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Abstract

The breakdown process of high-voltage pulse discharge under water involves rapid changes in the plasma channel, which
are influenced by various factors, such as time, electric field, and thermal field. Accurately measuring the plasma channel
is challenging due to technological limitations. This study proposed the theory of equivalence and equivalent numerical
simulation for underwater pulsed discharge to understand the breakdown process and the role of the plasma channel in
high-voltage pulse discharge under water. It established the equivalence theory and numerical simulation of the discharge
breakdown process by considering the delay characteristics of discharge breakdown and the plasma channel model. The
plasma channel was described intuitively and quantitatively, providing a concise and effective analysis of the complex
breakdown process. Results indicate that (1) the breakdown channel undergoes an initial plasma channel stage
accompanied by heating effects, which then transforms into an arc channel, leading to breakdown and detonation. (2) The
equivalent resistance of the plasma channel is approximately 10 ©, and the equivalent radius of the initial channel is
around 0.1 um. Breakdown is difficult to achieve when the electrode spacing is 0.5 cm and the charging voltage Um is
below 5.5 kV, with an estimated minimum charging voltage of approximately 6 kV required for breakdown. (3)
Equivalence theory enables effective quantification of the equivalent radius and equivalent resistance in the breakdown
process, providing a representative measure of breakdown process stability. It proves to be an effective method for
monitoring the operation of discharge equipment in practical engineering. The study provides a reliable reference for
assessing the breakdown process of underwater high-voltage pulse discharge and monitoring the performance of pulse
discharge equipment.
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forming a cycle of “gasification-ionization.” This process

The process of high-voltage pulse discharge in water
involves a range of complex phenomena, including
mechanical, electrical, thermal, and electrochemical effects.
In engineering applications, the breakdown characteristics of
high-voltage pulse discharge are of primary importance.
Scholars have empirically summarized the long-term
breakdown delay in discharge studies. Achieving arc
discharge requires injecting sufficient electrical energy into
the water medium between the electrodes, leading to
gasification and gradual gasification-ionization process. The
breakdown model of the water medium is often described as
a “gasification model” with characteristics of “electron
collision” ionization. The process can be described as
follows: localized field emission current from the electrode
surface heats the water medium, causing gasification and the
formation of small bubbles, which enhance the local
breakdown effect of the electric field. High temperature
charged particles are generated, and they accelerate and
impact the boundary of the water medium under the action
of the electric field, resulting in heating and gasification. The
gasified water molecules are continuously ionized by the
impact of electrons. The ionized electrons, driven by the
electric field, continue to strike the boundary water medium,
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extends to the other electrode, where it forms a bright
plasma channel and causes breakdown. Zhu [1] proposed
that the passage where the “gasification-ionization” cycle
occurs is known as a streamer [2] during the “gasification-
ionization” process. In essence, this channel represents a
plasma channel. Figure 1 depicts a schematic of the streamer
generation and connection process based on the

“gasification-ionization model” breakdown.
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Fig. 1. Schematic of the streamer generation and connection process
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In Fig. 1, (a) represents the initial formation stage of the
streamer, (b) represents the extension and development stage
of the streamer during the “gasification-ionization” cycle,
and (c) represents the streamer extending to the other
electrode, forming a complete path. Scholars have explained
the phenomenon of long-duration breakdown, but the
involvement of multiple factors and technical challenges
have hindered a comprehensive understanding of the
breakdown process and its quantification in theory.
Therefore, effectively grasping the fundamental aspects of
the breakdown process, simplifying the analysis process, and
clarifying the relevant theoretical foundations are crucial.

This study conducts equivalent theoretical research on
the breakdown process of underwater pulsed discharge
through a combination of experiments and theoretical
approaches. It provides a detailed theoretical analysis of the
equivalent breakdown process and establishes numerical and
simulation models to analyze the plasma channel throughout
the breakdown process. The objective of this research is to
quantitatively study the plasma channel in the breakdown
process of underwater pulsed discharge and provides
insights into the development and optimization of
underwater pulsed discharge technology.

2.  State of the art

Extensive studies have been conducted by scholars on
underwater pulsed discharge technology. Touya [3] obtained
relevant mechanical parameters of underwater pulsed
discharge through experimental research and proposed the
theory and empirical formula for shock wave peak pressure.
However, the limited number of experimental data collection
points requires additional observation points. Chen and
Olivier [4] indicated that underwater pulsed discharge
technology can effectively replace hydraulic fracturing in
low permeability oil and gas reservoirs to enhance
permeability and production. However, they did not address

the mechanical energy effect of underwater pulsed discharge.

Bruggeman [5] and colleagues described high-voltage
pulsed discharge breakdown in water as a unique plasma
physical phenomenon. Although the breakdown process
involves various physical processes, including mechanics,
heat, and electricity, a corresponding description of the
mechanical action characteristics during the breakdown
process is lacking. Ahmad [6, 7] focused on the fundamental
physical phenomena of low-heat plasma generated by pulsed
discharge at standard atmospheric pressure. They monitored
the electrical and optical properties of the discharge using
probes and ultra-high-speed imaging, respectively, and
conducted adequate experimental research. However,
mechanical analysis of pulsed discharge plasma was lacking.
Rond [8] conducted experimental research on pulsed plasma
discharge in water using a needle electrode configuration.
They investigated the phenomena before and after
underwater pulsed discharge breakdown and measured
various electrical parameters. Thomas [9] determined the
equivalent circuit of plasma through discharge experiments,
obtaining discharge characteristics and the relationship
between voltage and current. They discovered that plasma
resistance is time-dependent, whereas inductance is not.
Rober [10] evaluated the influence of output voltage setting
using a continuous-flow liquid film reactor powered by a
variable nanosecond pulse power supply, but analysis of
relevant physical and mechanical properties was lacking.
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Lu [11-13] conducted extensive research on plasma
experiments, particularly focusing on the physical properties
of plasma in underwater high-voltage pulse discharge
experiments. The characteristics of pulsed discharge plasma
at atmospheric pressure were discussed. Sun [14-16]
introduced a pulse discharge source capable of arc discharge
and corona discharge to investigate the discharge
characteristics under different conditions and discussed the
basic application research related to the electrohydraulic
effect. Zhou [17] provided a brief introduction to the
discharge process and analyzed the characteristics of solid
water under difference load conditions. Duan [18] conducted
numerous experiments to investigate the electrochemical
phenomena associated with the generation of TiO2 carriers
and the process of interfacial charge transfer in an
underwater pulsed discharge plasma system. His research
aimed to understand the influence of chemical and physical
effects on these phenomena. Yan [19] conducted an
underwater pulsed discharge experiment to investigate the
characteristics of shock wave generation and attenuation
under hydrostatic pressure using, and the mechanical
properties associated with it. However, relevant theoretical
analysis was lacking in their study.

The aforementioned studies primarily focused on
experimental pulse discharge technology with limited
emphasis on the equivalence theory of the breakdown
process, particularly in terms of theoretical simulation
research throughout the entire process. This study aims to
address this gap by establishing a numerical simulation
model based on experimental research and theoretical
analysis, specifically targeting the exploration of the
equivalence theory. This study reveals the functional
characteristics of the breakdown form and explains the
underlying physical processes by analyzing the experimental
results and studying the thermal effect process of the
discharge. The findings of this study provide a reliable
reference for the utilization of underwater high-voltage pulse
discharge technology.

The remainder of this study is organized as follows. The
third section describes the experimental content of
underwater  high-voltage pulse discharge and the
construction of the numerical simulation model. The fourth
section examines the equivalence theory using experimental
results and simulations, explaining the entire physical
process and investigating its practical application. The study
concludes with summary and relevant conclusions.

3.  Methodology

3.1 Experiment

The experimental equipment consists of an underwater
pulsed discharge device and a precision measurement system.
Figure 2 shows a schematic of the underwater pulsed
discharge experimental system. The pulsed power supply
can provide DC high voltage ranging from 6 kV to 15 kV,
with a rated capacitance of 60 uF and a maximum energy of
storage of 7000 J. A photograph of the actual electrical
power unit with high-voltage pulse is shown in Figure 3.
The structure diagram and photograph of the electrode
construction are shown in Figure 4. The electrodes are made
of steel pipes and copper rods, and the distance between the
positive and negative electrodes is 5 mm. The electrodes are
placed at the head of a pipe with an inner diameter of 100
mm and a length of 4 m, and static water pressure is
provided by a pressure pump.
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In the experiment, the transient pulse voltage waveform
was measured using a combination of the P6015A high-
voltage probe and DSO6014A digital oscilloscope. The
P6015A high-voltage probe, manufactured by Tektronix, is
commonly used for measuring voltages below 40 kV. It has
an attenuation ratio of 1000x, compensation range of 7-49
pF, bandwidth of 75 MHz, and is suitable for measuring
transient pulse voltages above 2.5 kV. For measuring
transient current, a widely used current measuring coil,
known as a Rogowski coil, was employed. The Rogowski
coil is based on the principles of electromagnetic induction
and the law of total current, and it was developed by the
Institute of Electrician Engineering, Chinese Academy of
Sciences.

~220V ]~220\/i ]A-ZZIJ\}
E:::\"TNVJ IDischarge Switchl IOscilloscopel
M/% I [
1} High Voltage Probe
1}
i

;;W

[1
.~ 330V

Hydraulic Pump

Electrode @ =

Fig. 2. Picture of the actual electrical power unit with high-voltage
pulse used in this work

Fig. 3. Picture of the actual electrical power unit with high-voltage
pulse used in this work

During the experiment, the pipeline was filled with tap
water, with a conductivity of approximately 1.25 S/m. The
charging voltage Um is varied at four different levels: 9, 11,
13, and 15 kV. The experimental data under different
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charging voltages and hydrostatic pressures were obtained
through experiments. These experimental results, combined
with theoretical research, allowed for the discussion of the
equivalence theory and simulation of underwater pulsed
discharge breakdown, and the proposal of a practical
application scheme.
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Fig. 4. Picture of the actual electrode and its structural diagram

3.2 Experimental protective measures

The experiment mainly focuses on studying the breakdown
characteristics of underwater pulsed discharge. The
Rogowski coil, P6015A high-voltage probe and DSO6014A
oscilloscope are utilized to accurately collect transient
voltage and current data. During the experiment, the whole
experimental pipeline is filled with tap water, which has a
conductivity of approximately 1.2 S/m. The charging voltage
Um can be adjusted within the range of 5 kV to 15 kV, and
the electrode gap is set at 5 mm. The time-history curves of
breakdown voltage and breakdown current under different
charging voltages can be obtained by conducting
experiments. Combined with theoretical analysis and
numerical simulation, the electrical characteristics and
equivalence theory of discharge breakdown in water are
investigated.

During the experiment, electromagnetic radiation
interference, strong magnetic field interference, and sudden
voltage and current interference in the circuit can
remarkably disrupt the functioning of the experimental
equipment. These interferences must be reduced or
eliminated to ensure the normal operation of the equipment
in an optimal environment and to obtain accurate and
reliable experimental data. The following anti-interference
measures were implemented.

Power supply measures: The charging and discharging
system of the high-voltage pulse discharge experimental
platform wuses single-phase alternating current as the
charging power supply. However, the charging power supply
experiences pulse fluctuation interference during discharge.
Both the measuring system and the notebook computer are
powered by independent DC rechargeable batteries to avoid
conductive coupling interference between the charging and
discharging system and the measuring system via the same
power supply. This setup helps eliminate crosstalk between
measuring instruments and reduces interferences from pulse
fluctuations.

Grounding precautions: During high-voltage pulse
discharge, a pulse high voltage is generated at the grounding
point of the capacitor equipment. Therefore, special attention
is given to the grounding position of the test system,
ensuring it is located far away from the capacitor’s
grounding point.
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Electromagnetic shielding precautions: All measuring
equipment shells are made of metal and are placed inside
metal shielding boxes during measurement and data
collection.

Loop inductance measurement: The loop inductance is
determined by the length of the conductor. Shorter coaxial
cable conductors are preferred in the experiment to reduce
loop inductance.

4. Result analysis and discussion

4.1 Equivalent numerical simulation and equivalent
circuit simulation of discharge breakdown

Simulation of underwater pulsed discharge breakdown can
be divided into two parts: 1. Equivalent numerical
simulation of breakdown; 2. Equivalent circuit simulation of
breakdown. The equivalent numerical simulation focuses on
the theoretical analysis of the heating effect, providing more
accurate calculations for the plasma channel model (Figure
5). The equivalent circuit simulation emphasizes the
variation of the equivalent resistance throughout the
discharge process and its direct impact on breakdown delay.
The key correlation between the two simulations lies in the
equivalent heating resistance of breakdown. An accurate
description of the breakdown process of underwater pulsed
discharge can be achieved by combining the two parts.

_1. Rd I_—: Electrode
f U/d
Rbj — Electrode

Fig. 5. plasma channel model

In Fig. 5, the yellow part represents the initial plasma
channel in the gap between the two electrodes, and the blue
part represents the water medium at the channel’s boundary.
This portion of the blue water body undergoes heating,
gasification, and ionization before breakdown. U represents
the voltage between the two electrodes, D represents the
electrode spacing, Rdlz represents the initial plasma channel
radius, and Rbj represents the distance from the channel
center to the boundary of the heated water body.

4.1.1 Equivalent numerical simulation of discharge
breakdown

In-depth analysis of the breakdown characteristics of
underwater pulsed discharge reveals two conditions that
must be met simultaneously to achieve breakdown: the water
medium at the plasma boundary must be heated to
approximately 500 °C [20], and the residual voltage after
pre-breakdown heating must be sufficient for breakdown.
Kuzhekin [21] found through experiments that the minimum
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field strength required for discharge breakdown is
approximately 8 kV/cm, and breakdown is challenging to
achieve below this value. Therefore, the threshold of the
boundary water temperature for static breakdown is 773 K,
and the threshold of discharge breakdown field strength is 8
kV/em.

To analyze the behavior of the temperature 7 of the
boundary water medium and voltage Uf over time during the
pre-breakdown process, we calculate their relationship
curves. However, calculating the electrode gap voltage U(?),
which follows a similar attenuation pattern to an R-C circuit,
is overly complex. Therefore, for the sake of simplification,
we ftreat it iteratively, where Z, (¢) represents a constant

equivalent resistance.

g

n+1)
d’

U, )

w_n

T

=T, o =23. 8j Ldt+
2

r 4 2
23.8‘[ (Un+l) 1 184 2Rdlz

(U R
d2

where @G
w_n

57 x0.1|dt

represents the conductivity at different

water temperatures, which can be determined using Formula
3).

The relationship between water conductivity G, and

temperature Tyw is as follows [20]:

Gw
Gw n

L o +340(T, ,—0.0283),7, , <0.0373
= 4.26, T, ,>0.0373

In Formulas (1), (2), and (3), » is an integer greater than
or equal to 0. Considering the experimental conditions, we
have the following values: C=60, 7, ,=0.0283, 4=0.5,

G, , ~1.2, and the charging voltage U, =X, R,.=V, Z,=a

w_

(constant). The initial plasma channel radius R " and

equivalent resistance 7z, are treated as an equivalent

heating process, ignoring the ionization process and changes
during heating. Only the heating result and residual voltage
are considered to streamline the calculation process and
obtain more accurate values for the “initial channel
equivalent radius R, 7 and “water gap equivalent

resistance 7, .” This approach completely satisfies the

accuracy requirements for explaining the mechanism of

underwater pulsed discharge and its industrial applications
(the simulation results for the initial channel equivalent

radius R, are graded at 0.01 m). This “equivalent
approximate calculation” has a concise operational
expression.

The whole iterative calculation is divided into two parts:
the pre-breakdown heating part, and the non-breakdown or
breakdown part. The breakdown heating part is iterated as
follows, starting with Formula (1) and 7=0.
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Fig. 6. Calculation process

When T, . obtained through iteration in Equation (2)
is greater than or equal to 0.0773, the second part is executed.

Breakdown does not occur: when 7 >0.0773 and
U, <4 kV, the iterative calculation of F orm;.lla (1) continues,
ana Equations (2) and (3) are ignored until U =0. U, refers
to the calculation result of Formula (1) for U  when
T, . exceeds 0.0773.

7When T .>0.0773 and U,> 4kV, the plasma channel

w_n+l—
forms an arc and rapidly expands after breakdown. The
equivalent resistance of the water gap ch““ decreases

dramatically, falling well below the characteristic impedance
of the circuit. The pre-breakdown overdamped state instantly
transitions to an underdamped state, and the parasitic
inductance [ becomes an important parameter in the whole
discharge circuit. The approximate iteration formulas for an
underdamped L-R-C discharge circuit are as follows:

UlAt-1" (At) /2C+ LI,
Z&At+L+(At) /2C

n+l _
sy

“4)

(10 +12) At
2C

Un+l — Un _

sy sy

®)

Where v, and [ " represent the residual voltage and

residual current after breakdown, and 7 is an integer greater
than or equal to 0. Z /_(“‘ is the equivalent resistance of the

water gap after breakdown, approximately 0.1 Q based on
equivalent circuit simulations and theoretical calculations.
The inductance [of the circuit is 0.000001 H (1 yH ). Prior

to the breakdown, [Xyo =0, and UW0 is equal to the

calculation result of Formula (1) for Un+1 corresponding to
the first portion of the simulation when 7w 75 +1 exceeds

0.0773. Equations (4) and (5) are iterated until the
simulation of Usyn=0 is completed. The above equivalent

heating analysis is programmed and calculated using Matlab
software.

4.1.2 Equivalent circuit simulation of breakdown

Establishing a concise and easy-to-understand equivalent
circuit structure based on experimental research and
industrial applications are necessary in simulating the
equivalent resistance of breakdown in underwater pulsed
discharge. This allows for the analysis and interpretation of
experimental results in conjunction with the equivalent
numerical simulation of breakdown. After a short delay, the
initial plasma channel transforms into a discharge arc
channel. In terms of equivalent resistance, the channel’s
equivalent resistance starts off high, and then decreases
sharply to a low value after a certain delay. This leads to the
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occurrence of a large pulse current in the arc, enabling
capacitor discharge. Consequently, we simplify the complex
discharge process by focusing on the analysis of equivalent
resistance, which allows for a quantitative examination of
discharge breakdown through simulation. Fig. 7 depicts the
equivalent circuit diagram for underwater pulsed discharge.

L Step
h |

7
Breaker ltdczgzlglfement
]
TC 0ff§ Scope
on % Continuous
} Powergui

Fig. 7. Schematic of the equivalent circuit for pulsed discharge under
water

In Fig. 7, “c” denotes a capacitor that is charged by an
external power supply (omitted from the circuit diagram).
“1” denotes the discharge circuit inductance. “off” represents
the equivalent resistance of the plasma channel in the
heating effect section, and “on” represents the equivalent
resistance of the arc. The “Step and Breaker” component
corresponds to the breakdown delay control system, and the
“Voltage Measurement and Scope” component is
responsible for acquiring voltage data from a the discharge
water gap. The “powergui” element is used for operation
debugging. The simulation programming for the equivalent
circuit diagram of underwater high-voltage pulse discharge
is performed using Matlab commercial computing software.
The simulation is implemented using the Simulink extension
of Matlab, which combines dynamic system modeling, block
diagram interfaces, and interactive simulation functions. The
required system model is created through module
programming and module connection to facilitate simulation
analysis.

4.2 Analysis of the equivalent resistance characteristics
of the plasma channel

The initial plasma channel mainly exists during the stage of
streamer generation, connection, and pre-breakdown, with
its main purpose being to heat the boundary water medium
of the initial plasma channel to a temperature of 773 K,
thereby achieving breakdown. In this process, the initial
channel functions similarly to a heating resistor, raising the
temperature of the boundary water medium. The electric
energy required to heat the initial channel’s boundary water
medium to a certain temperature is equivalent to the electric
energy required to heat the boundary water medium directly
using a resistor. Therefore, a resistor can be used as an
equivalent representation of the final heating effect during
breakdown, given the same heating electric energy and time
(breakdown delay). This resistor is referred to as the
equivalent resistance of the initial channel.

In the whole discharge circuit, the specific resistance can
be analyzed through voltage measurements. Fig. 8 displays
the voltage time-history curve obtained from experimental
measurements.



Dong Yan, Lipeng Lai, Xuedang Xiao, Lei Zhang and Inchen Chen/Journal of Engineering Science and Technology Review 16 (4) (2023) 66 - 76

124
104 B C
8-
6
4

24

Voltage (kV)

04
24

44

-6 T
-100 0

T T T 1
200 300 400 500
Time (us)
Fig. 8. Voltage time history curve

100

The transient voltage time-history curve shown in Fig. 8
can be divided into three sections: AB, BC, and CD, marked
by points A, B, C, and D. The AB section corresponds to the
streamer generation and connection stage, the BC section
represents the pre-breakdown stage, and the CD section
signifies the breakdown and arc detonation stage.

Sections AB and BC are the heating effect sections,
where the plasma channel transforms into the initial channel.
The slope of the voltage curve in the AB section provides
insights into the resistance change of the initial channel. The
high absolute value of the slope indicates a low equivalent
resistance during this stage. The analysis of the mechanism
reveals that the process of streamer generation and
connection occurs rapidly (within 20 s) and is primarily
driven by “gasification-ionization.” Electron collision
ionization is the main factor in streamer formation, resulting
in high conductivity and rapid discharge of the capacitor
voltage. The resistance heating effect is incidental, leading
to a small equivalent resistance in this section. As the
voltage decreases rapidly, the absolute value of the slope of
the curve gradually decreases, indicating a gradual increase
in resistance.

The absolute value of the slope in the BC section is
extremely small, and it gradually stabilizes, suggesting and
large and stable equivalent resistance in this stage. The
mechanism behind this phenomenon is primarily the
formation of the initial plasma channel after the streamer
connects to the two poles. Having sufficient electrons in the
channel is necessary for discharge breakdown because the
particle density in the plasma is low, leveraging the weak
expansion characteristics of the initial channel. Thus, the BC
section mainly focuses on increasing the particle density in
the channel by heating the boundary water medium of the
gasification plasma channel. The heating effect on the
equivalent resistance is particularly prominent during this
stage.

During the heating effect period from the power supply
activation at point A to the discharge breakdown at point C,
the resistance of the initial channel gradually transitions
from a small value to a large and stable value. Assuming a
constant gasification energy is required to heat the boundary
water medium of the initial channel in this process
(determined by the quality and heating temperature of the
water), the gradual resistance change can be simplified as a
constant resistance, as long as the same gasification energy
is applied to the boundary water medium at the same time.
This equivalent simplification allows for raising the water
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temperature and maintaining the power of the heating effect
section, whereas the residual voltage at the time of discharge
breakdown at point C remains unaffected. This numerical
simulation approach provides a reasonable simplification
without sacrificing accuracy. Fig. 9 illustrates an equivalent
diagram of the voltage-time curve shown in Fig. 8, assuming
a constant value for the initial channel’s equivalent
resistance.
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Fig. 9. Equivalent diagram of voltage time-history curve (assuming
constant initial channel equivalent resistance)
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In Fig. 9, the AC straight line represents the voltage
change trend when the initial channel’ equivalent resistance
value is constant. The gradual power heating (ABC curve)
corresponds to constant power heating (AC straight line)
when the initial channel’s equivalent resistance value is set
toZ,.

In the whole discharge process, the channel resistance
follows the differential equation of L-R-C loop as follows:

éjidHR(z)HL%:o (6)

where [ represents the inductance of the conductor,
which is a small constant value (approximately 1 h), and C

is the rated capacitance with a value of 60 f. R(¢) denotes
the equivalent resistance of the water gap, and the pure
resistance of the circuit is negligible. When R(¢) is a
constant value 7 o the equivalent resistance of the initial
channel is much greater than the characteristic impedance of
the loop 2+/L/C , resulting in a non-oscillatory linear
attenuation of the voltage waveform. This indicates that the

circuit state is over dampened. The current expression can be
derived using Equation (6).

i= L(ep" —e™) (7
L(R-P)
Where,
4l LC 2L N4z Le
Aty = M , the theoretical maximum value of current
Pl —2
1is given by
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where 0< £ <1. When the total resistance of the loop is

large, the f value is approximately 0, and the current can be
ignored. When the total resistance of the loop approaches 0,
the k value is approximately 1, representing the under-
damping situation, which will be further discussed.

In Fig. 8, the discharge breakdown occurs after time c.
The arc reaches a highly ionized state and rapidly expands
outward, causing the resistance of the arc channel to
immediately decrease and approach zero. The arc channel
resistance  follows a  time-varying  second-order
homogeneous  differential equation. The equivalent
resistance of the arc channel can be approximated by a fixed

value denoted as ch‘"* due to its overall small value (less
than 0.2 Q and short arc duration).

In Equation (6), during the discharge breakdown process,
the equivalent resistance R(t) ~7 ic‘i‘is remarkably smaller

than impedance of the

circuit 2+/L / C, resulting in an under-damped circuit state
with rapid oscillation attenuation. The current [ vibration
attenuation is described by Equation (9).

the characteristic discharge

. U .
i= Le’”"’ sin Bt =——-e " -sin Bt )
L_R Ls
C 4
Where,
a=R/2L . g | L_K
LC AL

If r approaches 0, then a also approaches 0, and the
theoretical maximum value of current / can be obtained
using Equation (10).

a

[max :U (10)

L

Calculating Equations (8) and (10) reveals that when the
initial channel’s equivalent resistance constant value Z W in

the AC section of Figure 9 is extremely high, no current
output is observed. However, the resistance of the arc
channel in the CD segment and beyond is extremely low,
which results in the output of a large pulse current and
obvious oscillation due to the presence of loop inductance.
Fig. 10 shows the time-history curve of the discharge current
measured in an experiment.

The current time-history graph in Fig. 10 and the voltage
time-history graph in Fig. 8 are measured in the same
experiment, and the corresponding time and physical
meaning of the four points A, B, C, and D in the figures are
consistent. In Fig. 10, the AC section represents a heating
effect section, and the corresponding current is 0, which
aligns with the theoretical analysis result from the
overdamped state current Equation (8). The current in the
CD section suddenly rises to its peak value, which is
consistent with the theoretical analysis result from the
current Equation (10) in the underdamped state. The initial
channel’s equivalent resistance and the breakdown arc’s
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equivalent resistance, when assumed as fixed values, closely
approximate the experimental results. This indicates that the
initial ~ channel’s equivalent resistance 7, and the

breakdown arc’s equivalent resistance 7 % can approximate
Jje

the entire discharge breakdown process, providing a solid
theoretical foundation for analysis and simplifying numeric
calculations.
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Fig.10. Time-history curve of discharge current

4.3 Theoretical analysis of the equivalent radius of the
plasma channel

The streamer extending from one electrode end to the other
forms the plasma channel, which is referred to as the initial
plasma channel in the heating effect section but can also be
referred to as the initial channel. The plasma channel is
known as the arc channel after the discharge breakdown
stage. The resistance characteristics of the discharge water
gap have been examined, and it is established that the
plasma channel can be approximated as a resistor. The
factors affecting its resistance can be roughly divided into
three points: 1. the resistor's material, 2. its length (which
equals the electrode spacing), and 3. its cross sectional
radius (which equals the plasma channel’s cross sectional
radius.

The equivalent resistance material is predetermined
when studying different equivalent resistance values under
the same discharge equipment and charging voltage (the
field strength determines the degree of channel ionization,
and the field strength before breakdown is relatively stable),
and the electrode spacing is also stable. Therefore, the cross
sectional radius of the plasma channel has the greatest
influence on the resistance characteristics of the water gap.

The general change process of the cross-section radius of
plasma channel is as follows: during the initial stage of the
plasma channel formation, the cross section radius of the
channel develops in the range of pm to 107" pm. As the
electrode voltage decreases, the channel’s cross section
gradually shrinks and approaches a certain value, causing the
equivalent resistance of water gap to increase to a certain
value (the change in slope of the ABC curve in Fig. 7
illustrates the phenomenon of channel cross section
shrinking). After a prolonged breakdown delay, the
discharge breakdown occurs. At this time, the radius of the
plasma channel instantly expands to the order of 10 um
and increases rapidly, but the duration is short. This process
also corresponds to the under damped state mentioned above,
where the equivalent resistance is extremely small, close to
Zero.
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The plasma channel remains in a gradual state
throughout the discharge process. However, accurately
measuring the specific value of the plasma channel and
quantifying the entire process of the change of the cross
sectional radius change is challenging due to its microscopic
nature (extremely short time and small channel size).
Therefore, the concept of equivalent resistance can be used
to quantitatively describe the cross sectional radius of a
plasma channel and the channel’s cross sectional radius can
be divided into two parts: the heating effect section and the
breakdown detonation section.

Initially, the cross section radius of the initial plasma
channel in the heating effect section gradually shrinks and
approaches a certain value, resulting in a stable channel
radius. In conjunction with the fixed value of the initial
channel equivalent resistance Z, discussed in Section 3.1,

the cross section radius of the initial channel can be
approximated as a fixed value, which corresponds to the
equivalent resistance 7, . This fixed value represents the

initial channel’s equivalent radius and enables a stable
heating process under this radius. In other words, it is

referred to as the initial channel equivalent radius R, , to

describe the characteristics of the initial channel radius more
intuitively and concisely. This approximation allows for
streamlined numerical calculations and theoretical analysis,
simplifying the overall analysis process.

In the heating effect section, the cross section of the
initial channel gradually decreases because of voltage
decrease at both ends of the electrode. This indicates that the

initial channel’s equivalent radius R, , corresponds to a

stable voltage value, ensuring a constant channel radius.
This stable voltage represents the equivalent heating power
of the AC straight line in Fig. 9 (using the equivalent

resistance Z, ). Therefore, R, , is marked at the midpoint

of the AC straight line, where the corresponding voltage
value is located. In the actual process, the BC segment
represents the primary stage of plasma channel existence,
and the AB segment within the AC segment involves a
specific process of initial channel conduction formation. As

stated previously, a constant channel section radius R, .

is assumed in the BC section, which represents the heating
effect of the BC section. The specific voltage corresponding
to this constant value R, . is marked at the midpoint of

the BC straight line. Fig. 11 illustrates the labeling diagram

of the initial channel equivalent radius R, , and the BC

channel equivalent radius R, ..
In Fig. 11, R,

represents the moment when the streamer passes through the
two poles, forming an initial plasma channel. At this time,

the initial section radius of the initial channel is R S Point

C represents the end time of the initial channel, which occurs
when the channel boundary temperature reaches the
breakdown condition. The corresponding channel cross
section radius is R i ¢ R i B and Rd127 ¢ are transient

and R i pe AT€ marked. Point B

values, whereas R and R are fixed wvalues.
dl dl:

z _dx z_BC
However, the slope of their curves can be used to determine
the relationship between the channel cross sectional radii,

i > > >
from Wthh Rdlz _B Rdlz _dx Rdlz _BC Rdlz _C can be

derived. In the analysis of the entire equivalent heating
process (AC section), the initial channel equivalent radius
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Ry 4 fully characterizes the heating effect section, leading

to more concise and efficient numerical simulations and
theoretical analysis. This represents the primary research
objective of static breakdown equivalent heating. When
considering only a single physical problem (BC pre-
breakdown stage) after the formation of the initial channel,
without involving the conduction and connection problems
of the AB-section column, the equivalent radius of the BC-

section channel R, . exhibits good mean value

characteristics. It is an essential parameter for the simple
study of BC-section pre-breakdown and will be studied
separately in future research.

/. . Rdlz-dx

Current (kV)

'
"

T T T 1

200 300 400 500
Time (us)

labeling diagram

100

Fig. 11. R and R

dlz _dx dlz_BC

The initial channel equivalent radius R, , plays an

important role in the heating effect section because it
remarkably affects the heating efficiency of the equivalent
process. However, in the breakdown and detonation section,
the research on the cross section size of the plasma channel
holds minimal importance. This is because the equivalent
resistance of the water gap in this section is close to zero,
and the process duration is extremely short. At the moment
of breakdown, the arc cross section radius increases several
times and continues to expand rapidly. In this process, the
focus of research shifts to the transformation analysis of
electric energy and mechanical energy injected into the arc
channel rather than the arc cross section radius. Therefore,
studying the equivalent radius of the initial channel in the
heating effect section is crucial for solving field engineering
discharge monitoring.

4.4 Numerical simulation and simulation analysis of
discharge breakdown

The above theoretical analysis reveals that the realization of
breakdown requires a heating effect. Initially, the boundary
water medium of the plasma channel undergoes heating and
gasification to reach a certain temperature. Simultaneously,
maintaining the average electric field intensity in the
electrode gap is crucial in sustaining the gasification-
ionization cycle within the channel. The minimum field
strength required for discharge breakdown is approximately
8 kV/em, and achieving breakdown below this threshold
becomes challenging. These factors are indispensable for the
breakdown detonation process, which distinguishes it from
other forms of discharge. Therefore, the breakdown process
of discharge is analyzed through numerical simulation and
circuit simulation.
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The numerical simulation of static breakdown is
discussed. The equivalent circuit simulation of static
breakdown allows for an accurate calculation of the initial
channel’s equivalent resistance setting Zdx and the
breakdown arc’s resistance setting Zjcdx . Fig. 11 illustrates

an example of the simulation based on the equivalent Fig. 8.
When the charging voltage Um, the residual voltage Ub at
breakdown time, and the breakdown delay tb (following the
expression of Touya [22]) are consistent, the simulation
results are shown in Figure 12.

Scope

SBPLr ARBR PaF

Fig. 12. Equivalent circuit simulation diagram

The equivalent circuit simulation diagram closely

resembles the experimental voltage time-history curve in Fig.

9. The linear slope of the AC section, the duration of the CD
section, and the curve fluctuations after time ¢ are highly
consistent. The discharge power of the AC and CD sections
aligns with the experimental conditions, and the circuit
simulation accurately reflects the heating effect section, the
breakdown and detonation section, and the circuit under-
damping fluctuation after discharge. This demonstrates that
the equivalent circuit simulation can effectively capture the
electrical characteristics of underwater pulsed discharge. The
simulation yields the initial channel’s equivalent resistance

as 7, =17.35 Q and the breakdown arc resistance as Zﬂ.‘lx

=0.096Q. These equivalent values accurately and
quantitatively reflect the discharge characteristics, providing
a solid foundation for analyzing the mechanism of the pulse
discharge process under hydrostatic pressure compared with
the rough range of the water gap resistance provided by
previous studies. During the 9-15 kV discharge breakdown

process, the fixed value of breakdown arc resistance chd‘ is

extremely small and consistent. In circuit simulation, setting
it to a fixed value of 0.1 Q has minimal effect on the overall
simulation process and can be ignored.

In conjunction with the simulation results obtained from
the equivalent circuit and the theoretical analysis of the
initial channel’s equivalent radius, microscopic simulation of
underground water pulsed discharge can be conducted
through numerical simulation of static breakdown. This
enables the determination of the equivalent radius of the
initial channel under various discharge conditions, providing
a solid foundation for analyzing the theoretical and
experimental results of underground water pulsed discharge.
Fig.13 serves as a legend for the numerical simulation of
static breakdown corresponding to Fig. 9.
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Fig. 13. Numerical simulation of breakdown theory

In Figure 13, (a) represents the simulated voltage (U )-
time (¢) curve, with time () in seconds and voltage U in
units of 10* V. (b) represents the simulated current ( )
versus ( ¢) curve, with the horizontal axis representing time
¢ in s and the vertical axis representing current [ in 10* A.
The numerical simulation results in Fig. 13 closely match
the experimental results in Figs. 8 and 9, and the equivalent
circuit simulation diagram (Fig. 12). This indicates a high
degree of consistency in terms of charging voltage U ,

remaining voltage U, at breakdown, breakdown delay ¢,

and waveform fluctuation characteristics. On the basis of the
results of the equivalent circuit simulation and static
breakdown equivalent numerical simulation, this equivalent
heating model demonstrates good accuracy in simulating the
electrical characteristics of underwater pulsed discharge.
Additionally, it verifies the “gasification-ionization” theory
by revealing a substantial water heating process during the
pre-breakdown stage. In the simulation results shown in Fig.
12, the corresponding initial channel’s equivalent radius
R, ,1s0.25 um.

We can effectively quantify the description of the
electrical characteristics of underwater pulsed discharge by
introducing the theory of initial channel equivalent

resistance 7, and initial channel equivalent radius R, , .

This allows for a more intuitive analysis of external factors
influencing high-voltage pulse discharge and a more
comprehensive explanation of the underlying mechanism
causing these external factors.

The phenomenon of static breakdown not being achieved
by over-pulse discharge, known as corona discharge, is
discussed in the previous theoretical analysis and practical
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experiments. Corona discharge is characterized by
considerable ultraviolet radiation and finds applications in
industries, such as sewage treatment, but it is not the primary
focus of static breakdown research. When the average
electric field intensity in the water gap falls below 8 kV/cm,
sustaining avalanche ionization in the plasma channel and
achieving breakdown becomes difficult [21]. Achieving
breakdown becomes difficult when the theoretical
breakdown residual voltage U/ . is less than 4 kV because the

electrode spacing in the experiment is 0.5 cm. Through this
experiment, achieving breakdown is challenging when the
charging voltage U, is lower than 5.5 kV. Therefore, the

characteristics of pulse discharge without static breakdown
are briefly discussed through experimental figures and
simulations.

A voltage experiment legend without static breakdown is
shown in Fig. 14. The voltage equivalent numerical
simulation results without static breakdown are shown in
Figure 15. The simulation results of an equivalent circuit
without static breakdown are shown in Fig. 16.
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Fig.14. Voltage experimental graph depicting unrealized static
breakdown
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Fig.15. Equivalent numerical simulation diagram illustrating unrealized
static breakdown

The experimental results show that the voltage gradually
decreases to zero throughout the whole discharge process
without static breakdown. The equivalent numerical
simulation and simulation results closely resemble the actual
experimental situation. In the case of discharge simulation
without static breakdown, the whole process is equivalent to
continuous radiation heating. Once the temperature of the
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water at the plasma boundary reaches the breakdown
condition, the electric field strength in the water gap is
insufficient to support the breakdown process. Thus, the
breakdown cannot be achieved, and the radiation heating
continues until the end of discharge, with minimal
breakdown current. The main reason for the failure of
breakdown is the insufficient breakdown field strength,
which is attributed to a low charging voltage, similar to the
findings in Yang’s experimental results [23]. Therefore, in
experiments studying the static breakdown of underwater
pulsed discharge, the charging voltage should be higher than
the threshold of 5.5 kV. The research group found that the
static breakdown phenomenon can be essentially achieved
when the charging voltage exceeds 6 kV.
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Fig.16. Equivalent circuit simulation diagram demonstrating unrealized
static breakdown

5. Conclusion

This study explored the electrical energy conversion
characteristics of underwater high-voltage pulsed discharge
by analyzing the thermal effects, breakdown detonation
characteristics, and mechanical energy conversion in the
process of underwater high-voltage pulsed discharge. It
revealed the entire breakdown process and the effect of the
plasma channel utilizing a physical model of high-voltage
pulse discharge breakdown in water, this study conducted
experimental research combined with theoretical analysis.
The conclusions can be summarized as follows:

(1) The breakdown channel first undergoes through the stage
of an initial plasma channel, where heating effects occur.
Once the heating effects are completed, the initial plasma
channel transitions into an arc channel, where breakdown
and detonation phenomena occur.

(2) The equivalent resistance of the plasma channel is
approximately 10 Q, and the initial channel’s equivalent
radius is around 0.1 pum. Experimental observations and
theoretical simulations have shown that achieving
breakdown with an electrode gap of 0.5 cm and a charging
voltage Um below 5.5 kV is challenging. A minimum
charging voltage of approximately 6 kV is required to
achieve breakdown.

(3) On the basis of equivalence theory, quantifying the
equivalent radius and equivalent resistance during the
breakdown process provides a representative method for
describing the stability of the breakdown process. This
approach proves effective in monitoring the operation of
discharge equipment in practical engineering applications.
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This study combines indoor experiments with theoretical
research and proposes an equivalent theoretical and
numerical simulation model for breakdown in underwater
high-voltage pulsed discharge. The constructed plasma
model is simpler and more realistic, providing a reliable
reference for the future development of underground water
high-voltage pulsed discharge technology and performance
monitoring evaluations. However, the study is limited
because of the lack of plasma monitoring methods and
insufficient data on high-temperature and high-pressure
plasma. Future work will require advanced experimental
equipment and methods to investigate the thermal effects
and laws of mechanical energy conversion during the
breakdown process.
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