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Abstract— Pulsed spark discharges in water generate
transient plasma, leading to various physical and chemical
effects with applications in water treatment, material
processing, and biomedical technologies. A critical factor in
optimising these processes is the accurate calculation of energy
dissipation during discharge events. This study investigates the
energy distribution in a pulsed discharge system by analysing
the relationship between plasma resistance and electrode gap
distance. Experimental results demonstrate that plasma
resistance increases with gap distance, leading to a higher
proportion of energy being dissipated within the plasma
channel. This proportionality suggests that as the gap distance
increases, a greater fraction of the total input energy is
consumed in sustaining the plasma discharge rather than being
lost to external circuit elements. These findings provide valuable
insights into optimising pulsed power systems for efficient
energy utilisation, contributing to advancements in plasma-
assisted applications.
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1. INTRODUCTION

The study of pulsed electrical discharges in water has
gained significant interest due to its wide range of
applications in water treatment and biomedical engineering,
[1], [2], as well as pressure enhancement for electrohydraulic
crushing and fragmentation of solid materials for waste
processing and management, [3]. When a high-voltage
pulsed discharge is applied to water, a rapid ionisation
process occurs, leading to the formation of plasma, shock
waves, cavitation, and various reactive  species.
Understanding the energy distribution in these discharges is
critical for optimising their efficiency and effectiveness in
practical applications.

A precise calculation of the energy dissipated during
pulsed electrical discharges in water is essential for
improving process control, enhancing plasma-chemical
reaction yields, and reducing energy consumption. Key
factors influencing energy deposition include discharge
voltage, current waveform, pulse duration, electrode
configuration, and water conductivity. However, due to the
complex interplay of electrical, thermal, and hydrodynamic

phenomena, accurately quantifying energy transfer remains a
challenge.

This research focuses on the detailed energy analysis of
pulsed electrical discharges in water, providing insights into
the efficiency of energy conversion and its correlation with
plasma generation. By refining energy calculation methods
and assessing energy losses, this study aims to contribute to
the optimisation of pulsed power technologies in water-based
applications. The findings will be instrumental for
researchers and engineers working on plasma-assisted water
treatment, advanced oxidation processes, and high-voltage
discharge applications.

II. SYSTEMS AND METHODOLOGY

A. Experimental System

The experimental setup in this study comprises
a capacitive pulsed power system that produces high-voltage
impulses, a water test cell filled with de-ionised water,
a point-sphere electrode setup generating positive discharges,
and diagnostic devices for measuring electrical parameters.
A schematic of this setup is shown in Fig. 1, similar to the
pulsed system described in [4].
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Fig. 1 Schematic diagram of the impulsive high-voltage test system.

The needle-sphere topology consisted of a point electrode
with a ~90 pm tip radius, and a 10 mm spherical ball, both
made of stainless steel. The de-ionised water has a measured
conductivity of ~2.5 pS/cm, measured with a Hanna HI
93300 conductivity meter. The capacitor (C), used for energy
storage in the pulsed power system, is a high-voltage
capacitor with a nominal capacitance of 80 nF. It was charged
using a DC power supply, Matsusada AU series, through a
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1 MQ charging resistor (Rc;). The charging voltage used in
all tests was 20 kV, therefore the available nominal energy
available per pulse is 16 J/pulse. The output high-voltage
pulse was generated by manually operating a mechanical
closing switch. The output voltage was measured using a
high-voltage probe (North Star PVM-5) with a 1000:1
division ratio. The current in the discharge circuit was
measured using a low-inductance SAMTECH current shunt
with a sensitivity of 29.6 V/kA. The voltage and current
waveforms were recorded using a digitising oscilloscope,
Tektronix DPO 2024, with a 200 MHz bandwidth and a
1 GS/s sampling rate.

Tests were performed with interelectrode gap distances of
2 mm, 4 mm, 6 mm 8 mm and 10 mm. Ten breakdown
voltage and current waveforms were gathered for each
interelectrode gap distance.

B. Energy Characterisation

To determine the total resistance of the full circuit, the
post-breakdown current waveform was analysed. A typical
example of a breakdown voltage, and a post-breakdown
current waveform which was produced with a capacitive
plasma discharge event is shown in Fig. 2.
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Fig. 2 Typical breakdown voltage, and underdamped RLC post-breakdown
current waveform for a 6 mm gap
The underdamped RLC current waveform, I(¢), is
described by an exponentially-damped sinusoidal function,
shown in (1):
I = Iye *sin (wt) (1)

where /o is a constant related to the maximum peak current
(A), a is the attenuation constant (1/sec) and w is the angular
frequency (rad/sec), all of which can be obtained from the
experimental current waveform shown in Fig. 2, where the
peaks used subsequently in calculation of the total resistance
are highlighted.

Using the calculated frequency of the current oscillation
and the circuit capacitance, the approximate inductance of the
system can be found using (2)

1 2

By overlaying the function in (1) with the measured
current waveforms, a constant total resistance can be

determined for each individual current waveform, based on
the measurements shown in Fig. 2, using (3)

In (%) 3)

Riotal = 2L t— ¢
2 1

The sum of the two individual components of resistance
constitutes the total overall resistance of the system, as shown
in (4). This approximation can be utilized to describe the
post-breakdown transient oscillations in the spark channel.

Rtotal = Rcircuit + Rplasma (4)

The value of Reireuit is the same for all interelectrode gap
distances and was determined by short circuit analysis
performed prior to the tests on gaps. The value of circuit
resistance was found to be 0.55 Q, and this will be used to
determine the proportionality of the plasma energy. Once the
total resistance of the system has been found, (4) can be used
to find the plasma resistance, Rpjasma-

Once Rpjasma has been found, the energy deposited into
the plasma channel was obtained by integrating the product
of the calculated constant plasma resistance and the square of
the current, as shown in (5):

E(t) = prlasmaI(t)zdt ®)

This can be compared with the energy available in the
system given by (6) allowing calculation of the energy
efficiency of the discharge process.

E = 0.5CV? (6)

III. RESULTS AND DISCUSSION

The energy of discharges found using (5) for the different
experimental arrangements are shown in Fig. 3.
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Fig. 3 Total energy and plasma energy calculated at 2 mm, 4 mm, 6 mm,
8 mm and 10 mm interelectrode gap. Each point is average of 10 events with
error bars showing standard deviation to 1-c.
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Fig. 3 illustrates the total energy obtained by integrating
the product of the squared current and total resistance of the
circuit R by for varying gap distances. The results indicate
that, irrespective of the gap distance, the total energy remains
consistent across all measured distances. However, all
calculated values are approximately 10% lower than the
system energy predicted by (6). This discrepancy can be
attributed to pre-breakdown energy losses due to ionic
conduction in water, and other types of unaccounted losses.

The energy dissipated within the plasma increases as the
gap length extends, following a general linear trend. This
behavior arises due to the shifting proportion between the
circuit and plasma channel resistance as the gap distance
increases. Specifically, the plasma channel accounts for 9.6%
of the total energy at a 2 mm gap, increasing to 29.6% at
4 mm, 37.9% at 6 mm, 61.6% at 8 mm, and reaching 79.7%
at a 10 mm gap. These values correspond to the measured
resistance ratios between the circuit and plasma,
demonstrating a redistribution of energy as the plasma gap
lengthens. In additon, as the gap increases the peak current
decreases, with the increasing plasma resistance calculated as
shown from the measurements taken in in Fig. 4.
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Fig. 4 Maximum current measured at 2 mm, 4 mm, 6 mm, 8 mm and 10 mm
interelectrode gap. Each point is average of 10 events with error bars
showing standard deviation to 1-c.

The observed increase in plasma energy with gap length
has significant implications for system performance,
particularly in terms of energy distribution and efficiency. As
the gap increases, a larger proportion of the total energy is
transferred to the plasma, reducing the impact of resistive
losses within the circuit. Conversely, at smaller gap distances,
a greater fraction of the energy is lost within the circuit. This
shift in energy distribution is closely linked to electrode wear,
as shown in Fig. 5, which depicts increasing electrode
damage at shorter gap distances due to the electrode radius
generally increasing from the starting radius of ~90 um
before testing as shown in Fig. 5a.
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Fig. 5 Electrode radii and damage inspected under an optical microscope for
a) before testing and after 10 shots at b) 2 mm, ¢) 4 mm, d) 6 mm, ¢) 8 mm
and f) 10 mm.

This damage is primarily due to higher currents measured
at smaller gaps, as shown from the maximum current
measured in Fig. 4, and resulting current densities and
localised heating effects at smaller gaps, where a lower
resistance result in more intense plasma formation. The
discharge at these shorter distances leads to greater thermal
stress and material erosion, contributing to accelerated
electrode degradation. In contrast, as the gap distance
increases, the measured current decreases, and the plasma
may be more diffuse, reducing the direct impact on the
electrode surface and leading to less pronounced wear, as
shown in Fig. 5. This relationship between gap length, plasma
energy distribution, and electrode wear underscores the
importance of optimising gap distance to balance energy
transfer efficiency and component longevity. However, while
the trends observed are consistent, some uncertainties remain
due to factors such as electrode surface condition, local
temperature fluctuations, and material erosion rates, which
may introduce minor variations in the measured values.
Future studies incorporating high-speed imaging and thermal
analysis could provide deeper insights into plasma formation
dynamics and electrode degradation over time, further
refining our understanding of the system's energy behavior.

IV. CONCLUSIONS

This study examined the relationship between gap
distance, plasma energy distribution, and electrode wear in a
water-based pulsed power system. The results demonstrate
that while total energy obtained by integration of the product
of squared current and Ry remains consistent across all gap
distances, this energy approximately 10% less than the
nominal energy available in discharge, E. A key finding is
that the proportion of energy transferred to the plasma
increases with gap length, following a general linear trend.
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This shift is driven by changes in the resistance ratio between
the circuit and the plasma channel, with longer gaps
facilitating greater plasma energy absorption. Additionally,
electrode wear analysis reveals that smaller gap distances
lead to significantly greater material degradation due to
higher measured currents, and hypothesised localised heating
and higher current densities, whereas longer gaps have a
lower measured current and may result in a more diffuse
plasma channel and reduced electrode damage. These
findings highlight the importance of optimising gap distance
to balance energy transfer efficiency and electrode longevity.

While this study provides valuable insights into energy
distribution and plasma behavior, further work is needed to
develop a more comprehensive model that accounts for
dynamic resistance variations during plasma formation.
A refined model incorporating real-time changes in plasma
resistance would enhance the accuracy of energy transfer
predictions and provide a deeper understanding of loss
mechanisms. This would be particularly beneficial for
improving the efficiency of water-based pulsed power
systems, where energy dissipation and electrode erosion are

critical design considerations. Future research should focus
on integrating dynamic resistance measurements into existing
energy models, complemented by high-speed imaging and
thermal diagnostics, to further advance the predictive
capabilities of pulsed power system simulations.
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