the
experimental pre-breakdown energy losses. Pressure impulses generated by free path and by wire-
guided underwater discharges have also been investigated. It was shown that wire-guided discharges
support the formation of longer plasma channels better than free path underwater discharges for
the same energy available per discharge. This results in stronger pressure impulses developed by
underwater wire-guided discharges. It has been shown that the pressure magnitude in the case of
both discharge types is inversely proportional to the observation distance which is a characteristic of
a spherical acoustic wave.

Keywords: spark breakdown in water; free path discharges; wire-guided discharges; pressure impulses

1. Introduction

It is known that free path and wire-guided underwater spark discharges can generate
strong pressure impulses; such impulses have been studied for examples in [1,2] and
in [3,4]. Pressure impulses generated by underwater spark discharges can be used for
electrohydraulic crushing and fragmentation of solid materials, for waste utilization and
management [5], extraction and liberation of valuable minerals and inclusions in mineral
processing [6] and in other practical applications.

Although the breakdown processes in water have been studied over several decades,
these complex phenomena are not yet fully understood. It is known that the magnitude
of pressure impulses generated by underwater spark discharges depends on the energy
delivered into the spark channel [4]. Thus, in order to achieve stronger pressure impulses
for the same available discharge energy, pre-breakdown energy losses should be minimized
since they reduce the amount of energy available to be delivered into the post-breakdown
plasma channel.

In the case of free path discharges, the inter-electrode gap is filled with water (the
electrodes are submerged in water). Thus, the pre-breakdown process depends upon
the conductivity of the water [7], the electrode topology and the pulse parameters of the
high-voltage impulses, which are defined by the pulse-driving circuit. The initial phase
of a free underwater discharge may include the formation of a gas cavity through joule
heating and the subsequent development of a gas discharge in this cavity (the gas bubble
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theory [8,9]). As discussed in [10], for ps high-voltage impulses, the formation of gas-filled
structures could be the dominant factor that governs the entire pre-breakdown process.
For ms impulses, the joule heating process plays a critical role in the development of the
breakdown of water [11]. However, if the electrodes are stressed with shorter, sub-us
high-voltage impulses, the breakdown process may progress through transient ionization
of the water without the formation of gas cavities [12], i.e., through the development of fast
ionization fronts (streamers) [13].

To stabilize the breakdown process and to develop longer spark plasma channels, a
thin conductive wire can be placed between the electrodes. In such cases of wire-guided
discharges, the pre-breakdown processes include the fast impulsive heating and melting
of the wire and the subsequent breakdown of the channel filled with gas (vapour) and
liquid metal droplets. Such wire-initiated breakdowns typically result in a significantly
shorter pre-breakdown time and lower pre-breakdown energy losses as compared with free
path discharges in water. For example, in [14], it was shown that the use of a thin 100 um-
diameter, 5 cm-long copper wire resulted in a ~4 us delay to the formation of a highly
conductive post-breakdown plasma channel. However, in the case of free path discharges
in a 0.4 cm long gap, the pre-breakdown delay time was ~120 ps with the same energy,
and 675 ] was available in discharge and at the same 15 kV charging voltage. Thus, a thin
conductive wire connecting the two electrodes helps to minimize the pre-breakdown energy
loss. Underwater wire-guided discharges can support high density and high temperature
plasma, and the generation of strong shock waves. Such discharges can be used in different
practical applications including oil-well unblocking and electro-hydraulic forming [15,16].

The energy and hydrodynamic aspects of free path and wire-guided underwater spark
discharges and the characteristics of pressure impulses generated by these discharges have
been investigated since the late 1950s. For example, in [17], it was found that the pressure
in the plasma channel developed by wire-guided discharges could exceed 20,000 atm. The
total capacitance of the pulsed capacitive system used in this work was 5.8 pF, the charging
voltage was 25 kV and the length of the wire (developed plasma channel) was 1.5 cm.
More recently, in [18], the authors used a capacitive pulsed power system with similar
parameters (5.4 uF total capacitance, charging voltage of 30 kV) to generate underwater
wire-guided discharges stabilized by longer 8.5 cm copper wires. It was estimated that
the maximum pressure in the plasma channel in such conditions was over 6000 atm.
The study of underwater spark discharges continues, e.g., wire-guided discharges and
the characteristics of pressure pulses generated by these discharges have recently been
investigated in [10,19,20]. In [21], characteristics of the pressure impulses generated by
free path discharges in water were studied. In [22], the pressure wave magnitude and
energy efficiency of both types (free path and wire-guided) of underwater discharges were
investigated and analysed.

However, despite the significant number of studies focused on the breakdown pro-
cesses in water under different energization regimes, the complex processes involved in the
formation of underwater discharges still require further investigation in order to provide
reliable models that can be used for the optimization of energy characteristics and pressure
impulses generated by underwater spark discharges.

In particular, it is important to compare the pre-breakdown energy losses for free
path and wire-guided discharges for the same energy available in the discharge in order
to optimize the operational parameters of the pulse-driving circuits and to improve the
efficiency of energy conversion required for the generation of stronger pressure impulses
for the same amount of stored electrical energy. Moreover, postulating the importance of
the role of joule heating in the development of underwater discharges in the case of ps (or
longer) high-voltage impulses, the development of models that can be used in the analysis
of the fast local heating of water in high electric fields is required. Such a thermal model
has been developed in the present paper for free path underwater discharges. The time
of cavity formation and energy required to form the cavity obtained from the model are
compared with the experimentally measured values.
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The experimental part of the present work focused on the study of pressure impulses
generated by free path and wire-guided discharges using the same energy available in the
discharge, and on the analysis of the pre-breakdown energy losses and energy delivered into
the spark channel. The nominal magnitude of the generated pressure impulses, the energy
delivered into the plasma channel and the pre-breakdown energy losses obtained for free
path and wire-guided discharges were obtained and compared in order to establish the most
efficient method of generation of pressure impulses. The nominal magnitude of the pressure
impulse as a function of distance from the spark discharge was obtained and analysed for
pressure impulses generated by free path and wire-guided underwater discharges.

2. Experimental Setup

The experimental system used in the present work consists of a capacitive pulsed
power system which generates HV impulses, a water tank filled with tap water, an electrode
system used to generate either free path or wire-guided discharges and electrical and pulsed
pressure diagnostic devices. This set-up presented in Figure 1 is similar to the systems
described in [4,23].

Voltage probe
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Figure 1. Schematic diagram of the impulsive high-voltage test system.

The capacitor C, used for energy storage in the pulsed power system, is a HV capacitor
manufactured by Maxwell Laboratories Inc., San Diego, California, USA with a nominal
capacitance of 265 nF. It was charged using a DC power supply (Matsusada AU series)
manufactured by Matsusada Precision Inc., Shiga, Japanthrough a charging resistor (1 M(Q}).
The charging voltage used in all tests was 35 kV. The output HV pulse was generated
by manually operating mechanical closing switch. The output voltage was measured
using a HV probe (Tektronix P6015A, Tektronix Inc, Beaverton, OR, USA, 1000:1 division
ratio and 75 MHz bandwidth,); the current in the discharge circuit was obtained using a
low-inductance current shunt with a sensitivity of 29.6 V/kA, manufactured by SAMTECH
Ltd. The voltage and current waveforms were recorded using a digitizing oscilloscope,
(Tektronix TBS1102B, Tektronix Inc, Beaverton, OR, USA, 100 MHz bandwidth, 2 GS/s
sampling rate, shown as “Oscilloscope 1” in Figure 1,).

The total circuit inductance and circuit resistance (with no plasma discharge) are
represented as inductor L and resistor Ry, Figure 1. The circuit resistance Ry governs
the fraction of the total available energy that is dissipated in the circuit (excluding the
plasma channel) during the post-breakdown process. The rest of the energy available in
the discharge after establishment of the plasma channel is intended to be delivered into
this channel.
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The electrode systems used to generate free path and wire-guided discharges were
located in a water tank with dimensions of (2 m) x (1 m) X (1 m), which was filled with tap
water with conductivity of ~50 uS/cm at room temperature. The electrode systems were
energized using the pulsed power system shown in Figure 1. The electrical and pressure
pulse parameters of free path and wire-guided underwater discharges were investigated.
Each electrode system was located in the centre of the water tank and connected to the
HYV output terminal of the capacitive pulsed power system. The gap between the two
electrodes in the case of free path discharges was set to either 5 mm or 10 mm. The conical
ground electrode had a sharpened tip with a radius of 0.45 mm. The upper HV electrode
had a more complex profile with a short rod structure protruding at its end, the radius of
the rod is 1.25 mm, and the edge radius being 0.18 mm. The smaller edge radius of the HV
electrode (as compared with the conical grounded electrode) leads to a higher electric field,
which helps to promote the development of discharges from this HV electrode, while the
rod structure of the HV electrode helps to reduce the erosion rate of the edge. The radii
were measured using an optical microscope with a 4 x D objective equipped with a CCD
camera (M1000-D, Swift Optical Instruments, Schertz, TX, USA). Photographs of the high
voltage and ground electrodes used to generate free path discharges in water are presented
in Figure 2.

Water tank
L

5mm and 10mm

- e

/ (b) High voltage electrode (c) Zoom-in area for the edge of

High voltage electrode the high voltage electrode

Ground electrode

(a) Electrode configuration

\

Radius: 0.45mm

(d) Ground electrode

(e) Zoom-in area for the radius
of the ground electrode

Figure 2. Schematic of the free path discharge electrode system with radius of high-voltage and
ground electrodes; (a) electrode configuration for free discharges; (b) a photograph of the high-voltage
electrode with a 1.25-mm central rod radius and a 0.18-mm edge radius; (c) an exploded view of the
high-voltage electrode showing its edge with the 0.18-mm radius; (d) a photograph of the ground
electrode, with its 0.45-mm tip radius; (e) an exploded view of the tip of the ground electrode.

A schematic diagram of the test-cell assembly used to generate wire-guided discharges
is presented in Figure 3. This system consists of two circular stainless-steel flanges (plates)
with radii of 50 mm connected by three stainless-steel rods. In the centre of this test-cell
formed by the flanges and rods, two crocodile clips were located at the upper clip, which
was connected to a high-voltage cable, and the lower clip, which was attached to a stainless-
steel rod bolted to the lower grounded flange. In each test, a high-purity copper wire
(99.5% Cu) with 0.025-mm radius was located between and fixed by the crocodile clips. The
distance between the clips was either 30 mm or 50 mm, these being the two lengths of wire
used to generate wire-guided discharges.
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Figure 3. Schematic view of the wire-guided discharge electrode system.

A piezoelectric acoustic sensor (Pinducer VP-1093, Valpey Fisher, now CTS Corpora-
tion, Lisle, IL, USA) was used to detect the pressure impulses generated by spark discharges
in water and to measure their nominal magnitude. The output voltage signal from the
acoustic sensor was monitored by a digitizing oscilloscope (Tektronix DPO2024, 200 MHz
bandwidth and 1 GS/s sample rate, Tektronix Inc., Beaverton, OR, USA, “Oscilloscope 2”
in Figure 1). The pressure signals were measured in the interval from 40 cm to 70 cm away
from the spark-discharges source, in 10 cm increments.

3. Electrical Parameters

Voltage and current waveforms were obtained in each underwater discharge test.
Typical waveforms for a free path discharge in water are shown in Figure 4. There are two
main phases that can be distinguished in the free path breakdown process. Initially, the
applied voltage, V), appears across the electrodes upon closure of the switch in the pulsed
power circuit. The tap water used in this work had a conductivity of ~50 uS/cm, resulting
in a decay of the voltage across the electrodes up to the moment of breakdown. The voltage
value at this moment of breakdown is V. The time interval between application of V|
and the moment of breakdown is defined as the pre-breakdown time interval, T. After
breakdown and the formation of a conductive plasma channel between the electrodes, a
significant post-breakdown current starts to flow through this breakdown channel. The
post-breakdown circuit can be approximated by a lumped RLC circuit. For the experimental
conditions used in the present work, the post-breakdown current and voltage waveforms
show an underdamped oscillatory behaviour. The envelopes of the post-breakdown os-
cillations of voltage and current are symmetrical relative to the zero axis. This allows the
analysis of the plasma resistance based on Equation (1) to be performed using only the
positive peaks. Thus, for better visualization of the envelopes and to provide better visual
resolution of the positive pre-breakdown behaviour, only positive parts of the waveforms
are shown in Figure 4.
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Figure 4. Typical voltage (a) and current (b) waveforms for a free path discharge: 5-mm inter-

electrode gap, 265 nF energy-storage capacitance and 35 kV charging voltage. Only positive parts of
the waveforms are shown.

For the development of a free path underwater discharge through the thermal mecha-
nism, it can be assumed that during the pre-breakdown time, T, a gas cavity is formed at
the surface of the HV electrode, due to intensive joule heating. After the formation of this
cavity and breakdown of the gas/vapour inside it, a fast ionization front(s)/streamer(s)



Energies 2023, 16, 4932

7 of 18

bridges the remaining water gap, leading to the development of a post-breakdown plasma
channel in the inter-electrode gap.

In the case of wire-guided discharges, the mechanism of formation of post-breakdown
plasma channels is different. A thin wire provides a conductive path between the HV
and ground electrodes. Thus, upon closure of the switch at ¢y, a high current starts to
flow through the wire resulting in its intensive heating and disintegration. At the moment
of the wire’s disintegration, which is indicated as time #; in Figure 5 (which presents an
example of a current waveform measured for a wire-guided discharge), the conductive
path is interrupted and the current drops. For the experimental conditions used herein,
the time interval required for wire evaporation and disintegration was ~0.5 us. Typically,
such current interruption and the subsequent current re-strike is a characteristic of wire-
guided discharges in gas and vacuum and high energy (k] range) wire-guided discharges
in water [20]. However, as can be seen from Figure 5, this pattern of current interruption
and current re-strike was also observed for the experimental conditions used herein. The
gas breakdown that takes place in the channel formed following disintegration of the wire
(this channel is filled with gas, vapor and metallic droplets) results in the formation of an
expanding post-breakdown plasma channel, and under-damped current oscillations in
the pulse-driving circuit. As in the case of free discharges (Figure 4), the envelop of the
post-breakdown current oscillations is symmetrical relative to the zero axis. Therefore,
only positive current peaks were used in the analysis of the plasma resistance, Equation (1).
Again, for clarity, only the positive part of the current waveform is shown in Figure 5,
which helps to provides better visual resolution of the current behaviour during the wire
heating and disintegration phase, which is completed at time #;.

7 . . . : . . . . .

L% I

6 =

1 | /\ A —
0 i i 1 i | /l\ 1 A
0 20 30 40

0 1 2 : 50
Time (us)

Figure 5. Typical current waveform for a wire-guided discharge, 30-mm wire length, 265 nF energy-
storage capacitance and 35 kV charging voltage; ty corresponds to the time of switch closure, and t;
to the moment of disintegration of the wire. Only positive part of the waveform is shown. Dashed
lines show time moments fy and #;.
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The post-breakdown circuit, including the plasma channel (formed by either a free
path or wire-guided discharges) bridging the electrodes, can be modelled as a lumped
RLC circuit assuming that the resistance of this plasma channel can be represented by a
constant nominal value, Ry [24,25], and the resistance of other elements of this circuit is
represented by a constant value, Rj,s. The underdamped current oscillations in this circuit
are described by Equation (1):

I(t) = Ipe “sin(wt)

R 1 M

_ — A 42
& =s5r,W= ic 14

N

where [j is a constant related to the magnitude of the first current peak, R is the total
resistance of the circuit (R = Ry + Rposs), L is the total inductance of the circuit and C is the
capacitance. The attenuation coefficient « and angular velocity w can be obtained from the
experimental current waveforms.

This allows experimental values of R and L to be determined and the nominal constant
plasma channel resistance, R, to be obtained using Equation (2):

Rpl = R — Rppss )

The circuit resistances Ry,ss of the systems (pulse-driving circuit and electrodes) used
to generate the free path and wire-guided discharges in water were obtained by shorting
the electrodes of these systems with a conductor, registering the current oscillation under
these conditions and calculating the circuit resistance using Equation (1) (R = Rpss in this
case). It was found that Ry, for the system used to generate free path discharges in water
is 0.39 £ 0.01 Q) while for the wire-guided discharge system R s is 0.37 = 0.01 Q. Rpgss
values were calculated using 20 individual data points, with the (+£) errors representing the
standard deviation.

The nominal plasma resistance, Ry, could be considered as an equivalent parameter
that defines the portion of energy available in the discharge that is dissipated in the
conductive plasma channel (through joule heating). Typically, the radiation losses in
practical post-breakdown RLC circuits used for the generation of spark discharges (which
can be estimated by the Larmor equation) are significantly lower than the amount of energy
delivered into the plasma channel and dissipated in the circuit. Thus, the approach based
on Kirchhoft’s equation for an RLC circuit, in which only the resistance of the plasma
channel and circuit elements is included, can be used in the analysis of the energy delivered
into the post-breakdown plasma channel. Using this method, the nominal resistance of the
plasma channel can be approximated by a constant value [26] or can be considered as a
time-dependent parameter [27].

Table 1 shows the time delay to breakdown and nominal resistance of the plasma
channel obtained by (2) for free path and wire-guided discharges. The values of R, given
in Table 1 were obtained using at least 20 individual data points for each gap length, with
the (L) errors representing the standard deviation. It can be seen that the nominal plasma
resistance increases with an increase in the gap length. Furthermore, Table 1 shows that
for free path discharges, the pre-breakdown time is longer for longer gaps: 18.84 us for a
5-mm gap, increasing to 28.6 us for a 10-mm gap. In contrast, for wire-guided discharges,
the time required for wire disintegration and current re-strike is much shorter than the
pre-breakdown time for free path discharges: 0.62 ps for 30-mm wires and 0.67 ps for
50-mm wires. The standard deviation in the wire disintegration time for wire guided
discharges is also much lower than the standard deviation in pre-breakdown time for free
path discharges.
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Table 1. Pre-breakdown time, wire disintegration time and R, for free and wire guided discharges.

Pre-Breakdown Plasma Channel

Gap Length (mm) Discharge Type . Timq?/Wir? Resistance, R | (mQ)
Disintegration Time (us) P
5 Free path 18.84 £+ 11.62 106 £ 35
10 Free path 28.60 + 21.16 223 £83
30 Wire guided 0.62 & 0.04 263 £ 25
50 Wire guided 0.67 & 0.02 493 £ 52

Based on the results presented in Table 1, it can be stated that the nominal plasma
channel resistance increases with an increase in the inter-electrode gap length for both free
path and wire-guided discharges.

The ratio between the nominal constant plasma channel resistance and the circuit
resistance, Rpi/Ryotq1, was also calculated. This ratio presented in Table 2 indicates the
fraction of energy dissipated in the plasma channel during the post-breakdown current
oscillation increases with increasing plasma channel (gap) length.

Table 2. Ratio between the nominal constant plasma resistance and the circuit resistance for different
inter-electrode gaps used in this study.

Gap Length (mm) (Rpl/Rtotal) x 100%
5 ~21%
10 ~36%
30 ~42%
50 ~57%

Based on the results in Table 2, it can be stated that longer inter-electrode distance
leads to higher proportion of the post-breakdown energy being delivered into the plasma
channel, which could be beneficial for the generation of stronger shock waves in water.

4. Pressure Impulses

As discussed in Section 2, the same charging voltage of 35 kV and the same capacitance
of 265 nF were used to produce both free path and wire-guided discharges. This means that
in both discharge types, the energy stored in the capacitor and available to the discharge
was the same, i.e., ~162 J. The pressure signal (i.e., the voltage signal from the Pinducer
sensor) was obtained for each test together with the current and voltage waveforms. The
same sensor was located at distances of 40 cm, 50 cm, 60 cm and 70 cm away from the
discharge electrodes in different tests. The peak magnitude of the voltage signals from
the sensor obtained at each observation distance is presented in Figures 6 and 7 for free
path and wire-guided discharges, respectively. Each symbol (datapoint) shown in these
graphs represent an average value of at least five peak magnitudes obtained in individual
breakdown events. The standard deviation was obtained in each case and the error bars
show the one standard deviation (1-0) range.

The experimental data in Figures 6 and 7 were fitted with analytical curves using
Equation (3) in the OriginPro 2020 data analysis and graphing software:

P=A/(B 3)

where P is the peak signal resulting from the pressure pulse (V), £ is the observation distance
(cm) and A and B are empirical constants obtained by the fitting procedure.

The empirical constants for free path and wire-guided discharges are shown in Table 3.
It was found that the value of the constant B which provides the rate of attenuation of the
pressure pulse magnitude with distance was B~1 for both types of discharge, meaning that
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the pressure is inversely proportional to the observation distance. Thus, it can be stated
that the pressure waves in these tests can be defined as spherical waves [28].

1'6 1 1 1 T T 1 1

A 5 mm gap length

A 10 mm gap length

12 |

1.0

0.8 |

Magnitude of Pinducer Signal (V)

0.6

40 45 50 55 60 65 70
Distance (cm)
Figure 6. The magnitude of the (voltage) signal from the Pinducer as a function of the observation

distance for free path discharges. Each datapoint is an average value of at least five measurements.
The error bars show one standard deviation range. Solid lines, analytical fitting by Equation (3).

4'0 1 I 1 1 I 1 1
A 30 mm wire length)| |

A 50 mm wire length

o [9%] [#¥]
wn S W
T T T

Magnitude of Pinducer Signal (V)
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T

—_
W
T
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Figure 7. The magnitude of the (voltage) signal from the Pinducer as a function of the observation
distance for wire-guided discharges. Each datapoint is an average value of five measurements. The
error bars show one standard deviation range. Solid lines, analytical fitting by Equation (3).

Table 3. Constants A and B used in Equation (3) obtained for different gap lengths.

Gap Length (mm) A B
5 44.08 + 26.52 1.04 £0.15
10 4273 £2.19 0.92 +0.01
30 96.11 £+ 29.18 0.96 £ 0.08

50 158.41 £ 43.99 1.06 £ 0.07
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Figure 8 shows the peak magnitude of the signal from the Pinducer for different gap
lengths at 40 cm away from the electrode system. It was found that the pulse pressure
increased with an increase in the inter-electrode gap length regardless of the type of
discharge for the conditions used in the present study.

4 T T T T T T T T T T

Magnitude of Pinducer Signal (V)

0 5 10 15 20 25 30 35 40 45 50

wn
wn

Gap length (mm)

Figure 8. Magnitude of the (voltage) signal from the Pinducer 40 cm away from the discharge
electrodes as a function of the inter-electrode distance: 5 mm and 10 mm, free path discharges; 30 mm
and 50 mm, wire guided discharges. Each data point is an average value of at least 20 measurements.
The error bars show one standard deviation range.

This tendency correlates with the results presented in Table 2, which shows that the
proportion of the post-breakdown energy delivered into the spark channel increases with
an increase in the inter-electrode gap length. However, for the gap length of 50 cm, the peak
magnitude of the pressure signal started to show a tendency towards saturation, which was
confirmed by additional tests with 70-mm wires. It was shown that the magnitude of the
pressure signals generated by discharges initiated with 70-mm wires was only ~6% higher
that obtained with 50-mm wires: 3.53 £ 0.24 V and 3.31 £ 0.39 V, respectively. Therefore,
in the present experimental conditions (charging voltage, capacitance of the pulsed power
system), it is expected that further increases in the length of wire used to initiate discharge
does not lead to an increase in the pressure pulse magnitude. Therefore, the maximum
length of wires reported in the present work was limited to 50 mm. Moreover, it is expected
that the pressure pulse magnitude will start to decrease with further increase in the gap
length, due to a reduction in the energy delivered per unit length of the plasma channel.

5. Thermal Model: Formation of Gas Cavity in the Free Path Discharge Topology

A simulation model was developed to predict the time required for the formation of a
gas cavity in the vicinity of the HV electrode in the case of free path discharges in water.
This model implemented using the QuickField software package (version 6.5) is based
upon the electric field distribution in the inter-electrode gap. This electric field distribution
in water with known conductivity is then used to model the transient joule heating process;
thus, the temperature distribution in the water gap can be obtained. It is assumed that at the
moment, when water temperature reaches its boiling point, a vapour-filled cavity is formed,
and the (liquid) breakdown process is triggered through a gas breakdown mechanism.
Thus, the time to breakdown can be approximated by the time required to heat a thin
water layer (cavity) at the edge of the HV electrode to 100 °C. The energy required for the
formation of such a gas cavity was also obtained (Section 6).
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Figure 9 shows the cross-sectional view of the free path discharge system encompass-
ing the high-voltage and ground electrodes. This model is an axisymmetric model which
rotates around the horizontal axis. The high-voltage electrode was a 3-mm-long rod with a
radius of 1.25 mm and an edge radius of 0.18 mm. The ground electrode was a 36-mm-long
needle with a 0.45-mm tip radius. The gap between these two electrodes was 5 mm.

Current Density
(105 A/m?)

5.080

4572

4.064

. Water region
High voltage electrode 3556

3048

Radius: 0.18 mm 2540

Radius: 0.45 mm 2032
Ground electrode

1.524

A4
1.25mm
A

1.016

0.508

0.000

Figure 9. Cross-sectional view of the electrode system in the model used to obtain the pre-breakdown
current density in water in the free path discharge topology. The applied voltage was 35 kV.

As discussed in [29], the conductivity of water is a linear function of the water temperature:
c=KT+C 4)

where 0 is the conductivity of water (uS/cm), T is temperature (£), C is a constant (uS/cm)
and K is a constant (1/°C).

This temperature-dependence of the conductivity of water was incorporated into the
model. Using the values provided in [29], K and C for water with conductivity of 50 uS/cm
were found to be 1.3151/°C and 12.449 uS/cm, respectively. Therefore, the temperature
dependent conductivity of water used in this study was as shown in equation (5):

o =1.315-T(°C) + 12.449 (uS/cm) 5)
Table 4 shows other parameters which were used in this simulation model.

Table 4. Parameters of materials used in the Quick Field model.

Electrical Thermal Specific Heat Densit
Material Conductivity Conductivity P(e]C/k c.K)ea (ke /rsn3))’
(S/m) (W/K-m) 8 5
Stainless steel (electrodes) 1.4 x 106 [30] 16.3 [31,32] 5 x 102 [32] 7.9 x 103 [32]
Water 5 x 1073 (present work) 0.6 [33] 42 x 103 [34] 103 [35]

Figure 10 presents an example of the temperature distribution in a 5-mm water gap
(shown in Figure 9) at a time of 18.5 ps after application of high voltage (35 kV). At this
moment in time, the local temperature of the water at the edge of the high-voltage electrode
reaches 100 °C. Thus, it can be assumed that the vapour cavity that triggers a breakdown
event is formed at ~18.5 ps after application of high voltage in this case.
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Figure 10. Temperature distribution at the moment when a local temperature of ~100 °C is reached
in water at the edge of the HV electrode.

Table 5 shows the experimental and simulation results on time to breakdown for free
path discharges in water. It can be found that the time of cavity formation estimated by joule
heating of a thin layer of water close to the HV electrode is similar to the experimentally
measured pre-breakdown time.

Table 5. Experimental and simulated pre-breakdown times for free path discharges.

Gap Length (mm) Experimental Value (us) Simulation Value (us)
5 18.84 £ 11.62 18.5
10 28.6 +21.16 23.5

Two types of pre-breakdown streamers—i.e., supersonic and sub-sonic—have been
reported in the literature [36,37]. In the case of slower, sub-sonic pre-breakdown streamers
that develop with velocities of 10’s of m/s, the time to breakdown for 5-mm and 10-mm
gaps would be much longer than the observed experimental values in Table 5. Thus, it
could be postulated that under the present experimental conditions the pre-breakdown
streamer(s) propagate with much higher, potentially super-sonic velocities, i.e., >10 km/s.
The time required for such fast streamers to cross a 5-mm or 10-mm gap would be much
shorter than the observed experimental pre-breakdown times. This implies that most of
the pre-breakdown time could have been spent on the formation of the gas cavity, which
triggers the development of these fast (supersonic) streamers. This analysis is in line
with the times required to heat a small amount of water close to the HV electrode to its
boiling point, obtained using the thermal model described in this section. However, the
development and propagation of streamers is a complex process that requires further
investigation for example through optical visualization of streamers.

6. Energy Loss during the Pre-Breakdown Process

The pre-breakdown phase of underwater spark discharges is characterized by energy
losses. In the case of free path discharges, these losses are due to the electrical conductivity
of the water, and in the case of wire-guided underwater discharges, the losses are governed
by the energy required for wire heating, melting and disintegration. Thus, before formation
of the post-breakdown spark channel, some energy will be lost, which will result in a
smaller portion of the total energy being available for delivery into the plasma channel
and for the following generation of pressure impulses. The pre-breakdown energy losses
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can be significant, and it is important to evaluate this portion of (lost) energy in order to
analyse the efficiency of the formation of pressure waves in water. The pre-breakdown
energy losses for free path and wire-guided discharges are estimated in this section both
analytically and using the experimental data.

Nominally, the total energy stored in the capacitor, E;,; (J), is given by Equation (6):

CV?
Etotul = TO (6)

where C is the capacitance (F) and V| is the charging voltage, (V).

Using Equation (6), it can be found that the energy stored in the capacitor in the circuit
shown in Figure 1 is ~162 J (for nominal charging voltage of 35 kV). In the case of free path
discharges in water, the voltage across the electrodes decreases during the pre-breakdown
phase due to the electrical conductivity of the water, and the energy available at the moment
of breakdown is given by Equation (7):

CV2
2

Epg = @)
where V, is the breakdown voltage, as shown in Figure 3.
Thus, the pre-breakdown energy loss, AE, in the case of free path discharges is given
by Equation (8):
AE = Etotal — Epa ®)

The thermal conduction model which was developed in Section 5 was used to predict
the time required for heating of a thin water layer at the edge of the HV electrode to
100 °C. However, QuickField software model does not allow for the energy required to
heat this volume of water to its boiling temperature to be obtained. Thus, a straightforward
analytical model was developed to estimate these losses from the thermal energy point of
view. In this model, it is assumed that during the pre-breakdown time a thin layer of water
close to the HV electrode is intensively heated by joule heating. In the framework of this
model, breakdown occurs when the water in this region transforms into gas (vapour), i.e.,
when the temperature of the water in this layer reaches ~100 °C. The amount of energy
required to transform this water layer into vapour due to intensive joule heating is given
by Equation (9):

E]H = Cp-m-AT +m-Ly, (9)

where C;;, is the heat capacity of the water (4182 J/kg-°C) [38]; m is the mass of water in the
layer (kg); AT is the temperature change (°C); and Ly, is the latent heat of vaporization of
water (2260 kJ /kg) [39]. The mass of water in the layer is given by Equation (10):

where p is the density of water which is 1000 kg/m? and V;, is the volume of the cavity
obtained from the simulation, (m3).

The cavity volume, V;,,, can be approximated as the volume of a thin layer at the edge
of the HV electrode where water temperature has reached ~100 °C, as shown in Figure 10.
It was found that the energy required to heat this volume of water, Ejp_yyter, is less than 6 m]
for both free path discharge cases (5-mm and 10-mm gap lengths), which is significantly
lower than the total pre-breakdown energy loss in the case of free path discharges, AE
(10’s J). These results are presented in Table 5.

In the case of wire-guided discharges, the estimated total energy required for heating
and evaporation of the wire consists of two components: the energy required for heating
the wire up to its melting temperature, Ej, and the energy required to convert the melted
metal into vapor, Eygpor [40], as given in Equation (11):

Ewire = E]H + Evapor (11)
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Therefore, based upon Equation (9), the total energy for wire evaporation is calculated
using Equation (12):

Evwire = Cm—wire'Pwire'Vwire'AT + Pwire'vwire'Lf (12)

where C,,,_r is the heat capacity of the copper wire (386 J/kg°C) [41]; pyire is the density
of the copper wire (8900 kg/ m3); Viire is the volume of the copper wire, which is treated as
a cylinder (m®); AT is the temperature change from 20 °C to the melting temperature of Cu
(1085 °C) [41,42]; and Ly is the latent heat of fusion for Cu (205 kJ/kg) [42].

Table 6 presents the energy losses for free path and wire guided discharges. For free
path discharges, the total pre-breakdown energy losses were obtained using Equation (8)
with V and V, obtained from the experimental voltage waveforms. Equations (9) and (10)
were used to estimate the amount of energy required for heating of a small volume of water
close to the HV electrode to 100 °C and the formation of a vapour cavity. It is shown that
this energy is significantly lower than the total pre-breakdown energy loss.

Table 6. Pre-breakdown energy losses for free path and wire guided discharges.

Total Pre-Breakdown Energy

Energy Required for Gas Cavity Energy Required to Melt and

Ga}()nI;;r;gth Losses for Free Discharges, AE (J) FormatlonEfor Free (]JD)lscharges, Evaporate the Wire, E;,, (])
. JH-water .
(Equation (8)) (Equation (9)) (Equation (12))
5 19.85 <0.006 -
10 25.61 <0.006 -
30 - - 0.32
50 - - 0.54

In the case of wire guided discharges, the energy required for melting and evaporation
of the wire was obtained using Equations (11) and (12). It was found that even for longer
wires (30 mm and 50 mm) the pre-breakdown losses are less than 1 J, while for shorter
(5 mm and 10 mm in the case of free path discharges) water gaps, the energy losses are ~20 ]
and ~25 J. However, the energy required for formation of the gas cavity (in the case of free
path discharges) is much lower than the energy required for melting and evaporation of the
copper wires. Thus, it can be stated that the main energy loss during the pre-breakdown
process in the case of free path discharges is joule heating due to conduction through the
mass of water.

Based on the results shown in Table 6, it can be stated = that the energy loss during
the pre-breakdown process for free path discharges, AE, is ~15% of the total energy stored
in the capacitor (E;y, = 162 J), while for wire-guided discharges the energy required
for wire melting and evaporation, E,;, is less than 0.5% of E;y;;;. The estimated energy
required for formation of a vapour cavity is less than 6 mJ, which is much smaller than the
total pre-breakdown energy loss (i.e., ~(20-26) J) for free path discharges. Thus, almost
all pre-breakdown energy losses in this case are due to conduction through the bulk of
water. In the case of wire-guided discharges, the energy required for wire melting and
evaporation during the pre-breakdown phase is less than 1 J, which is significantly lower
than the pre-breakdown energy losses in free discharges.

7. Conclusions

This paper focuses on an experimental study of the pressure pulses generated by free
path and wire-guided discharges in water and on modelling of the thermal processes, which
lead to the formation of post-breakdown plasma channels. It was shown that wire-guided
discharges can support the formation of longer spark channels with significantly lower
pre-breakdown energy better than free path discharges for the same energy available in
the discharge. The longer post-breakdown plasma channels developed by wire-guided
discharges (with 30-mm and 50-mm long wires) in the present work leads to generation
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of stronger pressure waves, compared to those generated with free path discharges (with
shorter 5-mm and 100-mm inter-electrode gaps) for the same energy available in the
discharge. At the voltage level used in this study, 35 kV, it was not possible to achieve free
path breakdowns for 30-mm and 50-mm gap lengths.

The main contributions of the paper can be summarized in three parts.

1.  Asimulation model has been developed to estimate the formation time of a gas/vapor
filled cavity to initiate free path discharges in water. It was shown that the simulated
cavity formation time is close to the experimentally-measure pre-breakdown time.
This result supports the hypothesis that if the pre-breakdown process progresses
through the formation of a gas cavity, the time to form the gas cavity dominates the
pre-breakdown time interval leading to the potential conclusion of the development
of supersonic streamer(s), which subsequently cross the inter-electrode gap.

2. The magnitude of the pressure waves radiated by spark discharges is inversely pro-
portional to the distance from the electrode system for both free path and wire-guided
discharges. Thus, it can be stated that the emitted pressure waves behave as spheri-
cal waves, at least at observation distances longer than 40 cm for the experimental
conditions used herein.

3. The pre-breakdown energy losses have been estimated for free path discharges and
for wire-guided discharges. The developed thermal model for free path discharges
provides an estimation of the energy required for the formation of the gas cavity
triggering breakdown. It was shown that the total energy loss before breakdown is
significantly higher for free path discharges, and thus the energy efficiency of wire
guided discharges is superior compared with free path underwater discharges. Com-
bined with the result calculated from the experimental voltage waveform and the
results estimated from simulations, it can be stated that conduction in the water envi-
ronment is the dominant mechanism of energy loss during the pre-breakdown phase.

The obtained experimental and modelling results will help in further understanding
the process of underwater high-voltage breakdown and for optimization of underwater
spark discharge systems for different practical applications.

Author Contributions: Y.C.: investigation, methodology, formal analysis and writing—original
draft; .V.T.: conceptualization, methodology, supervision, resources and writing—review and edit-
ing; M.P.W.: methodology, resources and writing—review and editing; M.].G.: methodology and
writing—review and editing; S.J.M.: supervision, methodology, resources and writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research project received no external funding.
Data Availability Statement: All data is included in the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Caulfield, D.D. Predicting sonic pulse shapes of underwater spark discharges. Deep Sea Res. Oceanogr. Abstr. 1962, 9, 339-348.
[CrossRef]

2. Cook, J.A. Interaction of Multiple Spark-Generated Bubbles in a Compressible Liquid; Technical Report under Grants N00014-91-J-1366
and N00014-93-J-0018; The University of Texas at Austin: Austin, TX, USA, 1993.

3. McGrath, J. Scaling Underwater Exploding Wire Phenomena; NRL Report 6266; Energy Conversion Branch, Electronic Division, US
Naval Research Laboratory: Washington, DC, USA, 1965.

4. Sun, Y,; Timoshkin, I.V.; MacGregor, S.J.; Wilson, M.P,; Given, M.].; Wang, T.; Bonifaci, N. Electrical and Acoustic Parameters of
Wire-Guided Discharges in Water: Experimental Determination and Phenomenological Scaling. IEEE Trans. Plasma Sci. 2017, 45,
2648-2655. [CrossRef]

5. Nevala, S.M.; Hamuyuni, J.; Junnila, T; Sirvio, T.; Eisert, S.; Wilson, B.P.; Serna-Guerrero, R.; Lundstrom, M. Electro-hydraulic
fragmentation vs conventional crushing of photovoltaic panels—Impact on recycling. Waste Manag. 2019, 87, 43-50. [CrossRef]
[PubMed]

6.  Wilson, M.P; Macgregor, S.J.; Given, M.].; Timoshkin, I.V,; Sinclair, M.A.; Thomas, K.J.; Lehr, ]. M. Surface flashover of oil-immersed

dielectric materials in uniform and non-uniform fields. IEEE Trans. Dielectr. Electr. Insul. 2009, 16, 1028-1036. [CrossRef]


https://doi.org/10.1016/0011-7471(62)90014-1
https://doi.org/10.1109/TPS.2017.2717602
https://doi.org/10.1016/j.wasman.2019.01.039
https://www.ncbi.nlm.nih.gov/pubmed/31109544
https://doi.org/10.1109/TDEI.2009.5211850

Energies 2023, 16, 4932 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Hogg, M.G.; Timoshkin, I.V.; Given, M.].; Wilson, M.P,; Macgregor, S.J.; Wang, T.; Fouracre, R.A.; Lehr, ].M. Impulse breakdown of
water with different conductivities. IEEE Trans. Dielectr. Electr. Insul. 2012, 19, 1559-1568. [CrossRef]

Li, X;; Xiao, T.; Lan, M.; He, H; Li, R.; Xiong, D.; Li, J. On Pre-breakdown Time Delays of Water under Millisecond Pulses. IEEE
Trans. Dielectr. Electr. Insul. 2022, 29, 2236-2242. [CrossRef]

Adda, P; Lesaint, O.; Boussetta, N.; Vorobiev, E. Vapor bubble and streamer initiation in water under long duration impulses.
IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 1967-1973. [CrossRef]

Joshi, R.P; Qian, J.; Kolb, J.; Schoenbach, K.H. Model analysis of breakdown in high-voltage, water-based switches. In Digest of
Technical Papers PPC-2003, Proceedings of the 14th IEEE International Pulsed Power Conference (IEEE Cat. No.03CH37472), Dallas, TX,
USA, 15-18 June 2003; IEEE: Dallas, TX, USA, 2003; Volume 1, pp. 293-296.

Li, X.D.; He, H.; Xiao, T.E; Xiong, D.; Li, J. Pre-breakdown processes in water under ultra-long pulses: Bubble—streamer dynamics
and their transition. Phys. Fluids 2021, 33, 107102. [CrossRef]

Starikovskiy, A.; Yang, Y.; Cho, Y.I; Fridman, A. Non-equilibrium plasma in liquid water: Dynamics of generation and quenching.
Plasma Sources Sci. Technol. 2011, 20, 024003. [CrossRef]

Sun, A.; Huo, C.; Zhuang, J. Formation mechanism of streamer discharges in liquids: A review. High Volt. 2016, 1, 74-80.
[CrossRef]

Han, R.; Wu, J.; Zhou, H.; Wang, Y.; Ding, W.; Ouyang, J.; Qiu, A. Effects of water states on the process of underwater electrical
wire explosion under micro-second timescale pulsed discharge. Eur. Phys. J. Plus 2020, 135, 50. [CrossRef]

Han, R.;; Wu, J.; Zhou, H.; Zhang, Y.; Qiu, A ; Yan, J.; Ding, W.; Li, C.; Zhang, C.; Ouyang, J. Experiments on the characteristics of
underwater electrical wire explosions for reservoir stimulation. Matter Radiat. Extrem. 2020, 5, 047201. [CrossRef]

Shi, H.; Yin, G.; Li, X.; Wu, J.; Murphy, A.B.; Zhang, Y.; Qiu, A. Electrical wire explosion as a source of underwater shock waves.
J. Phys. D Appl. Phys. 2021, 54, 403001. [CrossRef]

Martin, E.A. Experimental investigation of a high-energy density, high-pressure arc plasma. J. Appl. Phys. 1960, 31, 255-267.
[CrossRef]

Grinenko, A.; Sayapin, A.; Gurovich, V.T.; Efimov, S.; Felsteiner, ].; Krasik, Y.E. Underwater electrical explosion of a Cu wire.
J. Appl. Phys. 2005, 97, 023303. [CrossRef]

Hu, Y,; Shi, H,; Li, T.; Cheng, L.; Hu, J.; Li, X,; Wu, ]J.; Chen, L.; Qiu, A. Underwater pressure waves generated by electrical
exploding wire ignited energetic materials: Parametric study and formulation optimization. Powder Technol. 2023, 419, 118335.
[CrossRef]

Maler, D.; Liverts, M.; Efimov, S.; Virozub, A.; Krasik, Y.E. Addressing the critical parameters for overdamped underwater
electrical explosion of wire. Phys. Plasmas 2022, 29, 102703. [CrossRef]

Stobbs, J.; Novac, B.; Senior, P.; Woodyard, M.; Lepper, P. A Supersonic Underwater Discharge as a High-Power Ultrasound
Source. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2021, 68, 2294-2302. [CrossRef]

Liu, Y,; Ren, Y]J; Liu, SW,; Lin, EC.; Liu, Y.; Shen, Y.K. Comparison and analysis of shockwave characteristics between underwater
pulsed discharge and metal wire explosion. Phys. Plasmas 2020, 27, 033503.

Sun, Y.; Timoshkin, I.V.; Given, M.].; Wilson, M.P,; Wang, T.; MacGregor, S.].; Bonifaci, N. Impulsive discharges in water: Acoustic
and hydrodynamic parameters. IEEE Trans. Plasma Sci. 2016, 44, 2156-2166. [CrossRef]

Han, Z.; Zhang, X,; Yan, B.; Qiao, L.; Li, Z. Methods on the Determination of the Circuit Parameters in an Underwater Spark
Discharge. Math. Probl. Eng. 2022, 2022, 7168375. [CrossRef]

Zhao, P; Roy, S. A modified resistance equation for modeling underwater spark discharge with salinity and high pressure
conditions. J. Appl. Phys. 2014, 115, 173301. [CrossRef]

Stelmashuk, V.; Hoffer, P.; Kolacek, K.; Straus, J. Experimental study of spark channel expansion in water. IEEE Trans. Plasma Sci.
2020, 48, 491-499. [CrossRef]

Gurovich, V.T.; Grinenko, A.; Krasik, Y.E.; Felsteiner, J. Simplified model of underwater electrical discharge. Phys. Rev. E 2004,
69, 036402. [CrossRef]

Birk, A.M.; Eyssette, R.; Heymes, F. Analysis of BLEVE overpressure using spherical shock theory. Process Saf. Environ. Prot. 2020,
134, 108-120. [CrossRef]

Adda, P; Lesaint, O.; Hanna, R.; Boussetta, N.; Vorobiev, E. Modelling of current and temperature rise during discharge initiation
in water. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 1974-1979. [CrossRef]

Ralls, K.M.; Courtney, T.H.; Wolff, J. Introduction to Materials Science and Engineering; John Wiley & Sons: New York, NY, USA,
1976; p. 894.

Xu, W.; Zhang, H.; Yang, Z.; Zhang, ]. The effective thermal conductivity of three-dimensional reticulated foam materials. J. Porous
Mater. 2009, 16, 65-71. [CrossRef]

Stainless Steel Grade Datasheets; Atlas Steels, Technical Department: Melbourne, Australia, 2013.

Ramires, M.L.V.; Nieto de Castro, C.A.; Nagashima, A.; Assael, M.].; Wakeham, W.A. Standard reference data for the thermal
conductivity of water. J. Phys. Chem. Ref. Data 1995, 24, 1377-1381. [CrossRef]

Lourenco, M.].V;; Santos, E].V.; Ramires, M.L.V.; Nieto de Castro, C.A. Isobaric specific heat capacity of water and aqueous cesium
chloride solutions for temperatures between 298K and 370K at p = 0.1 MPa. J. Chem. Thermodyn. 2006, 38, 970-974. [CrossRef]
Patterson, J.B.; Morris, E.C. Measurement of absolute water density, 1 C to 40 C. Metrologia 1994, 31, 277. [CrossRef]


https://doi.org/10.1109/TDEI.2012.6311501
https://doi.org/10.1109/TDEI.2022.3203660
https://doi.org/10.1109/TDEI.2018.007427
https://doi.org/10.1063/5.0065774
https://doi.org/10.1088/0963-0252/20/2/024003
https://doi.org/10.1049/hve.2016.0016
https://doi.org/10.1140/epjp/s13360-019-00048-5
https://doi.org/10.1063/1.5135725
https://doi.org/10.1088/1361-6463/ac10a3
https://doi.org/10.1063/1.1735555
https://doi.org/10.1063/1.1835562
https://doi.org/10.1016/j.powtec.2023.118335
https://doi.org/10.1063/5.0118003
https://doi.org/10.1109/TUFFC.2021.3054588
https://doi.org/10.1109/TPS.2016.2583066
https://doi.org/10.1155/2022/7168375
https://doi.org/10.1063/1.4874184
https://doi.org/10.1109/TPS.2019.2963536
https://doi.org/10.1103/PhysRevE.69.036402
https://doi.org/10.1016/j.psep.2019.11.023
https://doi.org/10.1109/TDEI.2018.007428
https://doi.org/10.1007/s10934-007-9169-4
https://doi.org/10.1063/1.555963
https://doi.org/10.1016/j.jct.2005.10.010
https://doi.org/10.1088/0026-1394/31/4/001

Energies 2023, 16, 4932 18 of 18

36.

37.

38.

39.

40.

41.

42.

An, W,; Baumung, K.; Bluhm, H. Underwater streamer propagation analyzed from detailed measurements of pressure release.
J. Appl. Phys. 2007, 101, 053302. [CrossRef]

Li, X.D,; Liu, Y.;; Zhou, G.Y,; Liu, S.W,; Li, Z.Y,; Lin, EC. Subsonic streamers in water: Initiation, propagation, and morphology.
J. Phys. D Appl. Phys. 2017, 50, 255301. [CrossRef]

Kim, D.; Kim, G.; Kim, D.; Baek, H. Experimental and numerical investigation of thermal properties of cement-based grouts used
for vertical ground heat exchanger. Renew. Energy 2017, 112, 260-267. [CrossRef]

Spence, ].; Buttsworth, D.; Carter, B. Energy content, bulk density, and the latent heat of vaporisation characteristics of abattoir
paunch waste. Energy 2022, 248, 123645. [CrossRef]

Yadroitsev, I.; Krakhmalev, P.; Yadroitsava, I.; Johansson, S.; Smurov, I. Energy input effect on morphology and microstructure of
selective laser melting single track from metallic powder. J. Mater. Process. Technol. 2013, 213, 606-613. [CrossRef]

Linggin, X.; Guang, C.; Luyu, Z.; Pan, L. Explore the feasibility of fabricating pure copper parts with low-laser energy by selective
laser melting. Mater. Res. Express 2020, 7, 106509. [CrossRef]

Yan, X.; Chang, C.; Dong, D.; Gao, S.; Ma, W.; Liu, M.; Liao, H.; Yin, S. Microstructure and mechanical properties of pure copper
manufactured by selective laser melting. Mater. Sci. Eng. A 2020, 789, 139615. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1063/1.2437675
https://doi.org/10.1088/1361-6463/aa6fd7
https://doi.org/10.1016/j.renene.2017.05.045
https://doi.org/10.1016/j.energy.2022.123645
https://doi.org/10.1016/j.jmatprotec.2012.11.014
https://doi.org/10.1088/2053-1591/abbd08
https://doi.org/10.1016/j.msea.2020.139615

	Introduction 
	Experimental Setup 
	Electrical Parameters 
	Pressure Impulses 
	Thermal Model: Formation of Gas Cavity in the Free Path Discharge Topology 
	Energy Loss during the Pre-Breakdown Process 
	Conclusions 
	References

