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Abstract  
 

Underwater spark discharge is one of the most common methods to generate intense 

acoustic impulses in water for different purposes in practical applications. As 

compared with chemical explosion, the underwater spark discharges provide a number 

of advantages: they do not generate toxic compounds or species, no high explosives 

involved and they provide high degree of controllability. These features have led to a 

large number of studies of underwater spark discharge mechanisms and their potential 

practical utilisation.  

This work is aimed at experimental investigation of the breakdown characteristics 

of underwater spark discharges with three different initiation mechanisms: free 

discharge, air-bubble-stimulated discharge and wire-guided discharge. Study on the 

electrical and acoustic parameters of the discharge process has conducted. A capacitive 

voltage impulse system was developed to energise three different electrode topologies. 

Acoustic and electrical parameters of underwater spark discharges were obtained from 

experimental results, such as acoustic magnitude, period of cavity oscillation, 

breakdown voltage, plasma resistance and energy delivered into the plasma channel. 

Phenomenological scaling relations were established for these parameters, which 

allowed for better understanding and prediction of the acoustic performance of 

underwater spark discharges. An analytical model, which describes the cavity 

oscillation, has been developed and comparison of the modelling and experimental 

results was conducted for all three types of discharges. This model allowed for accurate 

description of the time-dependent behaviour of different parameters during the 

underwater spark discharge process. The obtained results are important for optimising 

the circuit parameters for generation of tailored acoustic impulses for different 

practical applications. 
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1 Introduction 
 

  The concept of plasma goes back to almost a century ago when Irving Langmuir 

named this particular state of matter as ‘plasma’. Plasma is regarded as one of the four 

fundamental states of matter in which ionised particles (positive and negative ions and 

electrons) exist and their behaviour is governed by electrical and magnetic fields. Free 

elections present in plasma result in high electrical conductivity of plasma, which is 

close to metallic conductivity.   

  Plasma can be created in laboratory conditions and used in practical applications. The 

fundamental approach to develop plasma is to ionise atoms or molecules in order to 

achieve a mix of electrons, ions and neutral particles (plasma). Ionisation can be 

produced by using strong electrical field and this form of plasma is known as ‘electrical 

discharge’. Depending on the type of energisation electrode topology, electrical 

discharge can appear in different forms, such as corona discharge, glow discharge, 

spark discharge and other forms. All of these electrical discharges differ in many 

aspects, including their physical properties, like their chemical species, light and 

acoustic emission, plasma temperature, and plasma conductivity. Significant large 

amount of practical applications based on plasma itself or its relevant phenomena have 

been developed over last several decades, covering a wild range of technological and 

scientific areas including environmental and bio-medical applications [1]-[6]. 

  An important research area in the plasma science is the electrical discharge (or 

breakdown) in liquid, including liquid water. As mentioned above, the state of 

dielectric materials is one of the primary factors that determines the discharge process. 

Generally, compared with gas, liquid requires stronger electrical field to initiate the 

electrical discharge. The electrical discharge in water results in the chemical reactions, 

which provides different chemical species, thus these discharges can be used in 

practical applications [7],[8]. Also, discharges in water can be used in industrial 

applications, for example, for water treatment and purification [9]-[14]. 

  One of the significant phenomena of the spark discharge in water is the formation of 

a gas cavity, resulting in acoustic (pressure) impulse emitted into the surrounding water. 

Thus, underwater spark discharges can be used as a source of intensive acoustic 

impulses in practical applications.  

  In mineral engineering and material recycling [15]-[18], the spark discharges in water 
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and plasma generated pressure waves are used to treat the target material. For example, 

in [15], Andres and Timoshkin have reported on a novel treatment of ores and slags by 

using underwater spark discharges to extract valuable inclusions. This technique is 

based on the electrical breakdown in solid ores submerged in water. According to [16], 

for electrical pulse with rise time less than ~ 500 ns, the breakdown field strength for 

rock is lower than that for liquid water. Therefore, by placing the rock sample in 

between two electrodes in water (for example using a rod-plate configuration) and by 

applying short electrical pulses to them, underwater spark discharges are initiated 

within solid rock along the boundary between mineral components due to their 

different electrical properties (like the permittivity/conductivity ratio). The generated 

plasma expands and produces intense pressure waves emitting radically. These 

pressure waves fragment mineral components, completing the separation of the 

valuable inclusions in an ore.  

  Another example is the use of underwater spark discharges for smaller scale 

laboratorial material treatment. In Parker’s work on methods for mineral liberation 

[17], he used a high voltage (HV) pulse power fragmentation machine, developed and 

manufactured by SELFRAG AG Co for comminution of ores. It has shown in [17] by 

using this electrical comminution technique that better recovery and concentrate 

grades were achieved for copper ores as compared with mechanical crushing. This 

technique is used not only for treatment of ores and slags but also for crushing material, 

like glass fibre composite [18]. Thus, pulsed power disintegration is an established 

method for material fragmentation and recycling [19]-[21]. Similar technique can be 

used for hole drilling without mechanical rotation. In [22], Timoshkin, Mackersie and 

Macgregor have demonstrated a novel design of a plasma drilling system based on 

underwater spark discharges to generate selective spark discharges, which penetrate 

through rocks and result in produced intense pressure waves for drilling. The tests 

conducted with sandstone samples confirmed the effectiveness of the designed system 

in drilling miniature holes (35 mm and 50 mm diameters in [22]), and lower energy 

requirement making this technique suitable for drilling operations.   

  In many environmental practical applications, the underwater spark discharges are 

used as an acoustic source. For example, in [23], the use of spark discharges in self-

cleaning filtration system was discussed. A similar example of the use of spark 
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discharges for water well cleaning system was studied in [24]. In this research, Chung 

and Lee from South Korea developed a practical spark discharge generator, which can 

be placed into a water well and produces shock waves with magnitude of a few to tens 

of MPa energised by a capacitive pulsed power system. The slug tests were also 

conducted and the results showed that the improvement in the hydraulic conductivity 

in slug after the pulse treatment was almost three times of that before the treatment for 

the same water sample. All these results verify the effectiveness of the shock waves 

generated by underwater spark discharges in cleaning wells. Another example of 

plasma pressure is the use of underwater spark discharges in fossil extraction operation 

[25]. The conventional way to increase efficiency of extraction of fossils is to use 

intense hydraulic pressure to penetrate the fossil storage layer. However, there are 

several issues associated with this method: it does not increase permeability and 

introduces pollutants to the environment. Zhang and Qiu from Xi’an Jiaotong 

University in China [25] proposed a new method of the pre-operational treatment by 

using the underwater electrical sparks, which generate shock waves in the fossil 

storage layers. These researchers conducted tests on several sandstone samples to 

evaluate the performance of the underwater-discharge-generated shock waves in 

increasing permeability of the samples. The obtained results showed that the average 

permeability of samples has increased from 0.611 × 10-3 μm2 to 2.579 × 10-3 μm2, 

indicating the effective performance of the shock wave generated by electrical 

discharges in penetrating the fossil stone layers. Since 2009, this technique has been 

adopted in several practical fossil/oil/gas fields in China. The efficiency of the oil 

extraction has reached ~ 93 % for different discharge configurations, which confirms 

the advantage of this technique being used in practical applications. More examples of 

different applications of underwater spark discharges in water can be found in [26] and 

[27], which demonstrated that plasma-acoustic sources could be used in sea water and 

in liquids with high salinity in medical applications.  

The United States Geological Survey (USGS [28]) used spark discharges as an 

acoustic sound source in their seismic profiling system. This system included pairs of 

point electrodes to produce broadband (50 Hz – 4000 Hz) pressure pulses, which will 

propagate hundreds of meters to the subsurface in the sea and before being reflected 

and received by hydrophones. According to [29], the spark discharge is one of the three 
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methods to generate shock waves to be used for extracorporeal shock wave lithotripsy 

(ESWL).  

  With a large amount of industrial and scientific aspects as introduced above, the 

pressure waves generated by underwater spark discharges have become one of the 

important topics in plasma science and engineering. However, to use underwater spark 

discharges in practical applications effectively and efficiently, an ‘easy’ question has 

to be asked: what is the optimal system setup to obtain desirable acoustic impulses? 

The aim of this research project is to provide further knowledge and information, 

which can help to answer this question. At first, some basic processes and mechanisms, 

which underpin complex underwater spark discharges, should be considered. 

   The strong acoustic impulse is generated after the plasma channel bridges the inter-

electrode gap. This process of breakdown and generation of acoustic impulse can be 

divided into three stages: pre-breakdown stage, energy dissipation stage (conductive 

current flows through the plasma channel) and adiabatic expansion stage of the gas 

cavity formed by the discharges. Each of these stages is determined by not only the 

pulsed power source but also the structure and properties of the spark-generation 

system and the discharge environment (electrical parameters of water). For example, 

the breakdown field depends on the duration of the high voltage impulse [30]. For high 

voltage impulses with duration in the microsecond range, the critical electrical field 

for breakdown in water is ~ 0.1 MV/cm, the critical breakdown field increases up to 

~ 1.5 MV/cm for the impulses with sub-microseconds duration. The discharges may 

have different forms, for example, slow bush-like mode at lower applied voltages and 

fast tree-like mode at higher voltages [31]. It has been reported that the magnitude of 

the acoustic impulse generated by underwater spark discharges strongly depends on 

the length of the gap between electrodes and on the energy delivered into the plasma 

channel [32]-[34]. However, not only these parameters govern the characteristics of 

the acoustic impulses, other factors, which should be considered, include the storage 

capacitance, the impedance of the external circuit and the conductivity of the water.  

  Back to the question on the optimal setup, the answer is never simple but complicated. 

In other words, there is no universal spark generation system fulfilling all requirements 

with so many parameters involved in consideration. However, the question can be 

narrowed down to as how to adjust the system parameters to generate required acoustic 
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impulses. Therefore, the relationships between underwater spark discharges and their 

acoustic emission should be established for optimisation of the underwater spark 

discharges to achieve the tailored acoustic impulses.  

  As mentioned above, one of the critical parameters determining the strength of 

acoustic impulses is the length of the gap distance between the electrodes. Increasing 

the inter-electrode gap can be an effective way to increase the acoustic strength. 

According to the research conducted by Mackersie, Timoshkin and MacGregor in [35], 

the magnitude of acoustic impulses was almost tripled at the same level of injected 

energy (~ 110 J) when the inter-electrode gap was increased from 2 mm to 12 mm. By 

increasing the injected energy from ~ 100 J to ~ 150 J, an increase in the acoustic 

strength was only less than ~ 10 % for the same inter-electrode gap. As a result of an 

increase in the inter-electrode gap, the required applied voltage has to increase to 

achieve the breakdown in water. However, while keeping inter-electrode gaps as long 

as possible in many practical cases, it is desirable to limit the operating voltage. 

Therefore, apart from the free spark discharges with plasma streamers propagating 

between electrodes in bulk of water, several trigger-assisted initiation mechanisms for 

initiation of underwater spark discharges have been developed to reduce the 

breakdown voltage for long-gap underwater spark discharges. These approaches 

included wire-guided underwater discharges [36]-[38], and injection of gas bubbles to 

trigger underwater spark discharges [39]-[41]. By using these triggering techniques, 

the achievable inter-electrode gap and the strength of acoustic impulses can be 

enhanced significantly without significant increase in the operating voltage. However, 

these special triggering techniques are needed to be investigated as there is a gap in 

understanding of the link between acoustic, hydrodynamic and electrical parameters 

of underwater spark discharges. It is important for any potential practical application 

to understand how to optimise the plasma-acoustic system. Therefore, it is necessary 

to conduct comprehensive investigation to answer these important questions.  

  This work focuses on the breakdown characterisation and on the acoustic 

characteristics of the underwater spark discharges. Three different mechanisms are 

taken into consideration in this study: free self-triggering discharge, the wire-guided 

discharge and the air-bubble-stimulated discharge. A series of experimental tests with 

different levels of circuit energisation have been conducted to obtain the characteristic 
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electrical and acoustic waveforms for all three discharges. The relationships between 

electrical, hydrodynamic and acoustic parameters are established and analysed. Novel 

scaling relationships are derived for all three types of discharges. An analytical model 

has been developed to study the time-dependent variation of above parameters and the 

acoustic efficiency of underwater spark discharges. The importance of this study is in 

provision of reliable relationships between parameters of the pulse driving circuit 

(energy source) and the acoustic output. This work also investigates the energy 

conversion from the energy dissipated in the plasma channel to the acoustic energy 

associated with the acoustic impulses. The developed scaling relationships are 

essential for practical applications and allow evaluation of the behaviour of the spark 

generation systems and prediction of the acoustic performance. 

  Chapter 2 introduces the background and the fundamental aspects of underwater 

spark discharges and related phenomena. This chapter starts with an introduction of 

different types of underwater spark discharges developing with and without pre-

existing gas bubbles formed under the applied field either in nanosecond or 

microsecond regimes. The high voltage impulses used in the present work are within 

the microsecond range, thus the detailed mechanism of underwater spark discharges, 

which involve formation of micro-bubbles, will be discussed in detail. Also, formation 

and the propagation of steamers in water will be considered; this mechanism is based 

on Townsend’s discharge theory. The hydrodynamic behaviour of the gas cavity 

formed after complete breakdown (number expansion/collapse cycles) is discussed 

within Rayleigh’s bubble oscillation model.  Emission and propagation of the pressure 

waves generated by oscillating plasma/gas cavity is also discussed including aspects 

such as mechanism of its generation and the energy balance equation. 

  Chapter 3 presents practical design of the spark generation system and includes 

information on the equipment used in this study. The detailed description of the 

experimental setup is given; this set up contains the pulsed power generation system, 

the electrode system and the diagnostic system. The pulse power system includes a 

high power DC generator, a set of charging resistor and a storage capacitor bank. 

Different energisation levels used in this study have been achieved by using different 

combinations of charging voltage and different capacitances. Three sets of electrodes 

topologies were designed and used in this study. Free spark discharges were generated 
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in a point-to-point electrode topology used for enhancement of the electrical field. The 

electrode topology used to generate the wire-guided spark discharges consists of two 

stainless steel crocodile clips (at high voltage and ground potentials) which were used 

to hold a fixed length of a copper wire. Air-bubble-stimulated spark discharges were 

generated in a point-to-rod electrode topology. An external air-bubble injection system 

was embedded within the ground rod electrode and air-bubbles were injected into 

inter-electrode gap during tests. The technical parameters of the plasma-acoustic 

system and the diagnostic system are provided. 

  Chapter 4 presents the experimental results and their analysis for free (self-triggered) 

underwater spark discharges. The electrical parameters of the plasma channel were 

obtained from the experimental voltage and current waveforms based on the lumped 

RLC circuit model. These parameters include the plasma resistance and the energy 

delivered into the plasma channel. The functional dependency of the acoustic and 

hydrodynamic parameters on the electrical parameters is obtained for a range of inter-

electrode gap from 5 mm to maximum 15 mm. The magnitude of acoustic signals was 

found to be dependent on the inter-electrode gap and the discharge energy, while the 

period of cavity oscillation was only related to the energy available in discharge. 

Phenomenological scaling relationships were developed for these parameters in order 

to establish the link between electrical, hydrodynamic and acoustic parameters for 

underwater air-bubble triggered spark discharges.   

  Chapter 5 presents the experimental results obtained for the wire-guided spark 

discharges. This chapter provides discussion and analysis of the obtained results. The 

maximum inter-electrode gap used in the study for this particular discharge mechanism 

was 75 mm, which is significantly longer than that of free spark discharges. The 

phenomenological scaling relationships between the acoustic and electrical parameters 

for the wire-guided spark discharges were established. The wire-guided spark 

discharges demonstrated their advantage over other discharge types in enhancing the 

acoustic magnitude of the emitted pressure impulses. However, this type of discharge 

system can be operated only in a single shot regime. 

  Chapter 6 presents the experimental and analytical results for air-bubble-stimulated 

underwater spark discharges. The maximum inter-electrode gap achieved by the air-

bubble-stimulated discharges is 25 mm. Although this gap is less than that achieved 
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with wire-guided discharges, it allows the discharge operation rate to be as high as in 

the case of free spark discharges. This is important for different practical applications, 

which require high operation rate, like plasma drilling discussed in [22].   

  Chapter 7 presents the development and implementation of the analytical model 

designed for the underwater spark discharges (regardless of their initiation 

mechanisms). This analytical model was developed based on the Gilmore bubble 

oscillation model with the consideration of the pressure-dependent water density and 

the acoustic approximation method. The time-dependent behaviour of the electrical 

and acoustic parameters was obtained using the developed model. The comparison 

between the simulated and experimental acoustic impulse profile and the period of the 

cavity oscillation has been conducted. This comparison verifies the validity of the 

proposed model. The calculated acoustic energy and the corresponding acoustic 

efficiency (defined as the ratio of the acoustic energy and the energy delivered into the 

plasma channel) are provided and discussed for all three discharge mechanisms. It was 

found that the maximum acoustic efficiency could reach 50 % in all discharge cases. 

The relationships between the acoustic efficiency and the plasma resistance and the 

energy delivered into the plasma channel have been established.  

  Chapter 8 presents general conclusions and discussion of the main results obtained in 

this thesis. The experimental and analytical findings are reviewed; they include 

experimental results and the obtained relationships between different parameters for 

three different underwater spark discharge mechanisms used in this work. Suggestions 

and recommendations for future work are also included in this chapter, indicating more 

investigation possibilities in this research area, which could be conducted in order to 

achieve more efficient and effective utilisation of the underwater spark discharge 

energy in present and future practical applications. 
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2 Literature Review 
 

As introduced in Chapter 1, electrical discharge is one of the most common methods 

to generate acoustic impulses for practical applications. The electrical breakdown can 

take place in gases, liquids and solids. The fundamental theory of the discharge in gas 

is the Townsend discharge theory (avalanche discharge), which was named after Sir 

John Sealy Townsend for his work between later 19th century and early 20th century. 

The Townsend discharge provides the basic mechanisms of electrical discharges, 

which is critical for investigation of electrical breakdown. This chapter discusses 

fundamental principles of discharges in gas, liquids and practical applications of 

discharges in water, especially related to the development of plasma-acoustic sources. 

 

2.1 Gas discharges 
 

2.1.1 Townsend discharges mechanism 
 

  Townsend’s discharge theory describes the electron multiplication process in gas 

stressed with a uniform electrical field above specific critical (breakdown) value. 

Avalanche is the fundamental form of electron multiplication, which starts from pre-

existing or newly created free electrons. These seed electrons can be a result of 

ionisation of gas in the vicinity of the cathode by external ionisation sources. After the 

application of the electrical field, these free electrons are accelerated and propagate 

along the electrical field lines. If the magnitude of the electrical field is high enough, 

the kinetic energy of an electron accumulated during its acceleration could exceed the 

ionising potential of molecules or atoms of the gas, resulting in collisional ionisation 

process. Together with the original electron, newly created free electrons are 

accelerated by the electrical field and collide with neutral particles, producing more 

free electrons propagating to the anode (electron multiplication mechanism).  

  To describe this election avalanche process mathematically, the first Townsend 

ionisation coefficient was introduced: α1, which is a number of electron-ion pairs 

generated per unit length (m). The positive ions produced in this process drift into the 

opposite direction until they collide with the cathode to produce secondary electrons 

from the cathode. These secondary electrons support the development of the avalanche. 

Secondary electron emission is governed by the second Townsend ionisation 
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coefficient, γ1, which is the number of electrons released from the cathode surface by 

a single positive ion. The physical movement of particles (electrons and ions) in the 

gap induces the appearance of the conductive current. Based on the coefficient α1 and 

γ1, the current through with an inter-electrode gap with a distance, d1, during the 

avalanche discharge is given as [42]: 

 

                                                    
𝐼

𝐼𝑝ℎ𝑜
=

𝑒𝛼1𝑑1

1−𝛾1(𝑒𝛼1𝑑1−1)
                                        (2.1) 

 

where Ipho is the initial current generated by an external ionisation source (for example 

UV light which produces initial current due to the photoelectric effect) at the cathode.   

To form a breakdown between the electrodes, it is not enough to apply the electrical 

field, which initiates and supports the avalanche. If there is no external ionisation 

source, i.e. Ipho = 0, the discharge can become a self-sustained discharge when the 

following condition is fulfilled [43]: 

 

                                                       𝛾1(𝑒
𝛼1𝑑1 − 1) = 1                                       (2.2) 

 

  This condition is the Townsend breakdown criterion, it defines the critical breakdown 

voltage, required to maintain the existence of the conductive current between 

electrodes.  

The Townsend breakdown can be converted into a spark breakdown, which is 

characterized by the voltage collapse and by the formation of the highly conductive 

plasma channel. Another coefficient is the electron attachment coefficient, which 

affects the discharge process and is critical for the discharge developing in 

electronegative gases, such as O2, CO2 and SF6. 

  Based on the electron avalanche criterion, the voltage required to support a self-

sustained discharge (breakdown) in gas is given by the Paschen’s law in which the 

breakdown voltage, Vbd, is related to the product of the inter-electrode gap, d1, and the 

pressure in the gas medium, p [43]:  
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                           𝑉𝑏𝑑 =
𝐵1𝑝𝑑1

ln(𝐴1𝑝𝑑1)−ln(ln(
1
𝛾1⁄ ))

                                     (2.3) 

 

where A1, B1 are experimental constant.  

The Paschen’s law has also defined the Paschen’s curve for the variation of 

breakdown voltage with pd. An example of a Paschen’s curve in air is shown in Fig. 

2-1. 

 

 

 

 

Figure 2-1. Example of Paschen’s curve conducted for air with two flat parallel copper 

electrodes, separated by 1 inch and for pressure between 0.03 Torr and 760 Torr. (Picture 

taken from [44]). 

 

 

It can be seen that there is a minimum point for the breakdown voltage, indicating 

the ‘optimal’ condition of pd combination to achieve a breakdown with minimum 

applied voltage. For both sides away from the minimum value (with lower or larger 

pd’s), the breakdown voltage has to be increased due to the lower probability of free 

electrons being energised enough to initiate avalanche. 
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2.1.2 Streamer discharges  
 

  Depending on the strength of the electrical field or electrode topology, different forms 

of discharges may be observed, not only the Townsend discharge introduced above. 

These forms of discharges include corona discharges and spark discharges. In many 

practical applications, the spark discharge is commonly used for generation of transient 

plasma and plasma streamers play an important role in initiating the spark breakdown.  

  As introduced in the previous section, the Townsend discharge is an electron 

multiplication process, which results in the development of electronic avalanche. If the 

following criterion is satisfied (the product of the inter-electrode gap, d1, and the first 

Townsend ionisation coefficient, α, is more than 20), the amount of the charge carriers 

(space charge) in the avalanche head is sufficient to affect the original electrical field 

distribution established by the externally applied voltage: 

 

                                                    𝛼1𝑑1 ≥ (18~20)                                          (2.4) 

  

If (2.4) is valid, the significant charge in the avalanche head distorts (enhances) the 

electrical field ahead of the avalanche and facilitates ionisation of the gas. Thus, the 

avalanche transforms into plasma steamer, which propagates between electrodes. Once 

the streamer bridges inter-electrode gap, a plasma channel filled with electrons and 

positive ions is formed. Afterwards, the appearance of the large conductive current 

through the plasma thermalizes the plasma in the channel. 

  This fundamental Townsend and streamer breakdown mechanisms are important for 

understanding development of the discharge in liquids including liquid water.  

  The following sections will discuss basic elements and characteristics of breakdown 

in water. 
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2.2 Underwater spark discharges 
 

  The spark discharge mechanism in water is a complex process. This mechanism 

depends on the magnitude of applied voltage, its duration and on the electrical 

properties of water. To initiate a streamer breakdown in liquid water, the required 

breakdown field depends on duration of the applied field and can be as high as 

~1.2 MV/cm for impulses with duration shorter than 100 ns [45]. The link between the 

critical breakdown voltage or field and time to breakdown is called volt (field) - time 

characteristic. 

 

 

 

 

Figure 2-2. Volt-time characteristics of breakdown in water with different water conductivity. 

DW: distilled water, IS: water ionic solution. Dots: experimental data from papers [46]-[49]; 

solid lines: the analytical fit [30]. (Picture taken from [30]). 

 

 

 

 

10 100 1000

0.4

0.6

0.8

1

1.2

 [8] 1 S/cm, DW

 [9] 300 S/cm, IS

 [9] 33 S/cm, IS

 [9] DW

 [10] 10 S/cm, DW

 [11] 

B
re

ak
d
o
w

n
 f

ie
ld

, 
M

V
/c

m

Time, ns

[48] 

[49] 

[47] 

[47] 

[47] 

[46] 



23 
 

Fig. 2-2 shows the volt-time characteristic (the breakdown field Efield-br and the pre-

breakdown time tbr) for water with different conductivities together with analytical 

power fit lines: 

 

                                                       𝐸𝑓𝑖𝑒𝑙𝑑−𝑏𝑟 = 𝐶1 · 𝑡𝑏𝑟
𝑒                                      (2.5) 

 

where e and C1 are empirical constants.  

  The results of C1 and e obtained for the experimental results shown in Fig. 2-2 are 

given in Table. 2-1. It was found that the breakdown field was inversely proportional 

to the pre-breakdown time.  

 

 Table 2-1. Coefficients C1 and e in (2.5) obtained using experimental results in Fig. 2-2 

 

Data/ parameter C1 e 

[46] 1.6 0.21 

[47] 1.5 0.20 

[48] 2.1 0.22 

[49] (average values) 3.6 0.50 

 
 

  For successful breakdown in water with a relatively short pre-breakdown time, 

significant breakdown field has to be applied. Therefore, the selection of the applied 

voltage and the electrode topology is critical for achieving complete breakdown. In 

most cases of underwater breakdown applications [50], [51], an impulsive voltage 

source is preferred which results in reduction of Joule heating losses. Also it is easy to 

achieve voltage multiplication using impulsive (Marx) generators, thus water can be 

stressed with high electrical field and repetitive operation requirements can also be 

achieved.  

  In recent research papers on impulsive underwater spark discharge mechanisms, two 

theories have been frequently discussed and reported. One of them is the direct 

breakdown in water without the presence of gas bubbles [52], [57]. The other one 

discusses the breakdown mechanism, which is progresses through development of gas 

bubbles in water and consequent breakdown in these gas bubbles [31]. This 

mechanism is similar to the streamer breakdown in gas discussed in Section 2.1.2. 

These two mechanisms will be discussed in detail in Section 2.2.1 and Section 2.2.2. 
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2.2.1 Underwater spark discharges without presence of gas bubbles 
 

   This underwater direct breakdown mechanism is based on the electrostriction effect 

induced by the fast rising voltage impulse. As introduced in Section 2.1.1.1, the 

electron avalanche occurs when the applied electrical field is high enough to energise 

free electrons for effective ionisation collision. There are two deciding factors in this 

process, the electrical field strength and the density of the gas. The electrical field 

determines the velocity of free electrons; the density of gas provides a free mean path 

in which an electron can travel between collisions for accumulating its kinetic energy 

before next collision. For dielectric fluids (liquid water) which are significantly denser 

than a gas at normal conditions, the mean free path is very short and an electron is not 

able to gain sufficient energy for ionisation. Therefore, a straightforward solution to 

achieve breakdown is to increase the electrical field to energise an electron in such a 

limited space, which is in many cases not a practical solution. However, in the presence 

of an inhomogeneous electrical field in liquid water, the electrostriction effect can be 

the key factor in initiation of the breakdown. The electrostrictive force affects the bulk 

of water in the vicinity of the high voltage electrode. The stress is directed from the 

electrode into the bulk of water resulting in the “rupture” of the water (breakage of 

links between water molecules) and the formation of low pressure gas ‘nano-pores’ in 

the vicinity of high voltage electrode [52]. These gas filled nano-pores (dimensions of 

these nano-pores were assumed to be ~ 10 nm in longitude and ~ 1 nm in transversal 

radius in [57]) are stressed with high electric field which is concentrated in gas cavities 

due to dielectric permittivity mismatch between water and the gas. Thus, in this process, 

it is assumed that a streamer discharge initiates in this gas cavities region; the streamer 

will propagate in the bulk of water and will result in a complete breakdown.  

  It is worthy of note that this electrostriction breakdown mechanism is very sensitive 

to the rate of voltage rise, dV/dt. For example, in [52], an effective breakdown initiation 

has been recorded under the electrical field of 2.5 MV/cm by a positive voltage 

impulse with the rate rise of 5.77 kV/ns while no discharges were observed under a 

higher electrical field of 2.7 MV/cm by a voltage impulse with the rise rate of 

4.5 kV/ns. Another example is given in [53] where the appearance of the underwater 

spark discharges without formation of gas bubbles has been obtained by using either 

short nanosecond voltage impulses with a rise time of < 5 ns or sub-nanosecond 
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voltage impulses. It was also shown in [53] that the underwater spark discharge 

mechanism in the picosecond time scale is similar to that in gases, indicating the direct 

formation of the electron avalanche. 

 

2.2.2 Underwater spark discharges with formation of gas bubbles 
 

The breakdown of water which involves formation of gas micro-bubbles is one of 

the common mechanisms of development of underwater spark discharges in 

microsecond and millisecond regimes [31], [39], [54]. As mentioned in Section 2.2, 

the electrical field required to initiate a direct breakdown in water has to be as high as 

~1.2 MV/cm. Thus, the requirements for building a HV pulsed power system, which 

will be able to produce high voltage impulses with magnitude up to several hundreds 

of kV with a fast rising front (less than a few nanoseconds) may result in significant 

technical challenges. Therefore, considering potential applications of microsecond and 

millisecond HV impulses in practical cases, the injected gas bubble or gas micro-

bubbles formed in water should be considered as they will play a critical role in 

initiating the spark discharges. Gas (micro)-bubbles can appear/may be generated in 

water stressed by HV impulses by different mechanisms, including the Joule heating 

of water, water movement/cavitation and injection of gas bubbles into water.  

Joule heating is the main cause of appearance of the micro-bubbles when a voltage 

impulse is applied to a (sharp) electrode. The highly inhomogeneous enhanced 

electrical field in the vicinity of the electrode produces the field emission current, 

which vaporises the water to form gas bubble(s) in the vicinity of the electrode [45]. 

Even with a short voltage impulse with nanosecond duration and low magnitude, [31], 

such gas bubble(s) may appear in water at the pin electrode due to electrostriction and 

they will expand into micro-bubbles. With the presence of the gas micro-bubble at 

electrode, the local electrical field inside this bubble is enhanced due to difference in 

permittivity between the gas and water, and this field inside the bubble is given as: 

 

                                                      𝐸𝑔 =
3𝜀𝑙

2𝜀𝑙+𝜀𝑔
𝐸𝑙                                               (2.6) 

 

where Eg is the enhanced electrical field in gas bubble, El is the external electrical field 
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in liquid; εl and εg are the permittivity of the liquid and the gas in bubble respectively. 

The enhanced electrical field in the gas bubble is likely to form a streamer in this 

bubble, which promotes the development of a breakdown in the inter-electrode gap. 

The mechanism of the streamer initiation process in these bubbles is similar to the 

breakdown process in air as introduced in Section 2.1.2. The streamer development by 

this bubble-aided mechanism depends on the polarity of the applied voltage. 

 

2.2.2.1 Positive polarity 
 

  In the case of positive polarity of the applied voltage, two significant streamer modes 

in liquid water have been reported [54]: the primary mode and the secondary mode. 

They differ not only in their propagation morphology but also in their velocity of 

propagation. The appearance of either of these two propagation modes depends on the 

voltage magnitude. In general, the primary mode is often found at lower voltage level; 

the secondary mode usually appears with higher voltage impulse with sharp rising 

front. The probability of the appearance of either of these two streamer modes in water 

under a voltage impulse with increasing magnitude was studied in [31], which is 

illustrated in Fig. 2-3. 

 

 

 

Figure 2-3. The probability of the appearance of different modes of discharge (tree-like mode 

and bush-like mode) as a function of applied voltage, conducted in pin-to-wire electrode 

topology in deionised water with conductivity of 5 μS/cm by using pulsed voltage with 

magnitude of maximum + 9.5 kV, 5 ns rise time and 30 ns duration. (Picture taken from 

[31]). 
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  The inception probability of the primary and secondary streamer modes energised by 

rectangular pulses were also investigated in [55], it was found that with an increase in 

the applied voltage impulse, the inception probability of the primary streamer mode 

increased. When the voltage increased to a certain level, the secondary mode is 

observed and its inception probability increased to ~ 100 % with further increase in 

voltage while the inception probability of primary mode decreased until zero. It was 

also found that the voltage required for streamer initiation was higher in water with 

lower conductivity as less electrical charge was injected. 

  There is a possibility that the streamer is initiated as the primary mode and then it 

transfers into the secondary mode during its propagation, which has been reported in 

[41], [54]. 

  The appearance of the primary mode streamer is a result of the electron multiplication 

process initiated in the bubble on the electrode after applying a voltage impulse with 

relatively low voltage level [31], [55], [56].  

  The development of the primary streamer mode features a hemispherical bush-like 

morphology with a large number of filaments. First filament streamers are initiated in 

the gas bubble and grow in all directions up their front. More filaments appear from 

the original ones and their development are accompanied by the propagation of a 

hemispherical shock wave away from the streamer head. The primary streamer 

develops during time duration from < 100 ns [54] to a few hundreds of nanoseconds 

[31] before it stops or enters into the transition to secondary mode. The length of the 

filaments could grow up to ~ 500 μm for microsecond discharge according to [31] and 

up to ~ 600 μm in [41]. The visualization of the primary mode development was 

conducted in [31], [41], [54] by using an ICCD camera or shadowgraph technique. 

Examples of the captured frames of the progress, conducted by [31], [54] for 

nanosecond voltage impulse, are shown in Fig. 2-4 and Fig. 2-5.  
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Figure 2-4. Shadowgraphs in false colour of the temporal development of bush-like 

discharge in deionised water with conductivity of 5 μS/cm using HV pulse with 14 kV 

magnitude. Camera gate is 2 ns. (Picture taken from [31]). 

 

 

 

 

Figure 2-5. Successive ICCD camera shadow imagines taken for a primary mode discharge 

generated using voltage impulse with 40 kV peak magnitude and 20 ns rise time in water 

with conductivity of 100 µS/cm. (Picture taken from [54]). 

 

  The velocity of the primary streamer was supersonic ~ 2 km/s in [41]. This velocity 

was found to be constant during the propagation period and did not depend on 

variations in voltage and the pulse duration, [31]. The propagation velocity of the 

shock wave at the streamer front was found to be ~ 4 km/s [54] and it decayed to the 

local speed of sound (~1.45 km/s) during its propagation. For rectangular voltage 

impulse, the velocity of the primary streamer was found to be dependent on the applied 

voltage [55], [56], it increased from ~ 0.4 km/s to ~ 0.6 km/s with an increase in 

voltage from ~ 11 kV to ~ 14 kV with a low and stable water conductivity at 

0.05 µS/cm. 

  The discharge current during this primary streamer mode has a repetitive pulsed 

profile with pulse magnitude in the range of mA [45], [54], [56]. The magnitude of 

individual current pulses keeps increasing during the streamer’s propagation, 

indicating an increase of the plasma conductivity, which is important to the streamer’s 

transition to the secondary mode as more electrical charge is injected into channel. 
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  The secondary streamer mode may appear either as the direct discharge after applying 

a desirable voltage impulse or as a continuous stage of discharge following the primary 

mode streamer. The appearance of the secondary mode streamer directly at electrode 

surface requires the condition of a highly non-uniform electrical field present close to 

the electrode with rough surface or with small radii. The secondary mode streamer is 

a result of impact ionisation, photoionization and the generation of charge carries [57], 

especially for nanosecond discharges. The mechanism behind this phenomenon is 

similar to that of underwater spark discharges without the bubble formation. The 

electrostrictive force induced by the strong electrical field ruptures the bulk of water 

in the vicinity of the electrode, generating a low pressure region (low pressure gas-

filled “crack”) for electron multiplication and then initiates the streamer formation and 

propagation to the opposite electrode [57]-[59]. In these papers, it was also emphasised 

that the key to initiate secondary mode streamer is the use of impulsive voltage with a 

short rise time (typically less than 10 ns). However, in the most cases of microsecond 

and sub-millisecond discharges, the secondary mode is often observed as a continuous 

discharge stage after the primary mode streamer. From the previous introduction on 

the conditions of the primary and secondary mode streamers, it can be concluded that 

the major difference in the initiation stage of these two modes is the voltage impulse 

rise time and the voltage level, which is the strength of the electrical field. Also, as 

mentioned above, the appearance of the primary streamer causes the conductive 

current flowing through the filaments of the streamer and the current keeps increasing 

until streamer stops. Therefore, a hypothesis was proposed in [31] for the transition of 

the streamer from the primary mode to the secondary mode. Paper [31] proposed a 

possible explanation of this phenomenon: the plasma conductivity grows sufficiently 

to provide threshold electrical field (~ 10 MV/cm) at one of the filaments heads to 

initiate a secondary streamer after the pressure inside previous bush-like streamer 

channels relaxes down to a critical value.  

  Different from the bush-like primary mode, the secondary streamer mode features a 

tree-like structure with much less branches than the primary mode. Its initiation has 

shown intense luminescence at the electrode tip [31]. Several main branches appear 

from the initiation point and each of them is enveloped by conical shockwave emission. 

These branches of the streamer grow in random directions with a number of minor 
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branches developed on side of them. For a complete breakdown between electrodes, 

one of few of the main branches will bridge the opposite electrode. It is worthy of note 

that re-illumination happens as a re-start of the discharge in developed branch channel, 

which is observed in [45], [54]. This re-illumination occurs in one of the main streamer 

branch, which extends only a little further together with a shock wave emission. 

   The time-resolved dynamics of the secondary streamer has been recorded in [31], 

[54], [60] by using either ICCD camera or shadowgraph. A few of the examples, 

including discharge and breakdown conducted by [31], [60], are shown in Fig. 2-6 and 

Fig. 2-7 

 

 

 

Figure 2-6. Shadowgraphs in false colour of the temporal development of tree-like discharge 

in deionised water with conductivity of 5 μS/cm using HV pulse with 14 kV magnitude. 

Camera gate is 2 ns. (Picture taken from [31]). 

 

 

 

 

Figure 2-7. Time-integrated photographs of positive discharge using ICCD camera with 0.2 

μs gate. (Voltage: 37 kV, conductivity of water: 100 μS/cm) (Picture taken from [60]). 

 
 

  The secondary streamer is a relatively fast process. The propagation velocity of this 

type of streamer can reach ~ 30 km/s [54]-[56] until the streamer is close to the 

stopping moment. This velocity was found to be almost constant during the steamer’s 
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propagation in [31], [54]. In [55], [56], it was found that the propagation velocity was 

dependent on the applied voltage as was increasing with an increase in the voltage. 

According to [55], [56], for applied voltage increased at or beyond the breakdown level 

(> 30 kV), the streamer velocity would not increase further and was at ~ 30 km/s level 

under specific experimental conditions (rectangular pulse with fast rise and fall time 

(20 ns) for pin-to-plane electrode with 30 mm separation). The propagation length (the 

stopping moment) is related to the duration of the applied voltage impulse. The 

streamer stops when the voltage drops to a critical value that is not able to sustain the 

discharge. The velocity and the length of the secondary streamer propagation is 

independent on the water conductivity.  

  This fast and intense mode of streamer induces a conduction current impulse with a 

decaying slope. The initial magnitude of current in the secondary streamer can reach 

few of Amperes [55], which is much larger than the current in the primary streamer 

under a similar applied voltage. The current keeps decreasing during the propagation 

of the streamer until the streamer extension stops. An example of the current waveform 

containing the primary streamer, secondary streamer and the re-illumination spikes is 

shown in Fig. 2-8, [54]. 

 

 

 

 

Figure 2-8. Waveform of current showing preinitiation, 300 mA, current ramp of the primary 

positive mode plasma, 100 mA, current increase of secondary mode plasma, 1 A, and re-

illumination current. (Voltage: 40 kV; conductivity of water: 7 μS/cm). (Picture taken from 

[54]). 
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The propagation of streamers in water is also accompanied by light emission. 

Intensive light emission can be observed every time the secondary streamer propagates. 

In [55], [56], it was found that intense stepped light emission was detected for each 

duration of steamer propagation, indicating the stepped propagation progress of the 

secondary mode streamer. An example of the stepped propagation of streamer is shown 

in Fig. 2-9. 

 

 

 

 

Figure 2-9. Example streak photograph, voltage, current and light emission of the stepped 

secondary model streamer propagation with applied voltage 28 kV for 30 mm separated pin-

to-plane electrodes in pure water with 0.05 μS/cm. (Picture taken from [56]). 

 

 

  The length of each streamer propagation step was found to be dependent on the 

voltage [55], [56]. In a complete breakdown, several steps were expected for streamer 

propagation. For applied voltage larger than the critical value related to 100 % 

breakdown probability, only one unique step was observed for a streamer to reach the 

opposite electrode for a constant velocity (at 30 km/s).  
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2.2.2.2 Negative polarity 
 

  A negative streamer can be initiated by a negative voltage impulse with a relatively 

high magnitude. Different from the positive polarity case, only a single propagation 

mode was observed for the negative streamer. This propagation mode has a different 

structure and morphology as compared with the positive polarity case. To initiate a 

negative streamer breakdown in fluid (with high electron affinity), higher magnitude 

of field is required as compared with positive energisation condition. This is due to 

formation of the space charge, which modifies the electric field in the vicinity of the 

HV electrode. Thus, a negative impulse with higher magnitude is required to achieve 

complete breakdown in water as compared with a positive impulse.    

   The negative streamer in water has a unique morphology. The basic structure of 

negative streamers is similar to tree-like positive streamer having several main 

branches. However, a large number of tiny ‘branches’ is attached on the main body of 

the negative streamer, which is visually granular. During the propagation, the streamer 

region is non-transparent [41]. After completion of the breakdown, strong light 

emission is observed [60]. Fig. 2-10, Fig. 2-11 and Fig. 2-12 show three examples of 

the negative polarity streamer development in water, captured by shadowgraph and 

ICCD camera [41], [60], [61].  

 

 

 

 

 

Figure 2-10. Time-integrated photographs of negative discharge using ICCD camera with 9 

μs gate. (Voltage: 37 kV, conductivity of water: 100 μS/cm). (Picture taken from [60]). 
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Figure 2-11. Shadowgraphs of negative streamer development taken using a high-speed 

camera with 50 ns exposure time for a voltage impulse (-23 kV and 100 ns rise time) applied 

to needle-to-wire electrodes with 2 mm separation in ultrapure water. (Picture taken from 

[61]). 

 

 

 

 

Figure 2-12. A series of negative discharge events taken using laser light pulses of ~3 ns with 

800 kV/cm voltage:(a) initial bubbles; (b) deformed bubbles; (c) bubbles assuming an initial 

‘mushroom’ shape; (d) bubbles with finished mushroom shape; (e) bubbles with bush-like 

development; (f) bush-like structure of bubble streamer channel. (Picture taken from [41]). 

 

 

  Typical propagation velocity of the negative streamer in water was found to be 

subsonic [41], [60]-[61]. However, it is not constant over the entire propagation 

duration. For example, it varied from ~ 200 m/s to ~ 800 m/s using a – 23 kV voltage 

impulse with 100 ns rise time in [61] and from ~ 100 m/s to ~ 400 m/s with maximum 

field intensity of 800 kV/cm in [41]. This phenomenon was linked to the discharge 

current in [61], which has a repetitive-pulses profile. The relatively high propagation 

velocity corresponds to the appearance of the current spikes in which the electrical 

field is concentrated at the tip of streamer due to the accumulation of electrical charge. 

Light emission during the propagation was observed only in these periods. The slower 

propagation velocity presents in the ‘empty’ durations of the current and is due to the 
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heat expansion of bubbles [61]. It is worthy of note that the average propagation 

velocity is irrelevant to the water conductivity and the propagation length of the 

negative streamer is proportional to the voltage magnitude. 

  As positive streamers are faster than negative streamers, the pre-breakdown time for 

negative polarity is generally lower than that for positive polarity. The breakdown 

voltage is higher for negative energisation of the HV electrode. The light emission by 

the breakdown in the case of positive polarity is more intense than in negative polarity. 

 

2.3 Underwater spark discharges initiated with exploding wire 
 

Apart from the breakdown initiation mechanisms described in Section 2.2, 

underwater spark discharges can be initiated by fast evaporation and disintegrating of 

a conductive wire placed between two electrodes. This initiation mechanism has been 

studied for over several decades [36], [62]-[68]. This ‘unusual’ mechanism does not 

involve pre-breakdown streamer’s formation and propagation in the bulk of water. 

Instead, a thin conductive (metal) wire is placed between electrodes. By applying a 

voltage impulse to this wire, a conductive current through the metal wire closes the 

discharge circuit. Such current with a large magnitude produces intensive Joule heating 

of the wire. Thus, the wire is heated and it starts to melt. Finally, the wire disintegrates 

and a plasma channel filled with a mixture of hot metal droplets and water vapour is 

formed between electrodes. This channel is responsible for the following discharge 

development. An intense shock wave can be generated by the wire discharge. For 

example, using microsecond voltage impulse with energy up to 4.5 kJ, the resultant 

pressure of shock waves in water were in the range from ~ 3 to ~ 12 GPa for 50 mm 

and 100 mm wires [64].  

  Different from the streamer mechanism, the plasma path is well-defined by the wire 

which, in the most cases, produces a straight plasma channel. The initial shock wave 

generated at the vicinity of the plasma is cylindrical and propagates in the direction of 

channel expansion. The visualisation of the wire explosion process and the emitted 

shock wave was conducted in [36] using two CCD cameras. An example of the 

shadowgraph for a discharge channel generated by exploding a 50 mm long Cu wire 

with 100 μs diameter is shown in Fig. 2-13. 
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Figure 2-13. Shadow frames obtained for a discharge channel by electrically exploding a 

50 mm long, and 100 μs diameter Cu wire using a negative, – 110 kV, voltage impulse. 

(Picture taken from [36]). 

 

 

  The magnitude (peak pressure) of the shock wave generated by wire-guided discharge 

depends on discharge circuit parameters and the wire configuration [67, 68]. The shock 

wave is generated as a result of the energy deposited into wire, thus, the discharge 

circuit parameters have significant influence on its magnitude. For example, in [67], 

microsecond and nanosecond voltage impulses, with energy of 4.5 kJ and 0.7 kJ 

respectively, were used to explode wires in water. It was found that the pressure of the 

shock wave obtained by wire-guided discharges showed almost a linear proportionality 

to the energy dissipated per unit length of wire. It was concluded that the energy 

density and the resultant shock waves could be substantially increased by increasing 

power, or energy deposition rate. Similar conclusion was also reached in [68] by using 

microsecond and sub-microsecond voltage impulses to explode Cu wires in water. It 

was found that the wire configuration and confinement of shock wave propagation 

play important role in determining the shock wave pressure. In [68], the shock waves 

obtained by exploding different wire configurations were obtained using current 

impulses with magnitude up to 75 kV with ~ 3 μs rise time. These configurations 
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included a single straight wire, a single zigzag wire, two parallel straight wires, two 

parallel zigzag wires and two zigzag wires with confined plates. It was found that the 

minimum shock pressure was ~ 0.55 kbar for the single straight wire configuration, 

followed by a single zigzag wire configuration produced 1.65 kbar. The maximum 

shock pressure was obtained for two zigzag wires with confined plates, 5.83 kbar.  

 

2.4 Post-breakdown hydrodynamic and acoustic characteristics of 

underwater spark discharges 
   

  The post-breakdown period of underwater spark discharges can be divided into two 

stages, the energy deposition stage and the adiabatic expansion stage. The energy 

deposition stage refers to the stage during which the conductive current is present in 

the plasma channel formed between electrodes, and electrical energy is dissipated in 

the channel. Apart from the light emission and heat radiation at the early stage of the 

breakdown, most of the energy is transferred into the internal (or thermal) energy of 

the plasma [69]. This thermal energy causes the formation and expansion of a 

plasma/gas cavity due to an increase in the internal pressure, causing the consequent 

emission of the pressure impulse (or acoustic impulse). The adiabatic expansion stage 

refers to the period during which the gas cavity expands in the surrounding liquid. The 

strongest pressure impulse is emitted at the initial stage of cavity’s expansion. All these 

parameters of the dynamic cavity, in terms of the pressure impulse intensity and the 

size of the cavity, is closely related to the initial energy injected into the plasma channel 

by discharging current, which is possible to establish links between the energisation 

conditions and the cavity dynamics. 

 

2.4.1 Hydrodynamic characteristics of underwater spark discharges 
 

  The formation and collapse of a gas/plasma filled cavity between electrodes is one of 

the major phenomena in the post-breakdown period for underwater spark discharges. 

After the breakdown between electrodes, a part of the electrical energy from the 

discharging circuit is delivered into the plasma channel through the Joule heating 

mechanism. The partition of this amount of energy is governed by the relationship 

between the plasma resistance and the external circuit resistance. Regarding the high 
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conductivity of the plasma channel: the resistance of plasma channel between 

electrodes is relatively small, varying from few tens of milliohms to few Ohms [32], 

[70], resulting in the large magnitude of the oscillating current. For microsecond spark 

discharges, the current magnitude can reach thousands of Amperes [35], [71], and the 

transient power delivered into the plasma channel in is considerable, tens of MWs, 

[32], [72]. With such high electrical power released into the plasma channel, water 

near the plasma channel is vaporised to form a gas cavity filled with hot vapour and 

plasma. The resultant intense pressure inside the gas cavity leads to expansion of the 

water/gas interface. At the same time, the primary shock wave with magnitude of tens 

of MPa [73] is emitted into surrounding water. Depending on the energisation source, 

the energy deposition stage lasts for a few microseconds or even nanoseconds. 

Afterwards, the cavity enters the adiabatic expansion stage. During this stage, the 

cavity continues to expand as a result of the internal pressure until it reaches the 

maximum radius. At this moment, the internal pressure is much lower than the ambient 

hydrostatic pressure, causing the cavity to collapse. When the cavity reaches its 

minimum size, the internal pressure becomes high again resulting in the next cycle of 

expansion, which is accompanied by emission of the secondary shock wave. Several 

expansion-collapse cycles can be observed (2-3 cycles were registered in [74]). An 

example of the cavity evolution during the post-breakdown period, recorded for a 

spark with 720 J in [74], is demonstrated in Fig. 2-14.  
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Figure 2-14. Selected frames captured by high-speed camera, Photec 16-mm full-frame 

rotating prism unit, of the expansion and collapse cycles for a 720 J spark discharge in 2 mm 

gap in water with conductivity of 0.06 S/m. Frame period: 154 μs. (Picture taken from [74]). 

 

 

2.4.2 Modelling of cavity’s dynamics 
 

  There are several models established to describe the dynamics of a transient gas 

cavity in a fluid, for example, the Rayleigh-Plesset model, Herring’s model, Keller’s 

model and the Gilmore model. These models are applicable to fluids with different 

viscosity, compressibility and density.  
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2.4.2.1 Rayleigh-Plesset Model 
 

  Rayleigh-Plesset (RP) model is the basic model used to describe the dynamic 

behaviour of a spherical cavity in the fluid with constant density ρ∞, which is assumed 

to be incompressible and inviscid. This model was first derived by The Lord Rayleigh 

in 1917. The derivation of the model was based on the continuity and the momentum 

equations for a fluid. The gas in the cavity was assumed to be ideal: 

 

                                               𝑃𝑖(𝑡)𝑉(𝑡)
𝛾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                    (2.7) 

 

where Pi(t) is the internal (gas) pressure of cavity, V(t) is the volume of the cavity and 

γ is the ratio of specific heats. 

  The Rayleigh-Plesset model is given as, [74]: 
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where �̇� and �̈� are the first and second order derivatives of the time-dependent cavity 

radius r respectively, PL(t) is the pressure of the fluid at the cavity’s interface and P∞ 

is the fluid pressure far from the cavity. σ is the surface tension of the cavity in liquid 

and μ is the viscosity of the liquid. 

 

2.4.2.2 Other cavity’s dynamics models  
 

  Apart from the RP model, there are more available models to describe the dynamic 

oscillation of cavities generated in liquid, such as Herring’s model, Keller-Miksis (KM) 

model and Gilmore’s model. These models consider the compressibility of the liquid, 

where the expansion of the cavity will introduce the emission of acoustic pressure 

waves. Table. 2-2 shows the conditions in which these models are suitable to be used. 
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Figure 2-2 Conditions in which Herring’s model, KM model and Gilmore’s model are 

suitable to be used 

 

Model Conditions 

Herring’s model Constant speed of sound, c∞ 

KM’s model Constant speed of sound, c∞ 

 

Viscosity, μ, with surface tension, σ 

 

Gilmore’s model Pressure-dependent  speed of sound, c 

 

 

  Herring’s model and KM’s model take the constant speed of sound in liquid into 

consideration. Also, the KM’s model includes the viscosity of the liquid and the effect 

of the surface tension on the gas/water interface. Therefore, these two models are 

suitable to be used to describe (micro-) cavities with small and medium amplitudes.  

Detailed discussion of these models is given in [75]. 

Different from the Herring’s model and the KM’s model, Gilmore model is aimed to 

describe the dynamics of the cavity with large amplitude in fluid, which expands and 

collapses in a compressible fluid. Thus, the Tait’s equation of state of this fluid is taken 

into account in this model. This results in variable speed of sound, which depends on 

pressure and density of the fluid. The development of this model was discussed in [76], 

[77]. The fluid density and the speed of sound are assumed to be dependent on the 

pressure and this dependence is given through the Tait’s equation of state included in 

the enthalpy [78]. Mathematically the cavity dynamics in the Gilmore model is 

described as: 
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where c and Pi are the pressure-dependent speed of sound at the gas/water interface 

and the gas pressure inside the cavity. h is the enthalpy difference of the liquid content 

(at the gas/water interface) at the pressure Pi and P∞. c∞ is the undisturbed speed of 

sound of the liquid. n2 and B are constants used to calculate the local speed of sound, 

c, and were given as n2 = 7 and B = 3000 atm by Gilmore [78]. More detailed 

description of this model will be given in Section 7.1.2. 

  The Gilmore model is suitable for description of a post-breakdown gas/plasma cavity 

in the case of underwater spark discharges with high enough energisation level. By 

considering the initial dynamic process of a high peak electrical power release in the 

plasma, the gas/water interface of the formed cavity could experience an intensive 

acceleration, resulting in the potential distortion of the water content in vicinity of the 

plasma channel. In this case, the water would be treated as a compressible liquid and 

the local speed of sound is considered to be pressure-dependent. As compared with 

this intense expansion of the cavity, the surface tension on the gas/water interface and 

viscosity of the water are not taken into consideration in the Gilmore’s model. The 

feasibility of this model for description of the post-breakdown cavity dynamics was 

discussed in [35]. 

 

2.4.3 Acoustic emission by underwater spark discharges 
 

  Emission of acoustic impulses is an important phenomenon during the post-

breakdown period of underwater spark discharges. Due to the large electrical power 

delivered by the conductive current, the thermalized plasma is formed in the cavity. As 

discussed in Section 2.4.3, the cavity expands and emits an intense pressure impulse. 

The magnitude of this pressure impulse depends on the energy available at breakdown 

and on the topology of the plasma-acoustic source (the length of the inter-electrode 

gap [35]). The acoustic impulse profile may show few oscillating cycles with a 

decaying envelope. Examples of typical waveforms of the pressure impulses registered 

by the acoustic transducer in [73], [79] are shown in Fig. 2-15 and Fig. 2-16.  
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Figure 2-15. Output signal of Pinducer acoustic sensor for a shock wave generated in a 5 mm 

gap using 60 nF capacitive voltage in domestic tap water. (Picture taken from [79]). 

 

 

  

 

Figure 2-16. Example waveforms of voltage (black), current (red) and shock wave (blue) 

obtained for a discharge with pin to pin electrodes in a 15 mm inter-electrode gap (Voltage 

and capacitance: 30 kV, 3 μF; conductivity of water: 144.8 μS/cm), (Picture taken from 

[73]). 

 

 

 

  The initial strength of the impulsive pressure waves is intense (with magnitude up to 

few tens of MPa measured at 10 cm away from the source in [73]). Thus, this impulse 

can break the local sonic propagation limit and is considered to be a shock wave at 

distances close to the spark source [35], [79], [80]. However, it quickly develops into 
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a spherical acoustic impulse propagating outwards the source with a speed of sound. 

Fig. 2-17 shows an example of the time resolved shadowgraph visualization of the 

propagation of acoustic impulses, conducted in [80].  

 

 

 

Figure 2-17. Shadowgraphs of parallel shock wave: SDSW, spherical diverging shock wave; 

PSW, parallel shock wave; PT, pressure transducer. High-speed camera, ULTRA Cam HS-

106E, with frame rate 1.25 MHz. Conductivity of water: 62.5 μS/cm. (Picture taken from 

[80]). 

 

  The evolution of the pressure impulse introduced above only refers to a primary 

acoustic impulse emitted at the start of a cavity oscillation cycle. As discussed in 

Section 2.4.1, two to three complete cavity oscillation cycles may be observed. 

Therefore, the corresponding number of pressure impulses will also be expected to 

emit before the cavity stops its oscillation. An example of the successive pressure 

impulses emitted by the cavity in a single spark discharge is shown in Fig. 2-18. The 

solid line indicates the acoustic waveform captured by the acoustic sensor [81]. The 

primary pulse refers to the acoustic impulse emitted at the formation of the cavity and 

the secondary one refers to the acoustic impulse emitted at the collapse of the cavity. 

Due to the energy consumption of the cavity for each oscillation, the magnitude of the 

following pressure impulse is always weaker than previous one. It is worthy of note 

that there is a rarefaction pulse between two pulses [81]. 
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Figure 2-18. Example of measured acoustic signature showing shock waves generated by 

cavity expansion and collapse. (Picture taken from [81]). 

 

 

2.4.4 Acoustic parameters 
 

   An acoustic impulse generated by the underwater spark discharges is a longitudinal 

mechanical wave propagating in a dense medium, water. Therefore, the propagation 

of the pressure impulse generated by the underwater spark discharges is expected to 

follow the established theories for the acoustic impulse and in many cases can be 

described by using the spherical acoustic wave model. 

  The propagation of a mechanical wave is characterised by the wave velocity and the 

acoustic pressure. The intrinsic properties of the medium, such as the density, ρ∞, and 

the compressibility, χc, defines the acoustic propagation velocity, c∞: 

 

                                                   𝑐∞ = √
1

𝑥𝑐𝜌∞
                                              (2.12) 

 

For water, the acoustic velocity is ~ 1500 m/s.  
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2.4.4.1 Wave equation 
 

  The linear wave equation describes the simplest propagation pattern of a mechanical 

wave. The general wave equation for the acoustic (pressure) plane waves in condensed 

media is given as, [76]: 
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                               (2.13) 

 

where p is the time-dependent acoustic pressure at any arbitrary point with coordinates 

(x,y,z); c∞ is the local speed of sound. Speed of sound is the speed of the wave, which 

propagates in the media. This equation assumes that the density of media is constant. 

  For the case of a plane wave with a constant speed c∞, a relationship between the 

particle velocities and pressure can be established, [76]:   

 

                                                            𝑝 = 𝜌∞𝑐∞𝑣                                         (2.14) 

 

where v is the particle velocity.  

  Equation (2.14) reveals the fact that the acoustic pressure depends on not only the 

particle movement but also on the nature of the medium. The term, zac = ρ∞c∞, is called 

the characteristic acoustic impedance, which defines the pressure reaction to the 

motion of particles. 

  The acoustic intensity for the wave is given as, [76]: 

 

                                               𝐼𝑎𝑐 =
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2

𝑧𝑎𝑐
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                               (2.15) 

 

where Pacoustic is magnitude of the acoustic pressure. The acoustic intensity is in a unit 

of J/(m2s). Therefore, the acoustic energy can be calculated by: 

   

                                                       𝐸𝑎𝑐 = 𝐹 ∫ 𝐼𝑎𝑐𝑑𝑡                                       (2.16) 

 

where F is the surface area of the wave. 
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2.4.4.2 Spherical wave 
 

  The spherical wave is initiated from a point source and propagates spherically 

outwards this source. The propagation of a special wave is spatial and multi-directional. 

For a known observation position, the acoustic intensity and the energy of a spherical 

wave can be calculated using (2.15) and (2.16). The acoustic energy of a spherical 

wave can be calculated as, [81]: 

 

                                         𝐸𝑎𝑐−𝑠𝑝ℎ = 𝐹 ∫
𝑃𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐(𝑑,𝑡)

𝜌∞𝑐∞

2
𝑑𝑡                               (2.17) 

 

                                                               𝐹 = 4𝜋𝑑2                                         (2.18) 

 

where Pacoustic(d, t) is the acoustic pressure at distance, d, and moment, t, and p∞ is the 

ambient hydrostatic pressure.  

 

2.5 Underwater spark discharges: Pulsed power driving circuits 
 

  The usability of the acoustic impulses generated by the underwater spark discharges 

in practical applications has drawn substantial attention since its discovery in the last 

few decades. Compared with other methods of generation of pressure impulses in 

water by using chemical explosives, the underwater spark discharges have important 

advantages as it provides better controllability and reproducibility. Also, it is 

environmental-friendly as it does not produces pollutant. The acoustic impulses 

generated by the underwater spark discharges are used in some industrial and 

environmental applications. Details and examples of some practical applications have 

been introduced in Chapter 1.  

  There are several aspects involved in this area, which requires attention, for example, 

the construction of the spark generation system and the dependency of the acoustic 

impulses on the discharging circuit. These aspects put forward a general question as 

how to generate desirable acoustic impulses by using optimal system in terms of the 

physical configuration and the energisation conditions. 

  A typical spark generation system consists of two parts, the voltage impulse 

generation system (pulsed power driving circuit) and the electrode topology. The 
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general form of the pulse power system is a capacitive pulse driving system, which 

includes a charging part and a power release (discharging) part. The electrode topology 

refers to the configuration of HV electrodes and the structure of the electrodes in terms 

of their shape and material.  

 

2.5.1 Practical voltage impulse generation system 
 

  Typically, the high power voltage impulses used for development of spark discharges 

in water are generated by a pulse driving system based on the capacitive energy storage. 

The basic approach is to release electrical energy into the load within a relatively short 

period, usually in millisecond and microsecond ranges or sometimes in nanosecond 

range. The generation of a high voltage (HV) voltage impulse is a three-stage process, 

which includes charging capacitors, closing the gap switch and releasing the voltage 

impulse. The energy storage capacitor(s) are charged by a conventional high voltage 

DC power supply (or using an AC power supply together with a rectifier as in [32]) 

through a large (usually in MΩ) charging resistor for safety considerations. Then, by 

closing the spark gap switch, the energy stored in capacitors is released into the load.  

  The following parameters of a voltage impulse should be considered: voltage level, 

rise time, pulse duration and electrical energy per pulse. These properties of a voltage 

impulse are related to the selection of the capacitance, discharging resistance, 

triggering switch and circuit configuration. For different requirements, there are 

several available configurations for voltage impulse generation system.  

 

2.5.1.1 Capacitive energy storage 
 

  A typical capacitive based pulsed power system consists of a HV DC power supply 

and a capacitor bank. The circuit is controlled by a plasma closing switch. The 

achievable peak voltage level of this configuration is determined by the charging 

voltage, which is usually in the range from a few kV to tens of kV for commercial 

systems. The capacitance of the circuit may consists of several capacitors connected 

in parallel. Therefore, this configuration is suitable to generate voltage impulse with 

magnitude from few kV to tens of kV and with long pulse duration (in the scale of 

microsecond and millisecond). An example schematic diagram of the parallel capacitor 
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bank pulse driving system [82] is shown in Fig. 2-19. 

 

 

 

 

Figure 2-19. Example of schematic diagram capacitive voltage generation system used for 

underwater spark discharges. (Picture taken from [82]). 

 

 

This pulse power system was developed by Timoshkin in [82] to conduct the 

investigation on the acoustic emission by underwater spark discharges. The 

capacitance used varied from 0.266 to 1.590 μF and the applied voltage could reach 

up to 35kV, resulting in the energy per pulse ranging from few J/pulse up to 1 kJ/pulse. 

 

2.5.1.2 Marx high voltage impulsive generator 
 

  Marx generator is designed for voltage multiplication, by charging capacitors 

connected in parallel and discharging them in series. The voltage multiplication equals 

to the number of capacitors (charging stages). The Marx generator is suitable to 

produce short high voltage impulses with large peak magnitude (from hundreds of kV 

to a few MV). For example, a Marx generator was used for generation of HV impulses 

with magnitude up to ~ 460 kV to achieve electrical discharges between large gaps 

(tens of cm) in mineral oil in [83]. 
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2.5.2 Topology of electrodes 
 

   The design of the electrode topology should be suitable to initiate the streamer’s 

formation and propagation to achieve a successful breakdown between electrodes. As 

introduced in Section 2.2, the distribution of the electrical field is important to initiate 

streamers’ formation and spark generation, as high electrical field strength is required 

to form a complete plasma channel. Therefore, topologies with almost uniform 

electrical field are not preferred. 

  The importance of an inhomogeneous electrical field has been enhanced in [57]. 

Therefore, electrode topologies, such as point/rod/sphere-to-plane and pin/rod/sphere-

to-pin/rod/sphere, are commonly used for generation of underwater spark discharges 

[56]-[59], [69]-[73], In practical systems [16]-[19], due to their ability to produce 

inhomogeneous electrical field, these topologies result in the significant electrical field 

enhancement. Fig. 2-20 shows an example of the field enhancement effect in a point-

like electrode topology [84]. It is shown that the electrical field is enhanced by an order 

of 3, as compared with the average field, E0. The field enhancement increases with an 

increase in tip sharpness and with the decrease in electrode separation. 

 

 

 

Figure 2-20. Example of contours of the field enhancement factor induced by a sharp 

asperity, solved using Schwarz–Christoffel transformation. y/h and x/h are dimensionless 

scale of the asperity. (Picture taken from [84]). 

 

  In order to achieve spark discharges in longer gaps, different approaches can be taken. 

It is not always practical to increase the magnitude of voltage impulses. Alternative 

approaches may include laser-triggering technique [85], [86], artificial bubble 
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injection [87], [88], electrical explosion of metallic wire [73], [89] and electrical 

explosion of chemical compound [25]. The gas bubble injection into the inter-electrode 

gap and the use of exploding wire are chosen in this work to initiate underwater sparks 

in order to investigate their acoustic performance. 

 

2.5.2.1 Free self-triggering electrode topology  
 

  The ‘free’ self-triggering topology is the most common configuration used to achieve 

underwater spark discharges [2]-[4], [56]-[59], [69]-[72]. It is also often used to study 

development of the streamers in water [90]. The term ‘free’ refers to the free 

propagation path of the streamer from HV electrode to the ground electrode. The 

structure of this electrode topology is a pair of electrodes without any external 

triggering system(s). Fig. 2-21 shows an example of the free electrode topology used 

to monitor the pressure impulses during streamer propagation in water, [90]. 

 

 

 

 

Figure 2-21. Example of a point-to-plane electrode topology for spark discharge with free 

plasma development path. (Picture taken from [90]). 

 

 

 

    This electrode topology allows changes in electrode separation and is ‘ideal’ for 

repetitive discharge operation. However, as mentioned above, a potential issue is the 

limited length of the inter-electrode gap for successful breakdowns in this 
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configuration. Another factor, which is difficult to control in the case of free discharges, 

is the path of the breakdown channel. An example of discharges with different paths 

between two electrodes in water are shown in Fig. 2-22, [32]. 

 

 

 

Figure 2-22. Imagines of various shapes of plasma channel, recorded using high-speed 

camera (Photron FASTCAM SA5) with 3 μs/frame and exposure time to be 0.37 μs. 

(Capacitance: 3μF; conductivity of water: 144.8 μS/cm). (Picture taken from [32]). 

 

 

  In an ideal case, the streamer develops a straight path from the HV electrode to the 

ground electrode. The randomness of the developed plasma channel between ‘free’ 

electrodes in practical cases increases the probability of energy consumption during 

streamer propagation, resulting in longer pre-breakdown time lag (time interval from 

the application of voltage impulse to breakdown). With further separation of electrodes, 

the randomness degree of the plasma channel path increases and unreliable 

performance of the underwater spark discharges in terms of generation of acoustic 

impulses can be expected. Therefore, in order to achieve stable and efficient acoustic 

emission in long inter-electrode gaps, modification on the electrode configuration is 

required. 
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2.5.2.2 Air-bubble stimulated electrode topology  
 

  The presence of gas bubble(s) in the inter-electrode gap can be critical for breakdown 

initiation [39]-[41], [91]-[96]. As introduced in Section 2.2.1, the direct streamer 

initiation by the electrostriction process is difficult to achieve unless voltage impulses 

with ns and sub-ns duration are used. For longer voltage impulses with microsecond 

duration, the formed gas bubble in the vicinity of the HV electrode provides a low-

density region for streamer initiation and propagation in the enhanced electrical field 

within the bubble. In [91], the bubbled breakdown initiation mechanism has been 

visualized and an example is shown in Fig. 2-23. The bubble near the HV electrode 

acts as a ‘shortcut’ for the streamer, which propagates along the bubble/liquid surface 

interface. 

 

 

 

Figure 2-23. Development of the streamer along the bubble surface within 2μs during a 

breakdown event. Imagines obtained using ICCD camera. (Voltage: ~ 12 kV, conductivity of 

water: ~ 10 μS/cm to ~ 20 μS/cm). (Picture taken from [91]). 

 

 

The importance of gas bubbles in decreasing of the breakdown voltage was 

investigated in [93]. It was reported that the initiation voltage for underwater spark 

discharges has decreased by ~ 25 % - ~ 50 % in the case of injection of bubbles as 

compared with the breakdown without gas bubbles. Low breakdown field in the 

presence of bubbles has been confirmed in [88]. Hamdan [87] used the injected gas 
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bubbles (Ar, CO2, CH4, C3H8) to promote the breakdown in distilled water. Therefore, 

to keep the breakdown voltage at a relatively low level in water for long inter-electrode 

gaps, gas bubbles can be injected between the electrodes. 

 

2.5.2.3 Wire-guided electrode topology  
 

  The wire-guided electrode configuration is another promising method for generation 

of underwater spark discharges. It helps to produce stronger acoustic impulses and to 

achieve better acoustic efficiency in relatively long inter-electrode gaps. Therefore, 

wire-guided spark discharges are used in many applications [97] - [99]. The wire-

guided spark discharge is implemented by electrically exploding a metallic wire fixed 

between the electrodes to directly form a plasma channel without relying on the 

streamer breakdown mechanism. The thin wire placed between electrodes melts and 

disintegrates into metal droplets, generating a channel filled with metal/water vapour. 

After wire disintegration, the circuit is open, resulting in the collapse of previous 

conductive current and the re-establishment of voltage across the inter-electrode gap. 

The presence of metallic droplets facilities the electron multiplication process between 

them and the plasma is formed through the channel, completing the breakdown. Then 

the electrical energy stored in the capacitor is released into the plasma channel. Thus, 

the gas cavity is formed. This gas cavity drives an acoustic impulse into water. An 

example of shadow imaging of exploding wire is shown in Fig. 2-24, [68].  
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Figure 2-24. Shadow imaging of explosion of a Cu wire with 130 mm length and 0.4 mm 

diameter in tap water: (a) before explosion (b) ~1.5 μs after applied discharge current. 

Imagines obtained using fast-framing 4Quick05A camera with frame duration as 10 ns. 

(Current pulse: I < 75 kA with ~ 3 μs rise time). (Picture taken from [68]). 

 

  According to [89], the energy used for the wire disintegration only accounts for a 

small part of the total electrical energy stored in the circuit, depending on the length, 

diameter and melting energy of chosen metal. The remaining part of the electrical 

energy is released in the plasma channel. By using this wire-guided mechanism, the 

pre-breakdown time can be reduced significantly and the potential breakdown voltage 

will be relatively low. The magnitude of the shock wave generated by wire-guided 

discharges could reach ~ 1 GPa [100], and even ~ 400 GPa [101]. The energy 

transformation efficiency for this breakdown mechanism was found to be ~ 24 % [64] 

and can reach ~ (40 % - 50 %) [102]. The stability and consistency of the spark 

discharge performance is also enhanced by the wire-guided mechanism.  

 

2.5.3 Modelling of pulsed power circuits 
 

2.5.3.1 Dynamic resistance of the plasma channel 
 

  The development of the plasma channel is a complex and dynamic process. The time-

dependent plasma resistance is a function of different parameters of the spark channel, 

such as its temperature, composition, the length of the channel. Therefore, 

corresponding to the dynamic process of the plasma channel development after the 

breakdown over time, its resistance is also time-dependent. Variation of the plasma 
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resistance over discharge period has been investigated and discussed in [103]-[109]. 

An example of the experimental plasma resistance over a period of 150 μs, conducted 

in [110], is shown in Fig. 2-25. The initial resistance between the electrodes before the 

complete breakdown is very high. After the plasma channel bridges the electrodes, a 

conductive current appears and energy is dissipated in the channel. The plasma 

thermalizes and the initial large resistance drops to its minimum value rapidly, within 

the first half or even quarter cycle of the current oscillation [110]. With the decrease 

of the current magnitude, the plasma channel is cooling down, resulting in the regrowth 

of the plasma resistance until the disappearance of current. 

 

 

 

Figure 2-25. Examples of dynamic plasma resistance in 150 μs after breakdown for (solid 

line) peak current 0.62 kA, (dashed line) peak current 1.3 kA and (bold solid line) peak 

current 2.21 kA. Discharges obtained in a 12.8 cm air gap using output voltage ~ 300 kV to 

~ 1 MV. (Picture taken from [110]). 

 

  To describe the time-dependent behaviour of the resistance of the spark breakdown 

channel, analytical models have been developed by several researchers, including 

Barannik [111], Demenik [112], Kushner [109], Rompe and Weizel (RW) [113], 

Toeple [114] and Vlastos [105]. Comparison between these models has been conducted 

in [110]. Among these approaches, the RW model is widely used for description of the 

resistance of spark discharges and has been proven to be effective in adequate 
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prediction of the transient spark resistance [108], [110], [115]. It relates the plasma 

resistance to the length of the plasma channel, l, and the discharging current, I(t), which 

was developed based on the energy balance for the spark channel, [113]: 

 

 

                                        𝑅𝑝𝑙𝑎𝑠𝑚𝑎(𝑡) = √2𝑃0𝑐𝑐𝑜 ∙
𝑙

(∫ 𝐼(𝑡)2𝑑𝑡
𝑡
0 )

𝑛1                 (2.19) 

 

 

where P0 and cco are the initial pressure of gas and model constant respectively; the 

model constant is a function of the electron temperature, electron mobility and 

ionisation potential and it was considered to be constant in a specific range of 

experimental conditions in [110]. The power coefficient, n1, is equal to 1/2 in RW 

model and is 3/5 in Vlastos’s energy equation model [105]. For both values of n1 =1/2 

and n1 = 3/5, model (2.19) was used in [108], [115] to fit the transient spark resistance 

in air obtained from experimental data and have showed a reasonable agreement. Fig. 

2-26 demonstrates an example of the comparison between the experimental data of a 

transient arc resistance generated by Marx generator and the fitting result of the RW 

model with n1 = 1/2 in [110]. 
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Figure 2-26. The comparison between the experimental results and computed results of the 

dynamic plasma resistance using Rompe and Weizel model (2.19) with n1 = 1/2 for two 

discharges in 12.8 cm air gap with peak current 0.6 kA and 2.5 kA respectively. (Picture 

taken from [110]). 

 
 

  Although the RW model was originally developed for plasma channel in air, it only 

takes the energy delivered into the plasma channel into consideration. Therefore, the 

RW model can be applicable to the spark discharges in liquid. For example, in a case 

of spark in liquid hydrocarbons [115], Fehr and Schmidt successfully used (2.19) with 

n1 = 1/2 to describe the transient resistance of the breakdown channel.  

 

2.5.3.2 Discharge circuit with constant plasma resistance  
 

  The time-dependent behaviour of the plasma resistance demonstrates two significant 

regions in which initial significant decrease is followed by a relatively slow increase 

as shown in Fig. 2-27. The resistance in the second region increases almost linearly 

with time although some fluctuations are observed. By looking at the entire second 

region, the variation in the plasma resistance is not significant. This observation leads 

to a possibility to represent the plasma resistance with a constant value. This constant 

resistance can be obtained using the assumption that the constant resistance will result 
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in the release of the same amount of energy into the plasma as in the practical case of 

time-dependent plasma resistance. The constant plasma resistance model has been 

used in many papers [70], [71], [73], [82] in the analysis of the discharge processes. 

  The pulsed driving system used for impulsive breakdown studies consists of the 

energy storage capacitor bank, transmission line(s), spark plasma closing switch and 

the spark discharge (load) electrodes. This pulsed power driving circuit can be 

represented by lumped elements connected in series: capacitance, inductance and 

resistance, as a typical RLC circuit. It is worthy of note that the insignificant 

capacitance related to the discharging electrodes is negligible as compared with the 

main energy storage capacitance, [54]. The transmission line and the plasma channel 

contribute to the resistance and inductance of the circuit. Therefore, this RLC 

discharging circuit can be electrically solved by the Kirchhoff’s law, which follows a 

second-order equation: 

 

                                        
1

𝐶
∫ 𝐼(𝑡)𝑑𝑡 + 𝐿

𝑑𝐼(𝑡)

𝑑𝑡
+ 𝐼(𝑡)𝑅 = 0                          (2.20) 

 

where I(t) is the discharging current; C, L, R are the total capacitance, inductance and 

resistance of the circuit respectively. R is the combination of circuit resistance and the 

plasma resistance, which is given by: 

  

                                                      𝑅 = 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡 + 𝑅𝑝𝑙                                  (2.21) 

 

  Therefore, the time-dependent solution of the circuit can be calculated as, [82]: 

                  

                                                     𝐼(𝑡) = 𝐼0𝑒
−𝛼𝑡sin(𝜔𝑡)                             (2.22) 

 

                 𝐼0 = 𝑉𝑏𝑑𝐶(
𝛼2

𝜔
+ 𝜔) , 𝜔 = √

1

𝐿𝐶
−

1

𝛼2
 , 𝛼 =

𝑅

2𝐿
                     (2.23) 

 

  Followed by the extraction of the constant plasma resistance, the energy delivered 

into the plasma channel (as integration of the electrical power) is given by: 
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                                             𝐸𝑝𝑙(𝑡) = 𝑅𝑝𝑙
2 ∫ 𝐼(𝑡)2𝑑𝑡

𝑡

0
                                  (2.24) 

 

  The RLC circuit solution given by (2.22)-(2.23) have been used to fit the 

experimental discharge current waveform in [35], [73], [79], [82]. In these papers, it 

was shown that the calculated current waveform by (2.22) showed a good agreement 

with the experimental data and (2.24) was used in analysis of energy partition, 

verifying the feasibility of this approach in modelling the post-breakdown discharge 

circuit for underwater spark discharges. 

 

2.6 Conclusions 
 

  Chapter 2 introduced the fundamental concepts of breakdown in fluids. The basic 

concepts of the Townsend avalanche discharge, streamer formation and propagation 

are discussed. These processes are considered to be involved as pre-breakdown 

mechanisms in the spark formation in water.  

An overview of the discharge initiation processes in water is given. Different 

mechanisms of the streamer formation and propagation are discussed depending on 

energisation polarity and other parameters of HV impulses. A series of phenomena 

accompanying the streamer formation and development are also discussed based on 

examples of visualization of pre-breakdown process in water stressed with HV 

impulses with positive and negative polarities. The important role of the gas nano- and 

micro-bubbles formed in/near the HV electrode in water in initiation of streamers is 

emphasized. This analysis provides a basis for modification and optimisation of pulsed 

driving circuits and electrode topologies of underwater spark generation system to 

promote the successful breakdown under different conditions.   

  The discussion of post-breakdown plasma/gas cavity formation and evolution and 

emission of acoustic impulses is presented. Several models, which describe the cavity 

oscillation, are introduced and discussed in this chapter. An analysis of parameters and 

characteristics of the acoustic impulses is provided, allowing calculation of acoustic 

energy and analysis of the energy partition in the discharge. It was found that the 

acoustic magnitude is proportional to the length of the plasma channel, thus longer 

underwater sparks produces stronger pressure impulses. This analysis demonstrates an 
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importance of optimisation of the spark generation system for generation of the 

desirable acoustic impulses. 

  In order to effectively generate spark discharges in water, the basic pulsed power 

systems including capacitive energy storage pulsed driving circuit and Marx generator 

are discussed in this chapter. A detailed discussion and analysis of the advantages and 

limitations of different electrode topologies used to generate spark discharges in water 

is presented. Based on the literature information on the streamer development 

mechanisms, three electrode configurations, a topology for free self-triggering 

discharges, a topology with bubble injection and wire-guided topology are introduced. 

Two of these topologies (air-bubble stimulated discharges topology, and wire-guided 

discharges topology) will help to increase the inter-electrode gap at the same 

energisation parameters as compared with free self-triggering discharges. These three 

electrode topologies (free electrode topology, wire-guided topology and topology with 

injected bubbles) will be investigated comprehensively in following experimental 

chapters. Their performance in generating acoustic impulses will be studies and 

analysed. Links between the acoustic parameters and circuit energisation parameters 

are also proposed, which is crucial for the optimisation of these spark systems in their 

practical utilization. 

  For analytical analysis of underwater spark discharges, the method of modelling of 

the discharge circuit is introduced. The transient plasma resistance is discussed and the 

concept of the constant plasma resistance is introduced. For the purpose of the study 

present in this work, modelling of the pulsed driving circuit and the underwater plasma 

channel is achieved using the lumped parameters of the RLC circuit with a constant 

plasma resistance. The validity of this approach for engineering description of the 

practical underwater spark discharges is presented.   
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3 Design and development of the pulsed power and diagnostic 

systems for investigation of characteristics of underwater 

spark discharges 
   

  One of the defining factors in generation of underwater acoustic impulses is the 

topology of the underwater spark discharge generation system. A complete underwater 

spark discharge system, as introduced in Section 2.5, contains a voltage impulse 

generation system and a set of electrodes. The aim of this work is to investigate the 

breakdown characteristics and corresponding acoustic parameters of underwater spark 

discharges initiated by different mechanisms. Three electrode topologies are chosen 

for this study, including the free self-triggering discharges (FD’s), the air-bubble 

stimulated discharges (ABSD’s) and the wire-guided discharges (WGD’s).  

  This chapter discusses and presents the design and the development of the 

experimental set-up used to generate underwater spark discharges and to conduct the 

experimental measurements. In the present work, a capacitive system was built to 

generate microsecond voltage impulses. Different values of capacitance and charging 

voltage have been used in the tests in order to create multi-levels of energisation 

conditions. Similar pulsed power driving circuit was also used in previous studies [35], 

[82]. The voltage and current waveforms during the discharge process were obtained 

by a high voltage probe and a resistive current shunt. The acoustic waveforms 

generated by underwater spark discharges were obtained by a piezo-electric acoustic 

sensor. Different electrode sets were designed for each type of initiation mechanism. 

The distance between the electrodes’ tips was varying from 5 mm to 75 mm to study 

the acoustic generation in different scenarios (combinations of energisation levels and 

inter-electrode gaps).  

  For carrying out a comparison between different parameters of underwater spark 

discharges by three initiation methods, the energisation conditions selected for all tests 

have to be identical. Therefore, the same energy storage (voltage impulses generation 

system) and diagnostic system were used throughout this experimental work. 

 

 

 



63 
 

3.1 Design of the pulsed power driving circuit 
 

  The voltage impulse generation system built in the present work consists of a HV DC 

power supply, a series of charging resistors, a bank of storage capacitance, a manually-

triggered spark-gap switch. The schematic diagram of the pulsed power driving circuit 

is shown in Fig. 3-1. This particular system is aimed to provide microsecond voltage 

impulses with adjustable magnitude and energy level. The HV DC power supply 

charges the storage capacitance to the pre-set voltage level by a stable output current 

through the charging resistors’ bank. Afterwards, the spark-gap switch is closed by 

tester, resulting in a voltage impulse applied to the HV electrode. Once a complete 

plasma channel is formed between electrodes, spark breakdown occurs and the energy 

stored in capacitors is released into the conductive plasma channel. The total energy 

per impulse is determined by the charging voltage and storage capacitance as CVch
2/2. 

The detailed discussion of electrical parameters of the devices used in the voltage 

impulse generation system will be provided in the following section.   

 

 

 

 

 

 

Figure 3-1. The schematic diagram of the voltage impulse generation system, consisting of: 

the DC voltage power supply, VDC; the charging resistor bank, RCH; the storage capacitor 

bank, C; the circuit inductance, L; the circuit resistance, Rcircuit; the manually-triggered spark-

gap switch. 

 
 

RcircuitRCH C L
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3.1.1 HV DC power supply 
 

  The HV DC power supply was manufactured by GLASSMAN HIGH VOLTAGE, 

INC. with model number PS/EH60R01.5-22. This particular DC power model is 

capable of generating both positive and negative voltage with magnitude up to 60 kV; 

this output voltage was supplied to the capacitor(s) bank using RG-8U output HV cable. 

 

3.1.2 Charging resistor 
 

  The charging resistor stack consists of 120 single MEGGITT CGS resistors (model 

SBCHE15). The resistance value of each individual resistor in the stack is 4.7 kΩ with 

5% tolerance. Therefore, the total resistance of the charging resistor is ~ 0.56 MΩ. 

   

3.1.3 Storage capacitance 
 

  The energy storage capacitances of the voltage impulse generation system used in the 

tests were 160 nF, 280 nF and 560 nF. These values of the capacitor(s) bank were given 

by three combinations of four individual HV capacitors, including two identical 

smaller ones and two identical larger ones in terms of their capacitances. These 

capacitors were made by Maxwell Laboratory Ltd, U.S.A. The catalogue number of 

the two small capacitors is 31190 with a nominal capacitance of 80 nF and maximum 

operating voltage of 100 kV; the catalogue number of two larger capacitors is 31857 

with nominal capacitance of 280 nF with the maximum operating voltage of 65 kV. In 

the following mathematical analysis, the practical capacitance values of these 

capacitors were used: 77 nF, 78 nF, 266 nF and 267 nF. These values were obtained by 

using a VideoBridge 2160 (ES1-2160, Electro Scientific Instruments). Therefore, the 

actual values of capacitance used in the voltage impulse generation system for the tests 

were 155 nF, 266 nF and 533 nF. 
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3.1.4 Spark-gap switch 
 

  The spark-gap switch was made up of two brass balls and a circular brass plate, which 

were located within a transparent cylindrical nylon container. The two brass balls (with 

a diameter of 17 mm) were installed on the middle position of the wall inside the 

container and separated by 55 mm to avoid self-spark between them when applying a 

high voltage impulse. The circular brass plate was tied with a rope through its centre 

point and was placed at the bottom of the container; the rope was inserted passing 

through the top cap of the container for manual control. Once the rope is pulled up 

after capacitors get charged, the brass plate will rise and get in contact with the two 

brass balls and the spark generated between them will automatically close the switch.  

 

3.1.5 Transmission cable 
 

  The high voltage transmission and the grounding cables used in the circuit were both 

obtained from the coaxial transmission lines. The inner core of the transmission lines, 

which contains the twisted conduction copper wires and a layer of nylon isolation, was 

used as the circuit conductor. The cylindrical outer layer of the cable is dense copper 

mesh, which was used as the grounding connection by being compressed flat. 

  As mentioned previously, serval energy levels are required to conduct the tests in 

order to investigate the breakdown characteristics of underwater spark discharges 

under different conditions. Three charging voltage levels were selected, including 

25 kV, 30 kV and 35 kV, with the purpose of covering a wide range of energy levels. 

Thus, nine energy levels were used in this studied: 48 J, 70 J, 83 J, 120 J, 163 J, 167 J, 

240 J and 326 J. Similar energies and charging voltage levels were used in a number 

of practical applications [22], [35], [79]. Therefore, these energy levels will be used to 

initiate the breakdown for each inter-electrode gap for all three underwater spark 

discharge types and the results can be compared with previously-published data on the 

acoustic, hydrodynamic and electrical parameters of underwater spark discharges, 

especially for FD’s and WGD’s. 
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3.2 Electrical and acoustic diagnostic devices and systems  
 

  The direct measurements conducted in the tests included the following electrical, 

hydrodynamic and acoustic parameters: voltage waveform, V(t), breakdown voltage, 

Vbr, current waveform, I(t), acoustic signal waveform, peak acoustic magnitude, Pcav-

max, and period of the cavity oscillation, Tcavity. The voltage across electrodes and the 

current through plasma channel were obtained by a high voltage probe and a current 

shunt. The voltage probe was a PVM-5 high voltage probe manufactured by NorthStar 

USA Inc. The maximum voltage, which can be measured by this HV probe is 100 kV 

(impulsive regime 80 MHz bandwidth), and 65 kV (steady state voltage). The voltage 

division ratio is 1000:1 and its input resistance is 400 MΩ. The current probe was a 

Samtech Ltd DE(CP)-01 resistive current shunt with resistance of 29.6 mΩ, 

voltage/current (V/A) ratio of 29.6 V/kA, and with a rise time of 3.6 ns. 

  The acoustic magnitude and the period of the cavity oscillation were obtained from 

the acoustic signal waveform measured by using a Valpey Fisher Pinducer VP1093 

piezoelectric acoustic sensor. It was located 500 mm horizontally away from the spark 

source (the centre of the inter-electrodes’ gap) by being attached on a slim stainless 

steel stick, which is fixed on a movable metal bar on top of the water tank for alignment 

between the Pinducer and the spark centre.  

  All measurement signals from these sensors are voltage signals displayed in unit Volts 

in oscilloscopes. The current signal can be converted into its original unit (Amperes) 

by using the V/A ratio. However, due to the fact that the calibration of the Pinducer 

between voltage and pressure is not given by the manufacturer, the acoustic magnitude 

will be represented in Volts.   

  The voltage and current signals were registered by a Tektronix TDS 2024 four-

channel digital storage oscilloscope with 200 MHz bandwidth and 2 GS/s sampling 

rate. The time and voltage axis scales were set as 5 V/division and 20 μs/division in 

order to record the whole picture of the discharge process. Due to the limited space of 

the oscilloscope’s screen display for current signal (not enlarged by signal-multiply 

setting of the oscilloscope), a Telegarther signal attenuator has been used where the 

attenuation coefficient is 20 dB ± 1 dB. The acoustic signals were recorded by a 

Tektronix TDS 3054B four-channel colour digital phosphor oscilloscope with 

500 MHz bandwidth and 5 GS/s sampling rate. Two different sets of time scales were 
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used due to the different time intervals required to obtain Pcav-max and Tcavity, which 

were 200 ns/division and 1000 μs/division respectively.  

Due to a 500 mm distance between the acoustic sensor and the discharge centre, 

there is a time delay (tdelay = (0.5/1483) s = 337 μs) between the spark discharge and 

arriving of the pressure impulse to the detector location. Therefore, to capture the 

acoustic signal, the AB event triggering mode has been used in the Tektronix TDS 

3054B oscilloscope. The A event is set to be triggered by the electromagnetic 

disturbance signal emitted when applying a voltage impulse to the discharging circuit 

while the B event is set 300 μs later. A flexible trigger level (from 500 mV to 1000 mV) 

was used to ensure the capture of the acoustic signals. 

 

 

 

 

Charging resistor  
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Figure 3-2. Photograph of (a) high voltage impulse generation system located on the water 

tank, and (b) digital oscilloscopes and HV DC supply in the control room.  

 

 

 

  Fig. 3-2 shows the photograph and layout of the voltage impulse generation system 

and the diagnostic system. These systems were placed separately in two individual 

rooms surrounded by metallic walls, control room and test room. These metallic walls 

provide electrostatic screening and prevent any potential signal interference. 

  The HV DC power supply and the oscilloscopes were placed in the control room for 

safe controlling and recording as shown in Fig. 3-2 (b). The impulse generation system 

and the diagnostic devices were located in the test room. The rope from the trigger 

switch was in the control room for manual triggering of the pulsed power system. 
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3.3 Design of the electrodes topology  
 

  The electrode topology is one of the key elements determining the development of 

the plasma channel between the HV and ground electrodes. The design of the electrode 

topology covers several aspects, such as the electrode shape, the electrode material, 

the electrode placement and external triggering devices. In the case of microsecond 

underwater spark discharges (which are under investigation in this work), gas 

bubbles/microbubbles play essential role in development of the discharges. Therefore, 

the major concept of the electrode topology design is based on facilitation of producing 

gas bubbles in the vicinity of HV electrode by either non-uniform electrical field or by 

gas bubble injection.  

  The FD’s have a straightforward point-to-point electrode topology, providing highly 

inhomogeneous electrical field distribution. The ABSD’s have a general point-to-plane 

topology with a modified ground electrode, embedded with air-bubble injection 

functionality. In terms of the WGD’s, a pair of special stainless steel crocodile-like 

clips was used as electrodes where a thin metallic wire was fixed. 

  Given the fact that the same pulsed power circuit was used in all tests, significant 

efforts have been focused on the developing of the electrode configuration(s) with 

good movability and easy installation. For the purpose of providing long life time, all 

electrodes were made of stainless steel as discharges result in erosion of the sharp 

electrodes’ tips as intensive conductive current passing through during post-

breakdown discharge. Stainless steel resists this erosion and is not involved into direct 

chemical reactions with water. Therefore it does not produce by-products, which may 

potentially initiate the discharge and in turn influence the development of the plasma 

channel.   

  The magnitude of the acoustic impulses emitted from the spark source depends on 

the inter-electrode gap [35]. Therefore, in order to investigate the impact of inter-

electrode gap on the acoustic impulse and energy partition of underwater spark 

discharges, the electrode configurations for all three types of underwater spark 

discharges were designed to be gap-length-adjustable. 
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3.3.1 Electrode topology for free self-triggering discharges 
 

  As discussed in Section 2.2, the electrical field required to initiate breakdown in water 

is much higher than that in air. Therefore, to facilitate the formation and propagation 

of streamers in water, electrodes with conical tips (featuring non-uniform electrical 

field distribution) were designed to achieve electric field enhancement in the vicinity 

of the electrode tips. 
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Figure 3-3. The schematic diagram of (a) electrode topology for FD’s, (b) the photograph of 

the electrode configuration and (c) the electrode stand. 

 

  The electrode topology for FD’s is a point-to-point configuration. The photograph of 

the proposed electrodes and their configuration developed in this work is shown in Fig. 

3-3. As shown in Fig. 3-3(a), the HV electrode has a conical shape with slant height of 

18 mm, maximum radius of 5 mm and the tip radius of 0.8 mm; its cylindrical base 

bottom had a radius of 12 mm and a length of 10 mm. The ground electrode has a 

simple structure with solid base and the conical tip has a maximum radius of 5 mm 

and a slant height of 23.5 mm; the base bottom shares the same radius as 5 mm and 

was 14 mm in length. The tails of the HV and ground electrodes were designed for 

being inserted into and fitted tightly within the HV and ground rods for HV and ground 

connection. The HV and ground rods were both made up of stainless steel. The HV 

rod was covered with black rubber cover for electrical isolation. The other end of the 

HV tube was connected with a HV transmission line. The entire HV rod, installed with 

the HV electrode, was attached vertically to a plastic holder, which was a part of a 

metallic stand as shown in Fig. 3-3 (c). The plastic holder was connected with a motion 

gear, embedded within the stand, by which manual position tuning in vertical direction 



72 
 

is possible for inter-electrode gap adjustment. The ground tube was vertically fixed 

onto a heavy metal plate, being placed stably at the bottom of the water tank, which is 

movable for vertical alignment with the HV electrode.  

  

3.3.2 Electrode topology for air-bubble stimulated discharges 
 

  The design of the ABSD’s electrode topology is based on the bubble discharge 

mechanism. For long inter-electrode gaps in the FD’s case, the propagation of the 

streamer may stop before a complete plasma channel is formed, causing the failure in 

developing of complete spark breakdown. Injecting air-bubbles between the electrodes 

is an effective method to initiate spark discharges and to decrease the breakdown 

voltage.  

 

 

 

Figure 3-4. The schematic diagram of the ground electrode embedded with air-bubble 

channel. 

 

 

  The electrodes configuration for ABSD’s contains a HV electrode and a modified 

ground electrode with an air-bubble injection system built in. The HV electrode and 

the HV rod with precise vertical-positional tuning structure, originally developed for 

80 mm

2 mm

6 mm

6 mm
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FD’s, were also used in ABSD’s tests. With the purpose of long-term use, the ground 

electrode for ABSD’s was made in stainless steel and was designed with a three-piece 

structure with a diameter of 19 mm and a total length of 80 mm as shown in Fig. 3-4. 

The bottom piece features an outstanding stick, being used to connect the electrode 

with ground tube. The middle piece of the ground electrode had a built-in L-type air 

channel (with 6 mm inner diameter) whose one end was connected with the air tube 

by a brass push-in junction for external air injection and the other end guided the 

injected air to the top piece. With the consideration of constraining the output air 

bubbles within a reasonable size (not as big as that directly coming from the 6 mm air 

channel), the initial 6 mm air channel was tapered down to a smaller 2 mm (in diameter) 

port in the top piece. These three pieces were connected by screwing in each other with 

sealing tapes covered for air leaking-proof. The photograph of the electrode topology 

for ABSD’s is shown in Fig. 3-5. 

 

 

 

Figure 3-5. The photograph of the electrode configuration for ABSD’s. 

 

 

  An Aqua Air AP1 fish tank air pump, manufactured by Interpet. Ltd, was used as the 

air- pumping source, which is capable of producing stable initial airflow at a speed of 

120 litres/hour with pressure at 0.2 mbar. This air pump was seated in the control room 

and was connected to the ground electrode through a 6.6 m-long blue air transport tube 
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with a diameter of 6 mm. However, the direct output from the air pump is too strong 

to generate air bubbles, which are smoothly injected into the gap. In this case, a pair 

of flow regulators was introduced into the gas handling system to control airflow from 

the pump. These two airflow regulators with model numbers of FT257/2-14 and 

1251 14, provided two-step fine tuning of airflow. 

  

3.3.3 Electrode topology for wire guided discharges 
 

  The main requirement for the electrodes for WGD’s is to hold a thin metallic wire 

firmly. An easy access to the wire holing system should allow straightforward 

replacement of the wire after each discharge. Therefore, instead of having the separate 

support structures as in the case of free and air-bubble stimulated discharges, the high 

voltage and ground connection rods for wire-guided discharges were assembled on a 

same electrode holder as shown in Fig. 3-6(a), where the HV rod is inserted within the 

stainless steel ground tube. Thus it is possible to handle these electrodes together which 

helps to replace wire easily. As the HV rod and ground tube had a coaxial structure, to 

avoid the direct spark discharge between them instead of exploding the metallic wire, 

there was plastic isolation filled between the HV rod and ground tube, which is 

indicated by the white nylon material in Fig. 3-6(a). The connection parts, such as nuts, 

screws and electrode bases, were mainly made up of nylon. A brass O-ring fixed on 

upper side of the ground tube was used to connect with the grounding cable. The total 

length of the ground tube is 720 mm and its internal diameter is 18 mm while the high 

voltage rod is 210 mm longer than it to prevent air sparks between the tube edge and 

the rod top. For additional insolation, a PVC cap is also fitted on the tube top. The 

nylon block together with a piece of red heavy metal is installed at a quarter length 

down from the tube top as a stable stand, to be fitted above the water tank, making the 

electrodes emerged in the water. 
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Figure 3-6. The photograph of (a) the electrode holder, (b) the electrode topology and (c) the 

schematic diagram of the electrode structure. 
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  With the consideration of fast and safe wire exchange, two identical Hirschmann 

crocodile clips were modified to be used as the high voltage and ground electrodes. 

These Hirschmann AGF20 crocodile clips (shown in Fig. 3-6(b)) are made from nickel 

plated steel with body length of 49 mm. In order to fit them in the electrode topology 

used in this work, their front teeth have been removed for smooth grabbing of the thin 

wire and additional screw sections have also been attached at each end of these clips 

for easy installation into the base plates. The schematic diagram for the electrodes is 

also shown in Fig. 3-6(c). There are three plates (two 65 mm-diameter nylon ones and 

a 100 mm-diameter steel one) for the top base and one 100 mm-diameter steel plate 

for the bottom base. One of the clips (HV clip) was connected with the two nylon top 

plates though a small metal screwing-in connector with a diameter of 5 mm, where the 

end of high voltage brass rod was hidden within and got in touch with the clip 

electrically. These two nylons plates together with the high voltage clip were also fixed 

to the top steel plate by nylon screws and nuts. The other clip (ground clip) was directly 

screwed in the bottom base plate. The top and bottom steel plates were connected with 

each other to form a test cage by three plastic (PVC) columns, in one of which a long 

metallic screw was used for electrical ground connection. By this structure, the length 

of these columns determined the potential distance between electrodes (from head to 

head of the clips). Therefore, several sets of columns in different length have been 

made to achieve different inter-electrode gaps being conducted tests with.  

  The holder tube and the test cage were connected by using a Prestex 42CP brass 

adaptor with a size of 22 mm/0.75 in, which is manufactured by Pelger Yorkshire. Ltd. 

With this specific electrodes configuration design, the current will pass from the top 

of the high voltage brass rod down to the high voltage clip and then go back to ground 

through the ground clip together with the steel plates and the outer tube.    

  The thin metallic wire used to connect the electrodes is made up of copper because 

of the well-studied nature of it. The copper wire is manufactured by Goodfellow 

Cambridge, Ltd. The purity of the material is 99.9 % and its diameter is 0.1 mm.    
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3.3.4 Water tank 
 

  The water tank, shown in Fig. 3-7, was used in all three types of discharges’ tests. It 

had a dimension of 2 m (length) × 1 m (width) × 1 m (height) and was made up of the 

mixture of nylon and fibre. The tank was filled with water to 90 % of its total volume 

(~ 1800 L) when conducting tests. By taking the consideration of potential 

contamination (dust from ambient atmosphere and potential chemical reactions in 

water) during the tests, the water tank was refilled with tap water every five days. The 

water was taken directly from the tap in the laboratory. Its conductivity was 

66.00 μS/cm and pH value was 6.64 as measured by an Orion Star A215 

pH/conductivity meter with Orion 013005MD conductivity cell and an Orion 

8157BNUMD, manufactured by Thermo Scientific, Ltd. The conductivity of tap water 

used in University of Strathclyde in Scotland, supplied by Scottish Water, is relatively 

soft, as compared with other areas in England (hundreds of μS/cm). For example, 

typical water conductivity for the university’s area for year Apr. 2017 to Mar. 2018, 

measured by Scottish Water, was in a range from 39 μS/cm to 59 μS/cm with a mean 

value of 52 μS/cm [116]. The electrodes in all spark discharges tests were located in 

the middle of the water tank. 

 

 

 

Figure 3-7. The photograph of the water tank used for all discharge tests. 
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3.4 Experimental methodology  
 

  The underwater spark discharge characteristics were obtained from experimental 

measurements and theoretical analysis. Statistical analysis of the data obtained in 

discharge tests was conducted. It is important to ensure that the number of conducted 

tests is sufficient to conduct reliable statistical analysis.  

  The controllable test parameters in the present work include the charging voltage, the 

storage capacitance and the inter-electrode gap. Three levels of charging voltage and 

three values of capacitance were used, resulting in nine energisation levels in total. The 

selection of the inter-electrode gap depends on the ‘breakdown ability’ in each type of 

discharge. The upper limit of the achievable inter-electrode gap for each type was 

obtained by conducing preliminary tests using the highest energisation level when the 

success rate of breakdown was lower than 50 % at specific inter-electrode gaps. The 

final selection of the inter-electrode gaps for FD’s, ABSD’s and WGD’s is shown in 

Table. 3-1. 

 

Table 3-1. The lengths of inter-electrode gap used for three types of discharges 

 

Discharge mechanism Inter-electrode gap (mm) 

FD’s 5, 7, 10, 12, 15 

ABSD’s 15, 20, 25 

WGD’s 15, 45, 75 

 

  By using combinations of the inter-electrode gap given in Table. 3-1 and the 

energisation levels mentioned in Section 3.1.5, the breakdown probability achieved for 

both FD’s and ABSD’s was above ~ 70 %. 

  Two major acoustic and hydrodynamic parameters were monitored during tests, the 

acoustic magnitude and the period of the cavity oscillation. For each combination of 

the charging voltage, the value of capacitance and the inter-electrode gap for FD’s and 

ABSD’s, ten independent measurements of the acoustic magnitude and the period of 

cavity oscillation were obtained. The voltage and current waveforms were monitored 

for all of these tests. With the consideration of the consistent performance of WGD’s 

and its time-consuming wire exchange operation, the number of tests was reduced to 
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five for both acoustic magnitude and period of cavity oscillation. The plasma 

resistance and the energy delivered into the plasma channel were obtained from the 

current waveforms by using the RLC circuit analysis (2.22)-(2.24). 

 

3.5 Conclusions  
 

  This chapter presented the design and development of the underwater spark discharge 

generation system used in the present work. The experimental set-up was divided into 

three sections, the voltage impulse generation system, the diagnostic system and the 

electrode topology. The detailed information and electrical parameters of all 

equipment used in the tests are provided. Different combinations of charging voltage 

(25 kV, 30 kV and 35kV) and storage capacitance (155 nF, 266 nF and 533 nF) were 

chosen to conduct the tests. The diagnostic system used in this work consists of voltage, 

current and acoustic monitoring probes. The corresponding oscilloscope settings were 

discussed in order to accurately capture and record the voltage, current and acoustic 

signals. 

  The design of the electrode topology for FD’s, ABSD’s and WGD’s was explained. 

The dimensions and the materials used to construct the electrodes are also provided. 

The FD’s and ABSD’s used the same HV electrode to initiate the discharge. The 

ground electrode for ABSD’s was modified so as to produce consistent air bubble 

injection in water during tests to increase the potential breakdown voltage.  

  A dedicated position tuning system was constructed for adjustment of inter-electrode 

gap, which was mounted on the top of the water tank. The electrodes for copper wires 

were hold by conductive crocodile clips, thus, it was easy to replace thin wires after 

each shot. Copper wire (99.9 % purity) was used in wire-guided discharge tests. For 

reducing potential interference from the acoustic waves reflected by the water surface 

and tank walls, the electrode configurations were located in the middle position in the 

water tank. The conductivity and PH values of water used in the tests were measured. 

  Different inter-electrode gaps for FD’s, ABSD’s and WGD’s were chosen to conduct 

discharge tests. The inter-electrode gap varied from 5 mm to 75 mm depending on the 

amount of energy available in the discharge for different discharge mechanisms. A 

number of discharge tests were planned for each combination of charging voltage, 

capacitance and inter-electrode gap for better statistical accuracy.  



80 
 

  The electrical parameters of the circuit, obtained from direct measurements and 

circuit analysis, were breakdown voltage, Vbr, plasma resistance, Rpl, and the energy 

delivered into the plasma channel, Epl, while the acoustic magnitude, Pcav-maxi, and 

period of cavity oscillation, Tcavity, were obtained as the acoustic and hydrodynamic 

parameters. The acquisition of these parameters will be discussed in the following 

chapters. Fundamental relationships between these parameters will be investigated in 

following chapters. This analysis will allow the optimisation of the circuit parameter 

for generating desirable acoustic impulses. Also, this research will lead to further 

understanding of the mechanisms and parameters of underwater spark discharges. 
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4 Experimental results and analysis: Free self-triggering 

discharges 
 

  The free self-triggering discharge is one of the most common types of underwater 

spark discharges. This type of breakdown and its mechanism have been studied 

intensively from its pre-breakdown initiation process to post-breakdown phenomena. 

The advantages of this type of underwater spark discharge are the flexibility in 

configuration design and the ability to support high operation frequency (number of 

discharges per second). This chapter is aimed at investigation of the breakdown 

characteristics of the FD’s for comprehensive analysis and understanding of the 

relationships between the discharge properties and the acoustic output characteristics, 

which is important for the optimisation of underwater spark discharge in practical 

cases. 

  This chapter presents the experimental results obtained in the point-to-point electrode 

topology designed in Chapter 2. These results include the breakdown voltage, Vbr, the 

plasma resistance, Rpl, the energy delivered into the plasma channel, Epl, the acoustic 

magnitude, Pcav-max, and the period of the cavity oscillation, Tcavity. The electrical 

properties of the plasma channel were obtained as the result of the discharging circuit 

being treated as a RLC circuit. These electrical parameters reveal the discharging 

conditions and the plasma channel properties. The acoustic magnitude and the period 

of cavity oscillation describe the strength of the acoustic impulse and the dynamic 

behaviour of the gas cavity after breakdown. The acoustic energy can be calculated 

with the help of the experimental acoustic profile. However, as mentioned in Section 

3.2, the calibration of the acoustic sensor used in the diagnostic system is unknown 

and the actual pressure of the acoustic magnitude measurement is not obtainable. 

Therefore, only the magnitude of acoustic impulses and the period of the cavity 

oscillation are involved in the analysis within this chapter. The acquisition of the 

acoustic energy and its efficiency will be conducted by using an analytical model in 

Chapter 7. 

  The discussion of the dependency of the acoustic magnitude and the period of cavity 

oscillation on the obtained electrical parameters of the circuit is presented within this 

chapter. Their relationships are illustrated and statistical analysis is conducted to find 

scaling relations. The acoustic magnitude is shown as a function of the breakdown 
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voltage, the storage capacitance and the inter-electrode gap, while the period of cavity 

oscillation has weak dependency on the inter-electrode gap. It was found that the 

optimal acoustic output is also related to the electrical parameter of the external circuit, 

based on the non-linear relationship between the acoustic output parameters and the 

plasma resistance. 

 

4.1 Experimental results  
 

4.1.1 Voltage and current waveforms 
 

The FD’s were achieved by applying high voltage impulses directly to the HV and 

ground electrodes submerged in water. From initial tests, the streamers were 

propagating in a subsonic mode. The voltage and current waveforms were recorded 

covering the whole process of the spark discharge and examples of these waveforms 

for a specific free self-triggering discharge are shown in Fig. 4-1. The underdamped 

oscillations shown in these waveforms during post-breakdown discharges are similar 

to the waveforms obtained in [79]. 
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Figure 4-1. Example waveforms of (a) the voltage and (b) current, obtained for a free self-

triggering discharge with the following parameters: 10 mm gap, 533 nF capacitance, ~ 29.8 

kV breakdown voltage (30 kV nominal charging voltage). 

 

 

Although the magnitude and the number of oscillation cycles in the waveforms can 

be different, the basic profile of these waveforms for different experimental conditions 

is similar. By taking Fig. 4-1 (a) as an example, the voltage impulse is applied to the 

electrodes at time 0 μs and the voltage across electrodes rapidly reaches the charging 

level. Due to the existence of the conductivity of water, the voltage starts to decay until 

the time reaches ~ 52 μs. The time interval between 0 μs to 52 μs is defined as the pre-

breakdown time for the breakdown above when the formation and propagation of 

streamers take place. The general range of the pre-breakdown time for FD’s is from 

~ 25 μs to ~ 400 μs. The breakdown occurs at ~ 52 μs after streamers bridges the inter-

electrode gap. The voltage present at this particular moment across the electrodes is 

the breakdown voltage, Vbr. This voltage defines the total energy available at 

breakdown, Ebr, part of which to be delivered into the plasma channel. The resistance 
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between electrodes dramatically decreases due to the establishment of highly 

conductive plasma channel. The conductive current, I(t), appears at this moment, 

which is shown in Fig. 4-1 (b). The magnitude of the current, I0, ranges from ~ 2 kA 

to ~ 12 kA in all FD’s tests, depending on the energisation level used. During the post-

breakdown period starting from ~ 52 μs, the current continues to inject electrical 

energy into the plasma until it disappears at ~ 155 μs. The voltage and current 

waveforms are in decaying sinusoidal forms during the discharge phase (energy 

deposition phase). These oscillations in voltage and current indicate the electrical 

dynamics of the system (RLC circuit) with presence of the capacitive and inductive 

elements in the circuit.  

 

4.1.2 Hydrodynamic and acoustic signals 
 

Examples of the acoustic signals recorded for FD’s are shown in Fig. 4-2. Fig. 4-

2(a) demonstrates typical waveforms of the primary acoustic impulses obtained for 

FD’s in 5 mm, 7 mm, and 12 mm gaps, which show similar wave shapes but with 

different magnitudes. Similar experimentally obtained acoustic profiles were reported 

in [35]. 
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Figure 4-2. Acoustic signals obtained: (a) the profile of the acoustic magnitude for discharges 

in 5 mm, 7 mm and 12 mm gaps; (b) the primary and secondary acoustic impulses emitted at 

the formation and collapse of the cavity for a discharge in 7 mm gap. Pcav-max is the first peak 

of the impulse and Tcavity indicates the time duration of the primary oscillation of the cavity. 

 

 

As discussed in Section 2.4.3, a few number of acoustic impulses can be emitted 

during an underwater spark discharge. The acoustic signal in Fig. 4-2(a) refers to the 

primary acoustic impulse emitted from the spark source. The initial peak value of this 

signal will be used to represent the magnitude of the primary acoustic impulse emitted 

from the cavity, Pcav-max. The acoustic impulses generated by underwater spark 

discharges have short durations (< 1 μs). 

Fig. 4-2(b) shows two successive acoustic impulses emitted during the gas cavity’s 

oscillation (formation and first collapse of the cavity), which have different 

magnitudes due to energy dissipation. The first impulse indicates the formation of the 

cavity and the second impulse points out the end of its collapse. There are other visible 

acoustic ‘spikes’ with relatively small magnitudes present in Fig. 4-2(b). These minor 

acoustic signals are due to the reflective waves from the solid tank walls or from the 
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water-atmosphere interface. The position of the acoustic sensor (500 mm away from 

the spark source) guarantees that the first signal detected by the sensor must be the 

direct acoustic signal from spark rather than any reflection.  

The hydrodynamic information obtained from the waveform is the period of cavity 

oscillation as illustrated in Fig. 4-2(b). In ideal case (no energy losses), the gas cavity 

oscillates with a period, researching its maximum size and then collapsing under the 

external hydrostatic pressure. These ideal oscillations are described by the Rayleigh 

model (2.8), which links Tcavity with the maximum radius of the cavity, rmax. In practical 

case, energy losses results in reduction of numbers of oscillations and thereby the 

shorter oscillating period of each new oscillation. In [117], the decaying cavity’s 

oscillation period was discussed and was experimentally recorded as decreasing time 

interval between successive shockwave pulses. In the present work, the term Tcavity (the 

period of the cavity oscillation) only refers to the time interval from the formation of 

the cavity (after the breakdown) to its first collapse. Further potential oscillations are 

not considered is this work. 

 

4.2 The period of cavity oscillation as a function of the breakdown 

voltage 
 

  The spark-generated cavity oscillation has previously been investigated to calculate 

the energy consumption for cavity expansion and the corresponding efficiency and to 

study the energy partition in the post-breakdown stage [74], [117], [118]. In present 

work, the cavity’s oscillation was studied as one of the major post-breakdown 

hydrodynamic phenomena.   

  After completion of the pre-breakdown stage, a streamer bridges two electrodes and 

a gas cavity is formed in the centre of the spark. It expands due to the large initial 

pressure inside it and then collapses under the force of the external hydrostatic pressure. 

This characteristic of the cavity oscillation depends on the energy deposition in the 

early post-breakdown stage.  

  During this dynamic process, the mechanical work done to the ambient water by the 

cavity (the gas/water interface), Wm, by the time it reaches its maximum radius, rmax, 

can be expressed as: 
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                                          𝑊𝑚 = (4𝜋 3⁄ )𝑟𝑚𝑎𝑥
3 𝑝∞                                (4.1) 

 

where p∞ is the ambient hydrostatic pressure. 

  The source of this work, Wm, is the energy delivered into the plasma channel, Epl, 

which is proportional to the total energy available at breakdown, Ebr, in the discharge 

circuit:  

    

                                                               𝐸𝑝𝑙 ∝ 𝐸𝑏𝑟                                         (4.2) 

 

  Therefore, the mechanical work, Wm, can be related to Epl by: 

 

                                                              𝑊𝑚 = 𝛿𝐸𝑝𝑙                                        (4.3) 

 

where δ is a proportionality coefficient, which will be investigated in details in 

Section 4.9.  

  Ebr can be obtained by: 

 

                                                             𝐸𝑏𝑟 =
𝐶𝑉𝑏𝑟

2

2
⁄                                      (4.4) 

 

where Vbr is the breakdown voltage and C is the storage capacitance.  

  Therefore, a relationship between Wm and Vbr can be found as: 

 

                                                               𝑊𝑚 ∝
𝐶𝑉𝑏𝑟

2

2
⁄                                    (4.5) 

 

  A model relating the collapse time of the cavity to the maximum cavity radius was 

derived by integrating the Rayleigh-Plesset equation, [119]-[122]:  

 

                                           𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 1.83𝑟𝑚𝑎𝑥(𝜌0 𝑝∞⁄ )1/2                            (4.6) 

 

where 0 is the density of water and p∞ is the external hydrostatic pressure. 

  (4.6) is used to describe the relationship between Tcavity and rmax in this work with the 
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assumption that the viscosity and surface tension of the water can be neglected and no 

energy losses is included for an ideal case.   

  The combination of (4.1) and (4.6) links the period of cavity oscillation with the 

mechanical work, Wm: 

 

                                               
6/53/12/1

014.1 

 pWT mcavity                                (4.7) 

 

  By substituting Wm with Vbr, the result leads to a link between two experimentally 

obtained parameters, which are the period of cavity oscillation and the breakdown 

voltage: 

 

                                             
6/52/1

0

3/13/2 

 pCVT brcavity                              (4.8) 

 

  Given the known values for the storage capacitance, water density and hydrostatic 

pressure, (4.8) can be simplified by using proportionality coefficient, m, to represent 

the links between Tcavity and Vbr in all cases of the FD’s tests: 

 

                                                        
3/2

brcavity VmT                                            (4.9) 

 

  The dependency of Tcavity on Vbr for different inter-electrode gaps is shown in Fig. 4-

3 and they are classified by different values of the storage capacitance. Each data point 

shown in Fig. 4-3 indicates an individual breakdown event under corresponding 

experimental conditions. The main observations shown in three capacitance value 

cases are similar that the period of cavity oscillation increases with an increase in the 

breakdown voltage by a well-defined tendency, which can be used to accurately predict 

the cavity oscillation time for a given value of breakdown voltage. 
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Figure 4-3. The period of cavity oscillation as a function of the breakdown voltage for (a) 

155 nF, (b) 266 nF and (c) 533 nF. The red data points in grey areas indicate those discharges 

where Rpl < Rcircuit. 

 

 

However, there is a cluster of data points, which is located outside (below) the main 

trend for each capacitance case, showing lower increase in Tcavity with the increasing 

Vbr, which is marked in red and covered in the grey area in Fig. 4-3. It should be noted 

that most of these points were obtained in short gaps (5 mm and 7 mm) with high 

breakdown voltages (> 20 kV), meaning the value of Tcavity in this situation will see no 

further significant increase even with breakdown voltages higher than 35 kV. Similar 

observation on the relationship between Tcavity and the breakdown energy (CVbr
2/2) was 

also obtained in [35]: Tcavity demonstrated no significant increase with an increase in 

the breakdown energy (> 40 J) for 5 mm inter-electrode gap. As discussed before, the 

expansion of the cavity depends on the amount of energy released into the plasma 

channel, Epl. In other words, serval major factors determine the cavity oscillation 

period: the breakdown voltage, the energy delivered into the plasma channel and the 
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energy conversion efficiency (defined as ratio of the energy delivered into the plasma 

channel and the total energy available at breakdown). It is clear that that higher 

breakdown voltage produces larger energy available at breakdown according to (4.4). 

However, the energy conversion efficiency is different in different situations and is 

strongly related to the plasma resistance. Therefore, the plasma resistance will be used 

to explain these outlying clusters. The values of the constant plasma resistance have 

been obtained for all tests based on the RLC circuit solution as described by (2.22). It 

will be shown that the plasma resistance normally decreases with increasing 

breakdown voltage. The decreasing plasma resistance, in turn, results in lower energy 

conversion efficiency. Thus, the energy conversion efficiency will decrease with an 

increase in breakdown voltage.  

It has been found that the plasma resistance of breakdowns (with high Vbr) in the 

grey areas is lower than the circuit resistance, Rcircuit>Rpl. For these discharges, low 

values of the energy conversion efficiency dominate the large amount of energy 

available in the circuit, resulting in less energy delivered into the plasma channel than 

expected. On the other hand, the discharges in the main trend, have values of the 

plasma resistance higher than the circuit resistance, Rcircuit<Rpl. Thus, the increasing 

breakdown voltage overpowers the slowly-decreasing energy conversion efficiency, 

resulting in an increase in the energy delivered into in the plasma channel. As a 

summary, the difference between Tcavity in the main trend and in the grey areas in Fig. 

4-3 can be explained by the inverse relationship between the electrical energy 

conversion efficiency and the breakdown voltage. More detailed discussion of the 

impact of the plasma resistance together with the energy conversion efficiency on the 

period of cavity oscillation will be demonstrated in Section 4.3. 

  Equation (4.9) has been used to fit the data points (Tcavity) in the main trend and the 

fitting results are shown as the solid lines in Fig. 4-4. The dashed lines indicate the 

upper and lower boundaries of the 9 % prediction intervals. This fitting procedure was 

conducted in OriginLab Pro 9.0 software. The proportionality coefficient, m, was used 

as a free fitting parameter. The values of breakdown voltage used in (4.9) were in kV. 
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Figure 4-4. The period of cavity oscillation as a function of the breakdown voltage for (a) 

155 nF, (b) 266 nF and (c) 533 nF, with the solid fitting lines given by (4.9). The dashed lines 

show the upper and lower boundaries of the 95 % prediction intervals. 

 

 

Table 4-1. The coefficient, m, obtained for three values of capacitance by fitting (4.9) to data 

in Fig. 4-3 

 

C 155 nF 266 nF 533 nF 

m 0.61 ± 0.01 0.70 ± 0.01 0.92 ± 0.01 

   

  The numerical values of the fitting parameter, m, with their standard deviation are 

given in Table. 4.1 for all three values of storage capacitance. It was found that the 

fitting lines of (4.9) demonstrate a good agreement with the main trend of the 

experimental results for all capacitances. The upper and lower boundaries of the 95 % 

prediction intervals cover most of experimental data in the main trend, confirming the 

feasibility of (4.9) in predicting the Tcavity for a given value of breakdown voltages.  

  By implementing a non-linear fit to the calculated values of coefficient, m, in Table. 
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4-1 in software OriginPro 9.0, the fitting result turned out to be: m  C 0.34 as illustrated 

in Fig. 4.5 where m is represented as a function of C. The power coefficient of C, 

obtained using this fitting procedure is 0.34, which is close to its value 1/3 derived in 

(4.8). In the case of FD’s, it can be said the behaviour of the cavity oscillation during 

the post-breakdown stage for different inter-electrode gaps will be the same for same 

energisation conditions.  

 

 

 

Figure 4-5. The coefficient, m, in (4.9) with its standard deviation as a function of the value 

of capacitance. The red curve shows the fitting result as m = 0.11C 0.34. 

 

 

Based on the analysis conducted above, by substituting m = 0.11C0.34 in (4.9), a 

general form of the scaling relationship can be obtained: 

 

                                                    𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 0.11𝐶0.34𝑉𝑏𝑟
2/3                                  (4.10) 

 

Fig. 4-6 illustrates the combination of experimental data in the main trend for all 

three capacitance cases in FD’s tests. The solid lines in Fig. 4-6 demonstrate the fitting 

of (4.10) to the experimental data. It was shown that (4.10) works well for all three 
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cases, confirming its validity to describe Tcavity as a function of Vbr and C for FD’s 

regardless of the inter-electrode gap.   

 

 

 

Figure 4-6. The period of cavity oscillation as a function of the breakdown voltage for all 

capacitance cases: (a) 155 nF, (b) 266 nF, (c) 533 nF. Solid lines show fitting results given by 

(4.10), excluding data points where Rpl < Rcircuit. 

 

 

4.3 The acoustic magnitude as a function of the breakdown voltage 
 

  The magnitude of the acoustic impulse emitted from the spark source is an essential 

parameter to be considered in practical underwater spark discharge applications as 

introduced in Chapter 1. Its dependency on the electrical parameters of the circuit and 

electrode topology has been investigated in [123]-[128]. Therefore, it is important to 

establish a link between the acoustic pressure and the discharge circuit parameters for 

straightforward evaluation of the acoustic performance of FD’s. This section presents 

the discussion of the relationships between the acoustic magnitude and the breakdown 
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established.     

  A link between the acoustic magnitude and the breakdown voltage can be established 

by considering the energy partition in the discharge process. The mechanisms of 

propagation of acoustic impulses emitted by chemical explosion in water are similar 

to those produced by underwater spark discharges regardless of their initiation 

mechanisms. Therefore, the relationship between the acoustic magnitude, Pcav-max¸ the 

charge mass, M, and the distance between the charge and observation point, d, 

established for chemical underwater explosion, [129], can be applied to the underwater 

spark discharges: 

 

                                             𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 ∝ (𝑀1/3/𝑑)
𝛽

                                     (4.11) 

 

where β is an empirical constant parameter and is found to be 1.13 in [129].  

In (4.11), in the case of underwater spark discharges, the charge mass, M, can be 

related to the energy available in spark breakdown, Ebr. Therefore, the proposed link 

between M and Vbr can be written as: 

 

                                                    2/2

brCVM                                                (4.12) 

 

By combining (4.11) and (4.12), a simplified proportional relationship can be 

established for the acoustic magnitude, Pcav-max. This magnitude is proportional to the 

breakdown voltage to the power 2β/3, Vbr
2/3β and to the capacitance to the power 1/3, 

C1/3: 

  

                                                  
3/23/

max


brcav VCP                                     (4.13) 

 

In the same manner, when dealing with the relationship between the period of cavity 

oscillation and the breakdown voltage, a proportionality coefficient, k, can be 

introduced, and (4.13) can be rewritten as: 

 

                                                     
3/2

max



brcav kVP                                           (4.14) 
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where Pcav-max is expressed in mV and Vbr is in kV. 

In [125], the peak pressure of the pressure impulse was found to be proportional to 

the breakdown energy, Ebr, to the power (0.46 – 0.14e-Ph/1.75) where Ph is 

hydrodynamic pressure in MPa. By using Ebr∝Vbr
2, the power coefficient for Vbr can 

be calculated for the FD’s (for Ph 0.1 MPa) in this work and it was found to be ~ 0.66, 

which is close to the value 2β/3 = 0.753 obtained in (4.14). In [130], [131], an 

empirical scaling relationship was established between the peak pressure and the 

breakdown energy: the peak pressure was proportional to the breakdown energy to the 

power 0.35. By adopting Ebr∝Vbr
2, it was found that the peak pressure was 

proportional to the breakdown voltage to the power ~ 0.7, which was also close to the 

phenomenological value, 0.753, obtained in this work. 

It is worthy of note that the length of the acoustic source, (the inter-electrode gap, 

l,) is not taken into account in (4.14) as it is purely derived from the energy aspect in 

this case. Model (4.11) demonstrates that the effect of Vbr on Pcav-max is stronger than 

that of C as the power coefficient of Vbr, (2β/3), is twice of that of C, (β/3).  

  The experimental acoustic magnitude as a function of the breakdown voltage for all 

three values of capacitance is plotted in Fig. 4-7. It was found that the magnitude of 

the acoustic magnitude increases with an increase in breakdown voltage. It is also 

established that for a given value of breakdown voltage for the same inter-electrode 

gap, the acoustic magnitudes obtained with higher capacitance normally have higher 

values. Both findings point to the same situation where larger amount of energy is 

delivered into the plasma channel and an enhancement in the acoustic magnitude can 

be expected. It was worthy of note that ‘saturation’ in the magnitude values was also 

observed for experimental data obtained for 5 mm and 7 mm gaps with high Vbr 

(> 25 kV). This saturation of the peak pressure for high energy levels was also reported 

in [35] and a conclusion was made that both Tcavity and Pcav-max saturate with higher 

applied pulse. 
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Figure 4-7. The acoustic magnitude as a function of the breakdown voltage for three values 

of capacitance: (a) 155 nF, (b) 266 nF, (c) 533 nF. The red data points in grey areas indicate 

obtained results where Rpl < Rcircuit. 

 

 

  To establish an analytical link between the magnitude of the acoustic signals and the 

breakdown voltage, scaling relationship (4.14) is fitted to the experimental data in Fig. 

4-8. The solid lines indicate the main trend fitted by (4.14) and dashed lines are upper 

and lower boundaries of the 95 % prediction intervals. The fitting procedure was also 

conducted in OriginLab Pro 9.0 software, k was used as a free parameter with known 

value of β = 1.13.    
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Figure 4-8. The fitting of (4.14) to the experimental data for all capacitance cases: (a) 155 nF, 

(b) 266 nF, (c) 533 nF, indicated by the solid lines. Dashed lines represent the upper and 

lower boundaries of the 95 % prediction intervals.  

 

 

 The obtained numerical values of k with their standard deviation for three different 

capacitances are given in Table. 4-2.  

 

Table 4-2. Fitting parameters, k, of (4.14) to experimental results for three values of 

capacitance 

 

C 155 nF 266 nF 533 nF 

k 66.18 ± 1.39 87.44 ± 2.16 88.6 ± 2.12 

 

  As in the case of period of cavity oscillation, some data points have been found to be 

below the lower boundaries of the 95 % prediction intervals. These data points belong 

to the discharges with breakdown voltages > 20 kV and they are produced mainly in 
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short inter-electrode gaps (5 mm and 7 mm). Such clusters were also observed as the 

grey areas in Fig. 4-7, especially for the 155 nF and 266 nF cases. Similarly, these data 

points (Tcavity) were associated with the FD’s whose plasma resistance was lower than 

the circuit resistance, Rpl < Rcircuit. Their low values of energy conversion efficiency 

resulted in less energy delivered into the plasma channel and thereby weaker acoustic 

impulses even for high breakdown voltages.  

  The magnitudes of the acoustic impulses obtained in tests show significant sensitivity 

to variation in the inter-electrode gap. A clearly visible dispersion in the magnitude 

values and the wide prediction intervals can be found in Fig. 4-7 and Fig. 4-8. It was 

established that the acoustic magnitudes obtained in longer inter-electrode gaps are 

larger than those obtained in short inter-electrode gaps for the same values of 

breakdown voltage and capacitance. This proportionality relationship between the 

acoustic magnitude and the inter-electrode gap was also found in [35], [42], [126]. For 

example, in [126], with fixed capacitance of 5.22 μF and same breakdown voltage at 

~14 kV, the peak pressure was ~10 MPa for 10 mm gap and it was only ~7 MPa for 

5 mm gap. Such a dependency of acoustic magnitude on the inter-electrode gap was 

observed and confirmed in [35] under similar experimental conditions used in this 

work. 

It is worthy of note that the increase in the acoustic magnitude by rising the 

capacitance from 266 nF to 533 nF was not as significant as that by rising capaictance 

from 155 nF to 266 nF. A possible explanation is that most of values of Rpl obtained 

for experimental data in the 533 nF case are either smaller than or close to Rcircuit. In 

this case, their energy conversion efficiency is low and their energy delivered into the 

plasma channel will not be as high as it is expected. Therefore, less amount of data 

will be shown in the main trend in Fig. 4-7(c) and their acoustic magnitudes do not 

show significant increase with higher Vbr.  

Another suggestion is based on the investigation on the peak pressure generated by 

underwater spark discharge in [132]. In [132], a relationship between the peak acoustic 

pressure and the energy delivered into the spark channel from the breakdown moment 

to the moment when the channel expansion speed reaches its maximum, E⃰, was 

established. It was found that the peak acoustic pressure is proportional to E⃰. For 

example, in [132], similar values of peak pressure, ~ 11 MPa, were experimentally 
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obtained for underwater spark discharges with different energisation conditions 

(C = 5.22 uF and Vbr = 13.11 kV; C = 1 F and Vbr = 16.18 kV) but with similar E⃰ ~6 J. 

Therefore, in the 533 nF case presented in this work, similar acoustic magnitudes 

obtained for discharges with different breakdown voltages may result from negligible 

difference in their values of E⃰. However, the study of the parameter E⃰ was out of scope 

of the present work and further investigation should be conducted to confirm this 

suggestion. 

Despite the dispersion in acoustic magnitudes, the fitting of (4.14), together with the 

95 % prediction intervals, provides a reasonable agreement with the experimental data 

for the 533 nF case in Fig. 4-8 (c). (4.14) can be used for estimation of acoustic 

magnitudes generated by underwater spark discharges with high energy levels. 

 

4.4 Acoustic impulses: phenomenological link with the parameters of the 

pulsed driving circuit  
 

  In order to provide a more accurate calculation of the acoustic magnitude, an 

advanced analytical model has been developed based on (4.14) obtained in the 155 nF 

and 266 nF cases. As discussed above, the inter-electrode gap plays an important role 

in determining the acoustic magnitude. Therefore, the inter-electrode gap, l, is 

introduced in (4.14): 

 

                                            𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 𝑘𝑛𝑒𝑤𝑉𝑏𝑟
2𝛽/3

                                   (4.15) 

 

                                                       𝑘𝑛𝑒𝑤 = 𝐴𝑙𝑓𝐶𝛽/3                                        (4.16) 

 

where A and f are constant coefficients and knew is the new proportionality coefficient 

between acoustic magnitude and the breakdown voltage. 

  The values of the coefficients, f and A for the 155 nF and 266 nF cases have been 

obtained by the fitting (4.16) to experimental data in Fig. 4-7 in OriginLab 9.0 software 

with known value of β = 1.13 (where Pcav-max is in mV and Vbr is in kV), which are 

shown in Table. 4-3. 
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 Table 4-3. Fitting results of the coefficients, f and A, in (4.16) for 155 nF and 266 nF 

 

Coefficients 155 nF 266 nF 

f 0.255 0.189 

A 6.00 6.54 

   

  The average values were calculated as f = 0.22 and A = 6.27 and the proportional 

relationship between Pcav-max and Vbr, C, and l is expressed as: 

  

                                    𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 𝐴𝑙0.22𝐶𝛽/3𝑉𝑏𝑟
2𝛽/3                          (4.17) 

  

  Then, by adopting A = 6.27 in (4.17), a general scaling relationship (4.18) was 

obtained for FD’s: 

 

                                          𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 6.27𝑙0.22𝐶𝛽/3𝑉𝑏𝑟
2𝛽/3                       (4.18) 

 

  (4.18) allows the evaluation of Pcav-max for given values of Vb, C, and l for the FD’s 

corresponding to Rpl > Rcircuit.  

  In order to verify the model (4.18) in describing the acoustic magnitude, the variation 

of the ratio, Pcav-max/Vbr
2β/3, as a function of l was obtained for the 266nF and 533nF 

cases and is shown in Fig. 4-9. Solid lines correspond to a specific capacitance value 

in Fig. 4-9. 
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Figure 4-9. The ratio, Pcav-max/Vbr
2β/3, as a function of l for (a) 155 nF and (b) 266 nF. 

Solid lines show the model: Pcav-max/Vbr
2β/3 = 6.27Cβ/3l0.22. 
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  It can be seen that values of the ratio, Pcav-max/Vbr
2β/3, for both 155 nF and 266 nF cases 

follow the general tendency with the variation of the inter-electrode gap, l0.22, as 

indicated in (4.18), meaning the relationship (4.18) being suitable for acquisition of 

acoustic magnitude. The relationship between Pcav-max and l, as described by (4.18), 

emphasises the important role of l in generating underwater acoustic impulses. It is 

worthy of note that (4.18) is an empirical relationship obtained with the purpose of 

establishment of more accurate link between Pcav-max and Vbr than it was done by (4.14). 

Model (4.18) is dedicated to the FD’s case and its further applicability in other types 

of underwater spark discharges has to be verified. The data points (Pcav-max), which 

correspond to situation where Rpl < Rcircuit, are excluded. 

 

4.5 The hydrodynamic parameters: The role of the plasma resistance 
 

4.5.1 Validation of the constant plasma resistance model 
 

  The plasma resistance is an important electrical parameter of the plasma channel. It 

defines energy partition between the plasma channel and the discharge circuit and 

thereby the hydrodynamic parameter of the plasma cavity and the characteristics of the 

acoustic impulses emitted by this cavity. This resistance helps to establish a link 

between these parameters. Therefore, the relationship between Tcavity, Pcav-max and Rpl 

is one of the focusing points in present work.   

This section presents the study of the constant plasma resistance for all conducted 

FD’s tests. The impact of the plasma resistance on the electrical energy conversion 

efficiency is discussed in details. The relationships between the acoustic and 

hydrodynamic parameters, Tcavity, Pcav-max, and the plasma resistance are obtained and 

analysed.  

  As discussed in Section 2.5.3, once the plasma channel is established between the HV 

and ground electrodes, the resistance of the plasma channel drops to a relatively low 

value range (mΩ), compared to its initial high value (hundreds’ of Ω) [110]. Thus, the 

conductive current starts to flow. The development of the plasma channel is a dynamic 

process during the post-breakdown stage, meaning that its resistance has a time-

dependent dynamic behaviour. Such a varying plasma resistance ideally can be 

calculated as the ratio of the voltage and current signals. However, as pointed out in 



107 
 

[133], [134], the main obstacles in its direct measurement are the transient behaviour 

of the voltage and current in the circuit, and potential reactive components in the 

plasma-channel impedance. Therefore, this method of direct measurement of plasma 

resistance was not used in this work. Instead, an alternative method was applied which 

allows for calculation of the plasma resistance. This method is based on equations 

(2.22) - (2.23) which represent the transient current behaviour during the discharge 

period. This method is based on the assumption that the capacitive and inductive parts 

of the plasma impedance are not taken into account or they are treated as embedded 

within the circuit parameters, C and L. Thus, this model only focuses on the resistive 

component of the plasma channel impedance. A schematic diagram for the simplified 

discharge circuit is shown in Fig. 4-10.    

 

 

 

Figure 4-10. The schematic diagram of the simplified discharge circuit by focusing only on 

resistive impedance of the plasma channel. 

 

  To verify the constant plasma resistance model, an example of fitting of (2.22) to the 

current measurement waveform is shown in Fig. 4-11, as indicated by black solid line. 

The experimental data of current was obtained from Fig. 4-1(b). This fitting shows a 

good agreement with the experimental data, especially for the first few cycles of the 

current oscillation, accounting for the most part of the energy delivered into the plasma 

channel. The insignificant dispersion between the fitting line and the experimental data 

at the end of the waveform is due to the unstable extinction process of the plasma 

channel, which does not affect significantly the overall energy dissipating stage. 

Therefore, the resistance obtained from this current model can be used as an effective 
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value of the plasma resistance for describing its general behaviour during the discharge. 

This constant resistance will also be used in the analysis on the energy partition in 

Section 4.7 and 4.8. Similar validation process of the constant resistance model was 

conducted in [32], [70], [82], [118] by comparing the computed results and the 

experimental data (current waveforms). The analysis in the upcoming sections will be 

based on the constant plasma resistance model. 

 

 

 

Figure 4-11. Comparison between the experimental current measurement and the analytical 

result obtained by (2.22) with constant plasma resistance. Red dashed line represents the 

experimental data obtained from Fig. 4-1(b) and black solid line shows the computed result 

of (2.22). 
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the circuit resistance was calculated for each capacitance case by short-circuiting the 
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and the plasma resistance was calculated as the difference between the total resistance 

and the circuit resistance, (2.21). 

 

Table 4-4. The circuit resistance, Rcircuit obtained from short-circuit condition for different 

value of capacitance 

 

C (nF) Rcircuit (Ω) 

155  0.534 

266  0.401 

533  0.273 

 

4.5.2 Period of the cavity oscillation as a function of the plasma resistance 
 

Fig. 4-12 shows the behaviour of the period of the cavity oscillation as a function of 

the calculated plasma resistance for all three capacitances. The resistance of the 

discharging circuit, obtained in short-circuit condition, is also indicated by vertical 

lines in these figures. It can be seen that the value of plasma resistance for different 

discharges varies in a wide range from ~ 35 mΩ up to ~ 5.9 Ω. 
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Figure 4-12. The period of cavity oscillation as a function of the plasma resistance for all 

three cases of capacitance: (a) 155 nF, (b) 266 nF, (c) 533 nF. Solid lines indicate the circuit 

resistance for each case and data points in red correspond to the outlying data shown in Fig. 

4-3. 
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  Two major pulsed driving circuit characteristics define the values of the plasma 

resistance: the energy available at breakdown (CVbr
2/2) and the inter-electrode gap, l. 

With the purpose of conducting straightforward analysis, the effective constant plasma 

resistance, Rpl, can be described by the following proportional relationship between Rpl 

and the physical parameters of the plasma channel: 

 

                                                          𝑅𝑝𝑙 ∝ 𝜌𝑟𝑒
𝑙𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒

𝐴𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒
                                     (4.19) 

 

where lresistive is the length of the resistive material, Aresistive is the cross-sectional area 

of the specimen and ρre is the electrical resistivity.  

  In this work, the length of the resistive plasma channel is governed by the inter-

electrode gap, l, and the electrical resistivity is related to the energisation (ionisation) 

level. Therefore, longer inter-electrode gap generally results in longer potential plasma 

channel path and thereby larger plasma resistance. On the other hand, the higher energy 

level (increase in either C or Vbr) generally produces lower electrical resistivity. In 

conclusion, discharges achieved in long inter-electrode gaps but with low breakdown 

voltages will have higher values of Rpl than those obtained in short gaps with high 

breakdown voltages. Therefore, the outlying data points (Tcavity and Pcav-max) for 5 mm 

and 7 mm gaps observed with high breakdown voltages in Fig. 4-3 and Fig. 4-7 belong 

to discharges with plasma resistance smaller than the circuit resistance, as shown by 

red data points in Fig. 4-12. It is worthy of note that higher values of plasma resistance 

(Rpl  > 4.0 Ω) have been registered in the 266 nF case, as compared with those in the 

155 nF case. The reason is related to the minimum voltage level to initiate breakdown 

in different gaps. For long inter-electrode gaps (12 mm and 15 mm), breakdown could 

be successfully triggered using 25 kV and 266 nF capacitance. However, in the 155 nF 

case, 30 kV or 35 kV charging voltages were required to achieve breakdown in these 

gaps. Therefore, the largest plasma resistance value, which corresponds to 155 nF, 

25 kV case, was not included in the experimental results as it was practically unable 

to achieve breakdown using these parameters. 

  For all three cases shown in Fig. 4-12, the variation of Tcavity as a function of Rpl 

followed a similar tendency: the values of Tcavity initially showed a significant 
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difference within a range of small Rpl; with an increase in Rpl, values of Tcavity reached 

their peak values and then started to decrease nonlinearly with further increase in Rp. 

The period for all three capacitance cases reach their peak values when Rpl and Rcircuit 

were comparable: ~ (0.5 - 1.0) Ω for 155 nF, ~ (0.50 - 0.75) Ω for 266 nF, ~(0.30 - 

0.60) Ω for 533 nF. This peak performance can be explained by the optimal 

combination of the breakdown voltage and the energy conversion efficiency. For 

resistances smaller of higher than the peak values, the value of Tcavity (which directly 

related to the energy dissipated in plasma) decreases due to either the decrease in 

breakdown voltage (higher values of resistance) or sharp changing in the energy 

conversion efficiency (lower values of resistance).  

 

4.5.3 Efficiency of energy conversion 
 

  In the discussion of the dependency of Tcavity and Pcav-max on Vbr, (Section 4.2 - 4.4)  

the concept of the efficiency of energy conversion has been introduced to explain the 

experimental discharges data outside from the main trend lines in Fig. 4-3 and Fig. 4-

7 for short 5 mm and 7 mm gaps for high breakdown voltages. The key to this 

discussion was the relationship between the plasma resistance and circuit resistance. 

In order to conduct a detailed analysis of the energy disposition process, the resistance 

is isolated from the circuit as the active power is consumed only by the resistive 

components.   

 

 

 

Figure 4-13. The simplified discharge circuit with only resistive elements included. Vtotal(t) 

represents the total voltage occupied by Rcircuit and Rpl, I(t) represents the circuit current.   

Rcircuit

Vtotal(t) Rpl

I(t)
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  Fig. 4-13 illustrates the energy-consuming components of the discharging circuit, 

which is simplified to a resistive network. Rcircuit represents the circuit resistance and 

Rpl is the effective plasma resistance. Vtotal(t) is the total discharge voltage seen by 

Rcircuit and Rpl during the energy deposition stage. Based on this circuit, the efficiency 

of energy conversion, ηpl, is defined as a ratio of the energy delivered to the plasma 

channel Epl, to the total energy dissipated in the circuit including the load (plasma 

channel), Ev(t): 

 

                                                         
)(tv

pl

pl
E

E
                                              (4.20) 

 

  For specific duration of discharge, from 0 s to Td , both Epl and Ev(t) can be calculated 

as integrals of the transient power in the circuit, PEv(t), and in the plasma channel, Ppl, 

therefore (4.20) can be rewritten as: 

 

                                    𝜂𝑝𝑙 =
𝐸𝑝𝑙

𝐸𝑣(𝑡)
=

𝑅𝑝𝑙 ∫ 𝐼(𝑡)2𝑑𝑡
𝑇𝑑
0

(𝑅𝑝𝑙+𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡) ∫ 𝐼(𝑡)2𝑑𝑡
𝑇𝑑
0

                  (4.21) 

 

As the model circuit consists of a single loop, the overall energy conversion 

efficiency can be calculated by the ratio of the load resistance (the resistance of the 

plasma channel) and the total resistance of the circuit: 

 

circuitpl

pl

pl
RR

R


                                  (4.22) 

   

For mathematical simplification, the ratio x = 
circuit

pl

R

R
 can be introduced and (4.22) 

can be re-written as: 
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                                                  0,
1




 ，x
R

R
x

x

x

circuit

pl

pl                       (4.23) 

 

Therefore, the energy conversion efficiency can be plotted as a function of x in 

Fig.4-14. 

 

 

 

Figure 4-14. The electrical energy conversion efficiency as a function of the ratio of the 

plasma resistance and the circuit resistance. Several important moments with values of ηpl 

are marked as when Rpl = Rcircuit, Rpl = 3Rcircuit and the smallest and largest values of x 

obtained in this work: 0.066, 14.710. A indicates the area in which Rpl < Rcircuit and B 

indicates the area in which Rpl > Rcircuit.  

 

  Based on the values of the effective plasma resistance obtained for all discharge tests 

and the circuit resistance given in Table. 4-4, x was calculated in a range from 0.066 

to 14.71 and the corresponding efficiency is in a range from 6.2% to 93.6%. It has to 

be mention that these values of the energy conversion efficiency given by (4.23) are 

obtained with some assumptions as made above. They cannot be used for accurate 

calculation of the energy partition for underwater spark discharges. However, they can 
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be used in engineering practice for analysis of the energy efficiency of the underwater 

spark discharges. Therefore, information given in Fig. 4.14 can be used as an effective 

reference material for further understanding and analysis of the relationships shown in 

Fig. 4-12.  

  The different variations in ηpl for different ranges of x values define the nonlinear 

behaviour of the variation of Tcavity with Rpl. Two critical points have been highlighted 

in Fig. 4-14 when x is equal to 1 and equal to 3 and the efficiency, ηpl, corresponds to 

50% and 75% respectively. For x increasing in the range from 3.0 to 14.7, the energy 

conversion efficiency experiences a slow increasing trend from 75% to 93.6%. 

However, it shows a relatively faster increasing trend from 6.2% to 50% when x varies 

in a small range from 0.066 to 1.000.   

  As mentioned in previous section, the plasma resistance generally increases with the 

decreasing breakdown voltage and vice visa. Therefore, the value of x will follow a 

similar tendency with the variation in breakdown voltage. When the breakdown 

voltage increases from ~7.5 kV to ~20 kV, x decreases from ~ 14.7 to ~ 3.0 and ηpl 

decreases from ~ 93 % to ~ 75 %. The total energy increased by highr Vbr dominate 

the slowly-dropping ηpl, still resulting in an increase in Epl and thereby longer Tcavity. 

In other words, the dominant circuit parameter, which governs the energy delivered 

into the plasma channel in this particular x range, is Vbr rather than ηpl. Such a 

relationship between Vbr and ηpl corresponds to discharges with plasma resistances 

higher than circuit resistance in Fig. 4-12. 

  With further increase in the breakdown voltage from ~20 kV to ~25 kV, x enters the 

range from 1 to 3 and ηpl experiences a transition stage where its decreasing trend shifts 

from slow to fast. In this range of x, the increase in the total energy by higher Vbr is 

compensated by the decrease of ηpl, resulting in no significant increase in Epl. 

Therefore, Tcavity obtained in this range reaches their peak values as demonstrated by 

the peak value range in Fig. 4-12. This also explains why the Rpl obtained for peak 

values of Tcavity are equal to or slightly larger than the corresponding Rcircuit as observed 

in Fig. 4-12. Values of x for most of the experimental results obtained in 10 mm, 

12 mm and 15 mm gaps and some in 5 mm and 7 mm gaps with relatively low 

breakdown voltages were in the range from 1 to 14.71, which correspond to the main 

trend described by (4.9) and (4.14).  
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  As the breakdown voltage keeps increasing from ~25 kV to ~35 kV and the value of 

x finally drops below 1, thus, even a small decrease in Rpl (increase in Vbr) will cause 

significant reduction in ηpl. Therefore, ηpl, instead of Vbr, becomes the dominant 

parameter in determining the energy delivered into the plasma channel and in low 

values of ηpl. It puts a limitation on the potential increase in Epl, resulting in no increase 

or even decrease in the final output of Tcavity. This particular relationship between Vbr 

and ηpl explains the outlying data points (Tcavity) below the main trend for 5 mm and 

7 mm gaps in Fig. 4-3 and the data points with plasma resistances smaller than the 

circuit resistance in Fig. 4-12. 

  In conclusion, the plasma resistance, together with the breakdown voltage, plays an 

important role in determining the energy delivered into the plasma channel for each 

individual discharge. The breakdown voltage (for a given value of the storage 

capacitance) defines amount of total energy available in the circuit after breakdown. 

The ratio of the plasma resistance to the circuit resistance, x, defines the energy 

partition between the circuit and the plasma channel and thereby the period of the 

cavity oscillation. The specific link between Vbr and Tcavity through Rpl, ηpl and Epl 

results in the relationship observed in Fig. 4-3. A similar observation has also been 

obtained for the relationship between the plasma resistance and acoustic magnitude, 

which will be shown in the next section. 

 

4.6 The acoustic magnitude as a function of the plasma resistance 
 

The relationships between the plasma resistance and the acoustic magnitude for all 

three values of capacitance are shown in Fig. 4-15. The values of the plasma resistance 

obtained for all tests vary from ~ 28 mΩ to ~ 4.27 Ω and the largest value was 

observed in the 266 nF case. Similar to the observation in Fig. 4-12, there was no 

breakdown event achievable with charging voltage level less than 30 kV for 155 nF 

and thereby no particularly large plasma resistance was seen in the 155 nF case. 

However, the acoustic magnitudes in Fig. 4-15 show clear spread between different 

inter-electrode gaps. This is due to the impact of the inter-electrode gap on the 

magnitude of the acoustic impulses as indicated by (4.18). 
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Figure 4-15. The acoustic magnitude as a function of the plasma resistance for all three cases 

of capacitance: (a) 155 nF, (b) 266 nF, (c) 533 nF. Solid lines indicate the circuit resistance 

for each case and data points in red correspond to the outlying data shown in Fig. 4-7. 

 

 

  The tendency obtained in Fig. 4-15 is similar to that for the period of cavity oscillation 

shown in Fig. 4-12. Initially, the acoustic magnitude shows a significant change with 

the variation in the plasma resistance when Rpl < Rcircuit and the value of the magnitude 

is increasing as Rpl is getting closer to Rcircuit. Maximum values of the acoustic 

magnitude are observed when the plasma resistance is in the range from ~ Rcircuit to 

~ 3Rcircuit (circuit resistance), especially for the 155 nF and 266 nF cases. With further 

increase in the plasma resistance beyond this range, the acoustic magnitude decreases. 

This general relationship between the acoustic magnitude and the plasma resistance 

can be explained by the relationship between the energy conversion efficiency and the 

plasma resistance. Also, the link between the breakdown voltage and the acoustic 

magnitude, which is a function of the inter-electrode gap, l, (4.17) should be taken into 

consideration. 
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  The values of resistances, which correspond to the peak acoustic magnitude in Fig. 

4-15, are: ~ (0.60 - 1.30) Ω for 155 nF, ~ (0.50 - 0.85) Ω for 266 nF. However, it is 

difficult to define an accurate range for the 533 nF case. As discussed in Section 4.2.4, 

when x (Rpl/Rcircuit) is lying in the range from 1 to 3, which is the case for almost all 

experimental results for C = 533 nF, the combination of the energy conversion 

efficiency and the breakdown voltage resulted in an (almost) constant Epl and thereby 

there is no significant change in the acoustic magnitude.  

  In conclusion, similar to the period of cavity oscillation, the behaviour of the acoustic 

magnitude follows a specific tendency where the peak values occur when the plasma 

resistance is close to the circuit resistance, especially for the 155 nF and 266 nF cases. 

This tendency can be explained by the relationship between the energy conversion 

efficiency and the plasma resistance together with the dependency of the acoustic 

energy on energy dissipated into the plasma channel. The functional behaviour of 

acoustic magnitude in the 533 nF case is not well-defined due to the generally small 

values of plasma resistance for this capacitance. 

 

4.7 The hydrodynamic parameters as functions of the energy delivered 

into the plasma channel 
 

  The energy delivered into the plasma channel through the Joule heating, Epl, is a 

critical electrical parameter, which defines the strength of the acoustic impulse and the 

dynamic oscillation of the cavity. Epl is parted into components associated with all 

post-breakdown processes, such as the development of the plasma channel, expansion 

of the gas cavity, emission of the acoustic pressure waves, emission of lights and heat 

transmission with surrounding water.  

The energy delivered into the plasma spark channel can be calculated in the 

approximation of the lumped element RLC circuit: 

  

 

                                                     dttIRE
currentT

plpl 
0

2
                                      (4.24) 
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where Tcurrent refers to the moment of current disappearance; Rpl is the constant 

(effective) plasma resistance; I(t) is the current obtained from the experimental 

measurements. 

  The integration in (4.24) was conducted in Microsoft Excel software. Epl for all FD’s 

tests conducted in this work have been calculated and its relationships with Tcavity and 

Pcav-max will be discussed in detail in following sections. 

  Fig. 4-16 shows the relationship between the period of cavity oscillation and the 

energy delivered into the plasma channel for all three values of capacitance. It was 

found that for all three cases the period of the cavity oscillation increases with the 

increasing energy delivered into the plasma channel. 
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Figure 4-16. The relationship between Tcavity and Epl for all three cases of capacitance: (a) 

155 nF, (b) 266 nF, (c) 533 nF. Solid lines show the fitting results of (4.26) and dashed lines 

indicate the upper and lower boundaries of the 95 % prediction intervals. 
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  The analytical link between the Tcavity and Epl can be found by the combination of (4.3) 

and (4.7): 

 

                                     𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 1.14𝛿1/3𝜌0
1/2𝐸𝑝𝑙

1/3𝑃∞
−5/6                  (4.25) 

 

  For constant values of the parameters, ρo and p∞, the relationship (4.25) can be 

simplified by introducing coefficient, n, as: 

 

                                                        3/1

plcavity nET                                         (4.26) 

 

  To verify scaling relationship (4.26) for the tendency shown in Fig. 4-16, fitting of 

(4.26) to the experimental data was conducted by using OriginLab 9.0 software. The 

fitting lines are plotted as the solid lines in Fig. 4-16 and the dashed lines indicate the 

corresponding upper and lower boundaries of the 95 % prediction intervals. The 

coefficient, n, was a free fitting parameter and its values obtained for different 

capacitances are shown in Table. 4-5.   

 

Table 4-5. Values of coefficient, n, in (4.26) for 155 nF, 266 nF and 533 nF 

 

Capacitance 155 nF 266 nF 553 nF 

n 1.69 ± 0.02  1.68 ± 0.01 1.59 ± 0.02 

 

 

  It can be seen that the fitting curves show a satisfying agreement with the 

experimental results for all cases. Most of the data points (Tcavity) obtained from 

experimental measurements are included within the upper and lower boundaries of the 

95 % prediction intervals. The values of the numerical coefficient, n, obtained for 

different capacitance cases are similar to each other, meaning the storage capacitance 

being no longer a variable as is in (4.10) since it has already included in the calculation 

of Epl. Therefore, the combination of the three cases, as shown in Fig. 4-17, provides 

a better description of a general tendency. 
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  A general value of the coefficient, n, can be obtained as the average of the values in 

Table. 4-5 and it gives: 

 

                                                  
3/165.1 plcavity ET                                            (4.27) 

 

  Equation (4.27) has been plotted in Fig. 4-17. It can be seen that (4.27) describes the 

functional behaviour of the period of cavity oscillation reasonably and can be used for 

calculation of the expected value of Tcavity for a given value of Epl. Also, (4.27) confirms 

that the inter-electrode gap makes no significant impact on the cavity oscillation 

dynamics.  

 

 

 

 

Figure 4-17. The combined results of Tcavity as a function of Epl for the 155 nF, 266 nF and 

533 nF cases, together with the fitting results of (4.26) (solid lines) and corresponding upper 

and lower boundaries of the 95 % prediction intervals (dashed lines). 
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  It is worthy of note that there is no data cluster locating outside the main tendency in 

Fig. 4-16 as it has been observed for 5 mm and 7 mm gaps in Fig. 4-3. As discussed in 

Section 4.2, the main trend between the period of cavity oscillation and the breakdown 

voltage can be described by model (4.9) derived from (4.1)-(4.8). This procedure 

connects the energisation parameters and the acoustic output. This process contains 

several energy transfer stages, from energy stored in capacitance to Ebr, and from Ebr 

to Epl. However, equation (4.26) takes only Epl into consideration and other energy 

transfer stages are accounted for by the energy conversion efficiency. 

 

4.8 The acoustic magnitude as a function of the energy delivered into the 

plasma channel 
 

The acoustic magnitude as a function of the energy delivered into the plasma 

channel for all three values of capacitance and all inter-electrode gaps is shown in Fig. 

4-17. 
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Figure 4-18. The relationship between Pcav-max and Epl for all three cases of capacitance: (a) 

155 nF, (b) 266 nF, (c) 533 nF, (d) combined results for all values of capacitance. 

 

 

  It can be seen in the combined Fig. 4-18(d) that the Pcav-max initially increases quickly 

with the increasing Epl (up to < 60 J). For Epl > 60 J, the increasing trend of Pcav-max 

slows down and it becomes constant with further increase in Epl up to ~ 250 J.  

  A scaling relationship can be derived to describe the dependency of Pcav-max on Epl 

based on (4.11). M in (4.11) represents the explosive mass (indicating potential energy 

used in conventional chemical explosion); therefore, it is reasonable to link M with the 

energy released into the plasma channel, Epl, when this approach is applied to electrical 

discharges: 

 

                                                           plEM                                                  (4.28) 

 

  Then a relationship between Pcav-max and Epl can be found based on (4.11) and (4.28): 

 

                                                   𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 ∝ (𝐸𝑝𝑙
1/3/𝜆)

𝛽
                                (4.29) 
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  With known values of λ and β = 1.13, (4.29) can be rewritten by introducing a 

proportion coefficient, q, as: 

 

                                                     
3/

max



plcav qEP                                      (4.30) 

 

where Pcav-max and Epl are expressed in mV and J respectively.  

  The coefficient, β/3, of term Epl derived in (4.30) is ~0.38, which is close to the 

empirical value 0.54 obtained for the relationship between the peak pressure and 

deposited energy into the plasma channel in [32]. 

  For linearization of the fitting, (4.30) can be modified: 

 

                                                   
plcav EqP ln3lnln max                    (4.31) 

 

  The solid lines in Fig. 4-19 show the fitting by scaling relationship (4.31) to the 

experimental data points (Pcav-max). This fitting was conducted in OriginLab 9.0 

software and the corresponding coefficient was found to be q = 194. The dashed lines 

in Fig. 4-19 indicate the upper and lower boundaries of the 95 % prediction intervals 

and most data points are located within this interval. In general, the fitting curve 

obtained by (4.31) shows a reasonable agreement with the experimental data. In [131] 

and [135], a similar analytical scaling relationship between them have been obtained 

for lower discharge energies: Pmax  (Wch 
b

 /p), where p is the external hydrostatic 

pressure, Wch is the energy in the plasma channel and b is a free fitting parameter close 

to the value of /3 used in (4.30). It has to be noted that scaling relationship (4.30) is 

not suitable for accurate calculation of the acoustic magnitude as it excludes the 

information on the inter-electrode gap. However, this straightforward scaling 

relationship provides a reasonable tool for analysis of the tendency of the variation of 

Pcav-max along with Epl and can be used for prediction and evaluation of the expected 

acoustic magnitude by a given value of Epl. 
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Figure 4-19. The logarithm form of the relationship between Pcav-max and Epl for all 

capacitance cases. Solid line represents the fitting (4.31) and dashed lines are upper and 

lower boundaries of the 95 % prediction intervals.  

 

 

4.9 Relations between Wm and the energy delivered into the plasma 

channel 
 

  In (4.3), the coefficient, δ, was used to represent the portion of the energy delivered 

into the plasma channel transformed into the mechanical work done by the plasma 

channel against the surrounding water. After calculating Wm and Epl by (2.24) and (4.1), 

values of δ for different capacitance cases can be obtained by plotting Wm as a function 

of Epl and fitting (4.3) in OriginLab 9.0 software. The obtained δ are given in Table. 4-

6. It can be seen that the proportion coefficient δ decreases with an increase in C. 

Similarly, in [136], the percentage of the mechanical work done by the cavity out of 

the total energy delivered into the plasma channel was found to be inversely 

proportional to the spark duration. However, the calculated percentage value in [136] 

was > 50 % while values of δ obtained in present work are close to 30 %. 
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     Table 4-6. The proportion γ obtained for different values of capacitance 

 

Capacitance (nF) δ 

155  0.35 

266  0.32 

533 0.25 

 

4.10 Conclusions 
 

  In this chapter, the experimental results and the functional behaviour of the 

hydrodynamic, acoustic and electrical parameters have been investigated for the free 

self-triggering spark discharge mechanism. The period of the cavity oscillation and the 

acoustic magnitude were obtained from experimental measurements and their 

relationships with the breakdown voltage, the plasma resistance and the energy 

delivered into the plasma channel were obtained.  

  It was shown that the voltage and current waveforms demonstrated an under-damped 

oscillating behaviour, revealing the RLC circuit nature of the discharge circuit. The 

current waveform in the RLC circuit was used to obtain the constant plasma resistance, 

Rpl. The acoustic signal demonstrated a non-periodical impulsive profile and the first 

acoustic impulse emitted by the spark source demonstrated the highest peak magnitude, 

Pcav-max. The dynamic behaviour of the formed gas cavity was investigated by 

measuring the period between its formation and collapse, Tcavity. 

  It was found that the both Tcavity and Pcav-max were functions of the breakdown voltage 

and the circuit capacitance. Pcav-max was also sensitive to the inter-electrode gaps. 

Similar relationships between the hydrodynamic and acoustic parameters and the 

energy at breakdown were found in [35], [125], [132]. In the present work, clusters of 

data points (Tcavity and Pcav-max) were observed outside of the main trend lines shown in 

Fig. 4-3 and Fig. 4-7 for all three values of capacitance in short gaps (5 mm and 7 mm) 

with high breakdown voltages (> 20 kV). It was found that the effective plasma 

resistance of these discharges was smaller than the circuit resistance, resulting in the 

low potion of energy being transferred from the storage capacitance to the energy 

dissipated into the plasma channel at breakdown. A scaling relationship was developed 
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to link Tcavity and Vbr: Tcavity = 0.11C0.34Vbr
0.67. Two analytical scaling relationships were 

also derived for Pcav-max: Pcav-max = kVbr
2β/3

 was found for description of the main trend 

shown in Fig. 4-7, and Pcav-max = 6.27l0.22Cβ/3Vbr
2β/3 was developed to accurately 

evaluate the acoustic magnitude in these conditions.  

  It was shown that Tcavity and Pcav-max followed a non-linear tendency with the variation 

in the plasma resistance from ~0.028 Ω to ~5.9 Ω. For Rpl less than Rcircuit, both Tcavity 

and Pcav-max experienced significant change with a minor variation in Rpl. The 

maximum values of the period of cavity oscillation and the acoustic magnitude 

correspond to the plasma resistance, which was comparable to the circuit resistance 

(1 < Rpl/Rcircuit < 3). For Rpl  > 3Rcircuit, Tcavity and Pcav-max decreased with an increase in 

Rpl.  

  The energy delivered into the plasma channel through the Joule heating mechanism, 

Epl, was calculated using the constant plasma resistance together with the experimental 

current waveforms. The period of the cavity oscillation was found to be in direct 

proportion to Epl and no significant difference in Tcavity was observed for various 

capacitance cases, meaning Epl being the deciding parameter in defining Tcavity. Similar 

tendency was also found for the relationship between Pcav-max and Epl. 

Phenomenological scaling relations (4.26) and (4.30) were developed to describe the 

functional behaviour of Tcavity and Pcav-max.  

  The investigation of free self-triggering discharges in this work allowed 

establishment of scaling relationships between the electrical, the hydrodynamic and 

the acoustic parameters. With the help of these scaling relations, it is possible to 

calculate corresponding acoustic magnitude, which is helpful in optimisation of 

plasma-acoustic sources by tailoring the pulse-power generation circuit parameters. 

  The next chapter will discuss the experimental results of the air-bubble triggered 

underwater spark discharges. An analysis on the discharge characteristics will be 

conducted to link the acoustic output paramters to the circuit parameters for this 

underwater spark discharge mechanism and to evaluate its performance in generating 

acoustic impulses. 
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5 Experimental results and analysis: Air-bubble stimulated 

discharges 
 

  In Chapter 4, free self-triggered underwater discharges have been comprehensively 

investigated, their efficiency in generating acoustic impulses have been obtained and 

analysed. It was established that this type of discharges can be achieved in relatively 

short inter-electrode gaps, up to 15 mm with pulsed with magnitude of 25 kV- 35 kV 

and energy varying from ~ 48 J to ~ 326 J. When the inter-electrode gap was increased, 

these energisation parameters resulted in low breakdown probability and unstable 

acoustic output.  

As discussed in Section 2.2.2, the presence of gas bubbles in the vicinity of the HV 

electrode plays an important role in facilitating development of breakdown in liquid. 

It was shown in [39]-[41], [92], [95], [96], [137] that the pre-breakdown time can be 

reduced by injecting gas bubbles into the inter-electrode gap. For example, in [137] air 

and sulfur hexafluoride were injected into transformer oil to investigate their influence 

on DC breakdown characteristics of this insulting liquid. Experimental results showed 

that the average breakdown voltage was reduced by ~ 34 % if air as injected and ~ 19 % 

if SF6 was injected into oil. 

In the case of underwater breakdown, in [41] the statistical analysis of the 

breakdown time lag for breakdowns in water with and without bubbles under a pulsed 

electrical field with maximum magnitude of 800 kV/cm was conducted. Statistical 

analysis was conducted using the Laue statistical distribution. The Laue graph was 

plotted: ln(N0/Nt) was presented as a function of time, t, where N0 was the total number 

of the breakdowns and Nt was the number of breakdowns with the delay time longer 

than t. It was found that the value of ln(N0/Nt) with the presence of gas bubbles was 

always larger than that with no gas bubbles. For example, ln(N0/Nt)  ~ 1.65 for bubbled 

breakdown and ln(N0/Nt) ~ 0.2 for the original breakdown when t = 2 μs, confirming 

the efficiency of injected bubbles in reducing the pre-breakdown time. 

It is worthy of note that [95] investigated the role of permittivity of liquid in streamer 

formation in injected gas bubbles. The result showed that the high permittivity of liquid 

increases the electrical field in the gas bubble. This high field results in the 

development of streamer in the gas bubble and thereby breakdown between electrodes 

in the liquid. Therefore, it is expected that injecting gas bubbles in water would be an 
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effective method to reduce the pre-breakdown time and breakdown voltage. In order 

to achieve stable breakdown repetition rate in long inter-electrode gap for stronger 

acoustic impulses, the underwater spark discharge system with injection of air bubbles 

was developed in this work. 

  In order to study the performance of the air-bubble stimulated discharges and to 

compare their properties with that of free self-triggering discharges, the same 

energisation conditions were used in the ABSD’s tests and similar analysis of the 

breakdown characteristics was conducted. This chapter demonstrates the experimental 

waveforms of the electrical parameters and acoustic parameters. The functional 

behaviour of Tcavity and Pcav-max for ABSD’s are obtained and analytical models are used 

to describe their relationships with Vbr and Epl. 

 

5.1 Experimental results 
 

  Preliminary tests were conducted to establish an upper limit of the inter-electrode gap 

(25 mm) at which impulses with low energy levels (based on 155 nF and 266 nF 

capacitance) did not result in complete breakdown between electrodes. Based on these 

tests, the lengths of the inter-electrode gap for the ABSD’s were selected as 15 mm, 

20 mm and 25 mm. 

 

5.1.1 Voltage and current waveforms 
 

By using the diagnostic system as described in Section 3.2, the electrical waveforms 

were obtained for the ABSD’s and they are shown in Fig. 5-1. These examples of 

voltage and current waveforms correspond to a 15 mm inter-electrode gap 

with ~ 29.6 kV breakdown voltage and 533 nF capacitance. As the waveforms show, 

after applying the high voltage impulse to the electrodes, breakdown streamers develop 

in the pre-breakdown stage and then the breakdown occurs when a complete plasma 

channel is formed at breakdown moment, tbr = 38 μs. The reduction in the plasma 

resistance results in the drop of voltage and appearance of the conductive current. 
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Figure 5-1. Example waveforms of the (a) voltage and (b) current obtained for ABSD’s in a 

15 mm gap with C = 533 nF and Vbr = 29.6 kV. The pre-breakdown time is tbr = 38 μs. 
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  It can be seen that these results shown in Fig. 5-1 are similar to the results obtained 

for FD’s in Fig. 4-1, especially in the pre-breakdown stage. No significant difference 

is observed for waveforms for FD’s and ABSD’s during the post-breakdown stage. 

The pre-breakdown time for above example breakdown is 38 μs. The general range of 

pre-breakdown times obtained for ABSD’s is from ~ 20 μs to ~ 500 μs, depending on 

the inter-electrode gap and energisation level used in the tests. 

 

5.1.2 Hydrodynamic and acoustic signals 
 

Fig. 5-2 shows the typical acoustic signals produced by ABSD’s and captured by 

the Pinducer sensor in two different time scales. The profile of the acoustic pressure 

wave, shown in Fig. 5-2(a), is similar to that obtained for FD’s, featuring major peaks 

present in the first positive half-cycle followed by a reduced negative half-cycle. 
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Figure 5-2. Acoustic signals generated by discharges: (a) the profile of the acoustic 

magnitude obtained in a 20 mm inter-electrode gap; (b) the primary and secondary acoustic 

impulses emitted at the formation and collapse of the cavity obtained in a 25 mm inter-

electrode gap. Pcav-max is the first peak of the impulse and Tcavity indicates the time duration of 

the primary oscillation of the cavity. 

 

  It can be concluded that, as expected, the initiation mechanism of the underwater 

spark discharge does not significantly influence the acoustic impulse profile. The 

magnitude of the acoustic impulse is represented by the value of its first sharp peak, 

and this peak is used in the following analysis as it was in the case of FD’s. The period 

of the cavity oscillation can also be obtained by the time interval between two 

successive acoustic signals, shown in Fig. 5-2(b).  

    

5.2 The pre-breakdown time comparison between free self-triggering 

discharges and air-bubble stimulated discharges 
 

  The main purpose of injection of gas bubbles into the inter-electrode gap is reduction 

of the breakdown voltage and the pre-breakdown time. Thus, the pre-breakdown 
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energy losses can be also reduced. The pre-breakdown time for ABSD’s was obtained 

from the voltage waveforms and statistical analysis was conducted. For the purpose of 

comparison, the minimum, maximum, average value and the standard deviation of the 

pre-breakdown time were calculated for free self-triggering discharges and air-bubble 

stimulated discharges under the same experimental conditions (15 mm gap and 

266 nF). The results of this analysis are shown in Table. 5-1. 

 

Table 5-1. Average value, standard deviation, minimum and maximum values of the pre-

breakdown time for FD’s and ABSD’s obtained in 15 mm gap with 266 nF 

 

Charging 

voltage 

(kV) 

 

Pre-breakdown time for FD’s 

 (μs) 

Pre-breakdown time for ABSD’s 

(μs) 

Average 

± 

Standard 

deviation 

 

Minimum 

 

Maximum 

Average 

± 

Standard 

deviation 

 

Minimum 

 

Maximum 

25 N/A N/A N/A 134 ± 45 76 234 

30 229 ± 88 140 336 77 ± 38 30 142 

35 196 ± 118 38 328 46 ± 22 29 112 

 

  Fig. 5-3 illustrates the comparison between the pre-breakdown time obtained under 

the same experimental conditions for FD’s and ABSD’s. It was found that the average 

value and standard deviation of the pre-breakdown time for ABSD’s were significantly 

smaller than those obtained for FD’s. For different charging voltages (30 kV and 

35 kV), the average pre-breakdown time was reduced by ~ 66 % for 30kV and ~ 77 % 

for 35kV in the case of ABSD’s. These results have confirmed the effectiveness of 

injected air-bubbles in reduction of the pre-breakdown time, which potentially enlarges 

the achievable breakdown distance by using similar energisation conditions as 

compared with the FD’s case. Smaller standard deviation obtained for ABSD’s also 

indicates better breakdown stability as compared with FD’s. No results were obtained 

for 25 kV in the FD’s case as no breakdown events were registered under these 

conditions. In the ABSD’s case, breakdown was successfully achieved with 25 kV by 

using injected bubbles and maximum breakdown gap was increased to 25 mm. 
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Figure 5-3. The comparison of the average value and standard deviation of the pre-

breakdown time for FD’s (red) and ABSD’s (blue) in 15 mm and 266 nF capacitance. 

 

 

  In order to investigate the acoustic performance of the ABSD’s, relationships 

between hydrodynamic and acoustic parameters, Tcavity and Pcav-max, and the electrical 

properties of the circuit, Vbr, Rpl and Epl, have been obtained. The functional 

dependencies of Tcavity and Pcav-max on Vbr will be presented and discussed. 

Phenomenological scaling relations will also be used to link the acoustic output and 

the electrical parameters. 

 

5.3 The period of cavity oscillation as a function of the breakdown 

voltage  
 

  As discussed in Section 5.1.1, due to similarities in their electrical and acoustic 

waveforms, the ABSD’s can be regarded as an extended version of the FD’s in longer 

gaps in terms of the post-breakdown behaviour. The obtained results for ABSD’s will 

be compared with the results obtained for FD’s. 
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Figure 5-4. The Tcavity as a function of the Vbr for (a) 155 nF, (b) 266 nF, (c) 533 nF, (d) 

comparison between FD’s and ABSD’s for 266 nF. Solid lines represent fitting results of 

(4.10) and dashed lines show the upper and lower boundaries of the 95 % prediction 

intervals. Red data points in grey area correspond to Rpl < Rcircuit for FD’s. 
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  Fig. 5-4 shows the variation in the period of cavity oscillation as a function of the 

breakdown voltage for three values of capacitance and comparison between the Tcavity 

obtained for FD’s and ABSD’s in the 266 nF case. It was found that Tcavity follows a 

non-linear increasing trend with the increasing breakdown voltage similar to the 

tendency observed in the FD’s case. Using the same arguments as in the discussion of 

FD’s. This tendency can be explained by the statement that the breakdown voltage is 

linked to the amount of electrical energy that can be transferred into the cavity. Thus, 

larger value of Vbr indicates larger amount of energy delivered into the plasma-filled 

cavity and thereby larger size that the cavity can expand into.  

  Another important observation in Fig. 5-4(d) is that no significant difference in the 

value of Tcavity can be observed between FD’s and ABSD’s. The main difference in 

these two types of discharges is the triggering mechanism and the length of the inter-

electrode gap. The inter-electrode gap does not affect Tcavity significantly, which was 

confirmed in the FD’s case. As a result, the value of Tcavity only varies with the 

energisation level (breakdown voltage and storage capacitance), and does not depend 

on the plasma initiation mechanism.  

  Based on these findings, the phenomenological relationship (4.10), originally 

developed for FD’s, can be used to describe the tendency observed for ABSD’s. The 

solid and dashed lines in Fig. 5-4 (b) and Fig. 5-4 (c) shows the fitting of (4.10) to the 

experimental data and the upper and lower boundaries of the 95 % prediction intervals 

for 266 nF and 533 nF capacitances used in ABSD’s. It was found that due to the lower 

number of tests conducted with 155 nF capacitance of ABSD’s, (4.10) was not possible 

to fit the experimental data. The fitting lines show a good agreement with the 

experimental data and all data points are located within the upper and lower boundaries 

of the 95 % prediction intervals, confirming that scaling relationship (4.10) is suitable 

to be used to describe the relationship between Tcavity and Vbr in the ABSD’s case 

regardless of the length of the inter-electrode gap.   

 

 

 

 



141 
 

5.4 The acoustic magnitude as a function of the breakdown voltage  
 

Similar to the analysis conducted for Tcavity, the phenomenological relationship 

(4.17), derived originally for FD’s, is also used to describe the relationship between 

Pcav-max and Vbr in the case of ABSD’s by assuming that the injected air bubbles only 

affect the pre-breakdown stage. The fitting results for different capacitances are shown 

as the solid lines in Fig. 5-5 and the values of coefficient, A, varying from 0.0063 to 

0.0078, are given in Table. 5-2, where A15, A20 and A25 indicated the coefficient A in 

(4.17) obtained for 15 mm, 20 mm and 25 mm inter-electrode gaps respectively.  
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Figure 5-5. The Pcav-max as a function of the Vbr for (a) 155 nF, (b) 266 nF, (c) 533 nF, (d) 

combined experimental data for FD’s and ABSD’s with 266 nF. Solid colored lines (blue for 

155 nF, red for 266 nF, black for 533 nF) represent fitting results of (4.17). Data points 

marked red in the grey area in (d) correspond to Rpl < Rcircuit for FD’s. 

 

Table 5-2. Values of proportionality coefficient, A, obtained for different combination of C 

and l 

 

Coefficient A 155 nF 266 nF 533 nF 

A15 0.0069 0.0069 0.0063 

A20 N/A 0.0078 0.0064 

A25 N/A 0.0078 0.0076 

 

It was shown that (4.17) fits the experimental data reasonably well for each 

combination of capacitance and inter-electrode gap, which allows (4.17) to be used for 

prediction of the acoustic output for specific experimental and circuit parameters. 

Based on the tendency shown in Fig. 5-5 and scaling relationship (4.17), it is worthy 
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electrode gap, even though the length of the inter-electrode gap defines the upper limit 

of the achievable acoustic magnitude. 

  It was established that (4.10) is valid for the ABSD’s case in the whole range of 

breakdown voltages. In other words, there is no ‘saturation’ in the values of Tcavity and 

Pcav - max when Vbr is larger than its critical value, which has been observed in the FD’s 

case, as shown by red data points (Tcavity and Pcav-max) in Fig. 4-3(d) and Fig. 4-7(d). As 

explained in Section 4.5.3, in the case of FD’s, these ‘saturated’ data points correspond 

to the free self-triggering discharges with values of the plasma resistance smaller than 

the value of circuit resistance. Thus, the energy transfer efficient is relatively low, 

resulting in the limited amount of energy delivered into the plasma channel even with 

larger amount of stored energy. Therefore, the absence of saturation in the ABSD’s 

case indicates that the plasma resistance of obtained for ABSD’s are higher than the 

circuit resistance. This will be investigated in detail in the next section. 

 

5.5 The period of cavity oscillation as a function of the plasma resistance 
 

  Following the satisfactory fitting of (2.22) to the experimental current for FD’s, the 

plasma resistance for ABSD’s was also calculated using (2.22). Then, the energy 

delivered into the plasma channel was obtained by using (2.24). The relationships 

between Tcavity, Pcav-max and Rpl, Epl are investigated in the following sections. 

  The relationships between the period of cavity oscillation and the constant plasma 

resistance for all three values of capacitance are shown in Fig. 5-6. The calculated 

values of circuit resistance (obtained as average values of four independent closing-

circuit tests) for all three values of capacitance are given in Table. 5-3 and are also 

shown as the vertical solid lines in Fig. 5-6. 

 

Table 5-3. Values of circuit resistance, Rcircuit for three values of capacitance 

 

C (nF) Rcircuit (Ω) 

155  0.56  

266  0.41  

533  0.29  
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Figure 5-6. The Tcavity as a function of the Rpl for ABSD’s for (a) 155 nF, (b) 266 nF, (c) 533 

nF, (d) combined experimental data for FD’s and ABSD’s. Vertical solid lines show the 

circuit resistance for ABSD’s discharge circuit. 
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  As Fig. 5-6 shows, the relationship between Tcavity and Rpl demonstrates a decreasing 

trend for all values of capacitance and no discharges are found to have resistance lower 

than the circuit. This inverse proportionality between Tcavity and Rpl for ABSD’s is 

similar to the tendency observed for discharges with Rpl > Rcircuit , Fig. 4-12. Therefore, 

the higher value of Rpl indicates a lower electrical energy available at breakdown 

together with the relatively stable energy conversion efficiency, resulting in the 

reduction in Tcavity. This result is similar to a part of the tendency obtained for FD’s. It 

also confirms that there is no saturation in the values of Tcavity and Pcav-max as a function 

of Vbr for any length of the inter-electrode gap.   

  The data points in Fig. 5-6(b) are dispersed and the data points (Tcavity) obtained in 

the same experimental conditions in Fig. 4-12(b) are more concentrated. This is due to 

the larger inter-electrode gap increment in the case of ABSD’s (5 mm) than in the case 

of FD’s (2/3 mm). Although l does not directly affect Tcavity, it defines the plasma 

resistance (by (4.19)) and the energy partition from the discharge circuit to the plasma 

channel and thereby the value of Tcavity.  

  Based on the previous conclusions on the relationships between Rpl, Vbr, C and Tcavity 

for FD’s, several findings can be obtained from Fig. 5-6 for ABSD’s. First, for the 

same value of Rpl and C, ABSD’s achieved in longer gaps typically have higher Vbr 

and thereby longer Tcavity. Second, for the same value of l and C, discharges with higher 

Rpl produce lower Tcavity as Vbr is lower in this case. Third, for the same values of l and 

Rpl, Tcavity is significantly longer for discharges with higher circuit capacitance. In other 

words, C is the major parameter, which affects Tcavity. These phenomena result in the 

dispersion of the data in Fig. 5-6(b). 

  The combined experimental data for all tests conducted for FD’s and ABSD’s are 

shown in Fig. 5-6(d). For FD’s, the variation in Tcavity with Rpl was observed in the 

whole range of the plasma resistance values, ~ 35 mΩ to ~ 6 Ω. The peak value of 

Tcavity corresponds to the values of Rpl, which are comparable with Rcircuit. For plasma 

resistance, which are greater than the circuit resistance, Tcavity decreased with an 

increase in Rpl (falling slope as seen in Fig. 5-6(d)). It was found that Tcavity measured 

for ABSD’s only reduces with Rpl, which confirms that there are no ABSD’s obtained 

for Rpl < Rcircuit. It was also found that there is no significant difference in the values of 
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Tcaivty for FD’s and ABSD’s, again indicating the strong dependence of Tcaivty on 

energisation level rather than on the inter-electrode gap. 

 

5.6 The acoustic magnitude as a function of the plasma resistance 
 

The relationships between Pcav-max and Rpl for all three values of capacitance and the 

combined results for FD’s and ABSD’s are shown in Fig. 5-7. It was found that the 

acoustic magnitude decreased with the increasing plasma resistance for all 

experimental results. Similar to the established relationship between Tcavity and Rpl (Fig. 

5-6), the ratio Rpl/Rcircuit in Fig. 5-7 was found to be close to or larger than 1, thus, Epl 

was mainly defined by the value of Vbr (inversely proportional to Rpl). Therefore, 

together with the proportional relationship between Pcav-max and Vbr given by (4.17), 

the Pcav-max is also expected to be inversely proportional to Rpl. 
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Figure 5-7. The Pcav-max as a function of the Rpl for ABSD’s for (a) 155 nF, (b) 266 nF, (c) 533 

nF, (d) combined results for both FD’s and ABSD’s. Vertical solid lines show the circuit 

resistance for ABSD’s discharge circuit. 

 

 

  It was found that the data points in Fig. 5-7 are more dispersed than those in Fig. 5-
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different sensitivity to the length of the gap. As discovered in the FD’s, Tcavity was less 

sensitive to variation in the inter-electrode gap, l, and, Pcav-max was dependent on l. 

Therefore, despite the influence of various combinations of Vbr and Rpl on Pcav-max, the 

direct link between Pcav-max and l increased the degree of dispersion in data points in 

Fig. 5-7. 

  The combined experimental results for FD’s and ABSD’s are shown in Fig. 5-7(d). 

A tendency, similar to the relationship between Tcavity and Rpl in Fig. 5-6(d), was 

observed: data points (Pcav-max) obtained for ABSD’s demonstrate only the falling trend 
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max, indicating the effective improvement in the acoustic output by using longer inter-

electrode gaps instead of ABSD’s. 

 

5.7 The period of cavity oscillation as a function of the energy delivered 

into the plasma channel 
 

The dependency of the period of cavity oscillation on the energy delivered into the 

plasma channel for all three capacitance of ABSD’s is shown in Fig.5-8. Tcavity showed 

an increasing trend with the increasing energy for all values of capacitance. Similar 

relationships were also found for FD’s. This tendency is based on the proportionality 

between Tcavity and Epl without any effect from the inter-electrode gap, l. 

 

 

 

30 35 40 45 50 55 60
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

155 nF
 15 mm

P
er

io
d

 o
f 

C
av

it
y

 O
sc

il
la

ti
o

n
 (

m
s)

Energy Delivered into the Plasma Channel (J)



152 
 

 

 

 

 

 

0 20 40 60 80 100 120
3

4

5

6

7

8

266 nF 15 mm

 20 mm

 25 mm

P
er

io
d

 o
f 

C
av

it
y

 O
sc

il
la

ti
o

n
 (

m
s)

Energy Delivered into the Plasma Channel (J)

0 50 100 150 200 250
4

5

6

7

8

9

10

11

533 nF 15 mm

 20 mm

 25 mm

P
er

io
d

 o
f 

C
av

it
y

 O
sc

il
la

ti
o

n
 (

m
s)

Energy Delivered into the Plasma Channel (J)



153 
 

 

 

 

Figure 5-8. The relationship between the Tcavity and the Epl for ABSD’s for (a) 155 nF, (b) 

266 nF, (c) 533 nF, (d) all three values of capacitance. Solid line shows the fitting result of 

(4.26) with n=1.49. Dashed line shows the upper and lower boundaries of the 95 % 

prediction intervals.  

 
 

As it was established for the FD’s, a part of the energy delivered into the plasma 

channel (δ  ~0.3) is expended on the cavity’s work against water. Based on relationship 

between Tcavity and Epl (4.26), it can be concluded that the expansion and collapse 

process of the cavity depends only on Epl. Therefore, scaling relationship (4.26) was 

also used to fit the combined experimental results for all capacitance values for the 

ABSD’s by using the software OriginLab 9.0.  

  The solid and dashed lines in Fig. 5-8(d) show the fitting of (4.26) to the experimental 

data and the upper and lower boundaries of the 95 % prediction intervals. A 

satisfactory agreement between (4.26) and the experimental data points can be seen in 

Fig. 5-8(d), verifying that (4.26) is suitable for describing the relationship between 

Tcavity and Epl for the ABSD’s. The proportionality coefficient, n, was found to be 

1.49 ± 0.02, which was close to the value obtained for the FD’s. The consistency of n 

for different types of discharges indicates similar dynamic behaviour of the cavity’s 
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oscillation regardless of other parameters but the energy partition. 

 

5.8 The acoustic magnitude as a function of the energy delivered into the 

plasma channel 
 

Fig. 5-9 shows the functional behaviour of the magnitude of the acoustic impulse 

and the calculated energy delivered into the plasma channel for all three values of 

capacitance for ABSD’s. In Fig. 5-9(a), experimental results for only 15 mm gap were 

registered with 155 nF capacitance due to the low probability of successful spark 

discharges in long inter-electrode gaps (20 mm and 25 mm). For all three values of 

capacitance, Pcav-max increased with an increase in Epl, which was similar to the FD’s 

case. However, different from the FD’s, the smooth slope-shifting stage at ~30 J was 

not clearly observed in the ABSD’s case. This could be explained by the lack of 

experimental data in the range in which Epl was less than ~ 30 J. 
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Figure 5-9. The relationship between the Pcav-max and the Epl for ABSD’s for (a) 155 nF, (b) 

266 nF, (c) 533 nF, (d) all three values of capacitance. Solid line shows the fitting result of 

(4.30) with q=0.26, Pcav-max is in V and Epl is in J. Dashed line shows the upper and lower 

boundaries of the 95 % prediction intervals.  

 

  To prove the link between Pcav-max and Epl for the FD’s and ABSD’s cases, scaling 

relationship (4.30), originally developed for FD’s, was used to fit the combined 

experimental data points in Fig. 5-9(d). (4.30) with q = 0.26 provides a reasonable 
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relationships between Pcav-max and Epl shown in Fig. 4-18(d), data points in Fig.5-9(d) 
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gap affects the acoustic output, the data points (Pcav-max) in Fig. 4-18(d) are more 

concentrated than those shown in Fig. 5-9(d), which demonstrate a higher degree of 
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the link between Pcav-max and Epl in which l is included, will be developed in Chapter 

6. 

 

5.9 Conclusions 
 

  The comprehensive investigation of the ABSD’s has been conducted in this chapter. 

The ABSD’s were generated by injecting air bubbles into the inter-electrode gap to 

stimulate development of discharges as gas bubbles in the vicinity of the HV electrode 

facilitate the formation and propagation of the streamers.  In order to investigate an 

efficiency of injected air bubbles in reducing the pre-breakdown time and in increasing 

magnitude of acoustic impulses, series of experimental tests have been conducted and 

the scaling phenomenological relationships between hydrodynamic, acoustic and 

electrical parameters were established.   

  In the case of ABSD’s, the voltage during the pre-breakdown period monotonically 

decays until the breakdown occurs. The post-breakdown oscillation in the voltage and 

current waveforms for the ABSD’s indicated that the pulsed power driving circuit and 

the plasma resistance can be modelled using the lumped RLC discharge circuit. 

Therefore, as in the case of the FD’s, (2.21) and (2.22) were used together with the 

constant plasma resistance model to obtain the plasma resistance and the energy 

delivered into the plasma channel for the ABSD’s. 

  Statistical analysis on the pre-breakdown time was conducted for the ABSD’s in the 

case of discharges with 266 nF capacitance. It was found that the average pre-

breakdown time obtained for the ABSD’s was reduced by 66 % for 30 kV and 77 % 

for 35 kV, as compared with the FD’s. This result shows the significant reduction in 

the breakdown formation time (time to complete breakdown) by injecting air bubbles 

into the inter-electrode gap. As a result, the maximum inter-electrode gap achieved by 

the ABSD’s was increased to 25 mm by using the same energisation conditions as in 

the FD’s. 

  It was found that both Tcavity and Pcav-max increased with the increasing breakdown 

voltage. The Tcavity obtained for the ABSD’s varied from ~ 3.5 ms to ~10 ms, which is 

similar to the results obtained for the FD’s. The maximum magnitude Pcav-max obtained 

in the ABSD’s case was to ~2.45 V, which is ~ 53 % higher than in the case of the 
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FD’s. The ‘saturation’ in Tcavity and Pcav-max values was observed in short gaps with high 

breakdown voltages in the FD’s. However, no such saturation was found in ABSD’s, 

Fig. 5-4 and Fig. 5-5. Scaling relations, (4.10) and (4.17), were used to describe the 

dependency of Tcavity and Pcav-max on Vbr. The satisfactory agreement between analytical 

scaling and the experimental results confirmed similarities between FD’s and the 

ABSD’s in respect to the post-breakdown cavity formation and development.    

  No data points were found in the area in which the plasma resistance is smaller than 

the circuit resistance for the ABSD’s. Both the Tcavity and the Pcav-max followed a 

decreasing trend with an increase in Rpl when their values of plasma resistance were 

found to be larger than those of the circuit resistance, which explains the absence of 

the outlying data points (Tcavity and Pcav-max) in Fig. 5-4 and Fig. 5-5 corresponding to 

the condition Rpl < Rcircuit. 

  The Tcavity and the Pcav-max were found to be proportional to Epl, similar to the the FD’s 

case. Same scaling relations (4.26) and (4.30) were used in the ABSD’s to link Tcavity, 

Pcav-max and Epl. The proportional coefficient, n, obtained for the ABSD’s was 1.49, 

which was close to 1.65 obtained for the FD’s, showing the similarity in the dynamic 

oscillation of the cavity produced by these two discharge mechanisms. The coefficient, 

q, obtained for the ABSD’s case was 0.26 and was larger than 0.19 obtained for the 

FD’s case, indicating the better performance of the ABSD’s in generating stronger 

acoustic impulses. 

  The next chapter presents the experimental results obtained for the wire-guided 

discharges. The hydrodynamic and acoustic parameters and their relationships with the 

electrical parameters of the plasma channel will be investigated and different analytical 

models will be developed to link these parameters. The comparison between the 

acoustic generation capability of the FD’s, ABSD’s and WGD’s was conducted and 

the advantages and disadvantages of each of these mechanisms are discussed. 
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6 Experimental results and analysis: Wire guided discharges 
 

  Free self-triggered underwater discharges can be developed using an electrode 

topology which allows repetitive breakdowns to be achieved without changing the 

electrodes. For example, in Chapter 4 in which the FD’s have been discussed, the same 

electrode system was used to produce hundreds of discharges to investigate the 

relationships between their acoustic output paramters and energisation parameters. 

However, during the testing procedure, several obvious limitation factors attributed to 

the FD’s technique were revealed: the probability of complete breakdown in longer 

inter-electrodes gaps became lower for low voltage/energy levels and the maximum 

magnitude of the acoustic impulse was thereby limited. In addition, even if the spark 

breakdown was successfully achieved, the acoustic performance (the acoustic 

magnitude) of the FD’s was not stable. For example, in FD’s tests with 15 mm gap and 

533 nF storage capacitance, even the lowest charging voltage level (25 kV) would 

result in the discharge, which bridges the electrodes. However, after changing the 

capacitance to 266 nF (or 155 nF), and using higher charging voltage 30 kV (35 kV 

for 155 nF), the successful breakdown rate was less than ~ 30%.  

The main reason for this low rate of successful breakdowns at lower energisation 

levels and/or longer inter-electrode distances is the longer propagation path of 

discharges and reduction in the pre-breakdown voltage due to Joule conduction 

throughout water (energy losses). One of the methods to address the issue is to use 

different triggering mechanism to facilitate the discharge formation and propagation, 

like the air-bubble stimulated discharge mechanism investigated in Chapter 5. It was 

confirmed that injection of air bubble into the inter-electrode gap is an effective 

method of increasing the maximum inter-electrode gap and of maintaining the 

repetitive breakdown operation rate.  

Another method is to increase the energy available in discharge for longer gaps (by 

raising either the charging voltage or the storage capacitance). However, in many cases, 

it is not practical from dielectric coordination point of view in applications, such as the 

pre-treatment of oil extraction [25], the sea sonar system [26] and the rock 

fragmentation treatment [138], [139]. To increase the breakdown path without 

significant increase in the breakdown voltage, the wire-guided discharges can be used.   
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  The fundamental principle of the wire-guided discharge is based on the establishment 

of a conductive straight path between the HV electrode and the ground electrode by a 

thin metallic wire. Using this approach, the ionic energy losses in water and the pre-

breakdown time can be reduced and the inter-electrode distance (the discharge length) 

can be significantly increased. In [73], the comparison between the underwater spark 

discharges with and without the utilisation of metal wire was conducted for a 15 mm 

gap using the pulsed power driving circuit with 3 μF capacitance charged up to 30 kV. 

It was found that using the explosive wire approach result in significant reduction of 

the pre-breakdown time. The peak pressure of the shock wave generated by wire-

guided discharges increased up to 6.31 MPa as compared with 3.3 MPa for free self-

triggering discharges and the energy transfer efficiency was increased from 1.6 % (for 

free self-triggering discharges) to 7.7 % for wire guided discharges. 

A number of investigations into the shock waves generated by wire-guided 

discharges have been conducted and presented in [64], [71], [73], [89], [99], [100], 

[102], [140], [141]. Different aspects of the wire-guided discharges have been studied 

including their mechanism and functional behaviour of the generated shock waves. For 

example, in [141], the time-dependent circuit parameters, and acoustic and light 

parameters were experimentally obtained. It was found that the heating and melting 

phases of the wire and its vaporization play an important role in the formation of the 

shock waves. In [64], it was found that the maximum pressure of the shock wave at 

the plasma-water interface was a linear function of the energy deposited per unit wire 

length and a function of the parameter, П = ((ρ0/lw)(dPel/dt)max)
1/2, where ρ0 is the initial 

density of the wire material and Pel is the electrical power of the discharge. In [140], it 

was shown that the energy deposited into the wire was ~4 kJ/mg and the peak pressure 

of the acoustic impulse was a non-linear increasing function of the applied voltage. 

Similar tendency was also obtained in [71]. Despite numerous publications on the 

underwater wire-guided discharges, there are significant gaps in understanding of their 

formation and development mechanism, and characteristics of the acoustic impulses 

generated by these types of discharges. Thus, a comprehensive study of WGD’s is 

needed to establish relationships between the acoustic and hydrodynamic parameters 

and the electrical parameters of the circuit and the plasma channel. These 

characteristics will be important for optimisation of the acoustic output by tailoring the 
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circuit parameters in practical cases. 

In the present work, electrical, hydrodynamic and acoustic parameters were 

obtained for the WGD’s. It was shown that using the WGD’s electrode topology 

described in Section 3.3.3, a significant improvement in the energy conversion 

efficiency and the strength of the acoustic impulses have been achieved for discharges 

in longer gaps with the same electrical parameters (charging voltage and storage 

capacitance) as in the case of the FD’s. The relationships between the acoustic and 

electrical parameters have been established and analytical (phenomenological) scaling 

models have been developed. 

 

6.1 Experimental results     
  

  As described in Chapter 3, with the purpose of comparisons between the different 

discharge initiation mechanisms, the energisation conditions for WGD’s were kept the 

same as for FD’s, including all combinations of charging voltages (25 kV, 30 kV and 

35 kV) and three values of storage capacitance (155 nF, 266 nF and 533 nF). Three 

different lengths of thin copper wire were used in the tests: 15 mm, 45 mm and 75 mm, 

to investigate the effect of the inter-electrode gaps distance on the electrical and 

acoustic parameters of the WGD’s.  

 

6.1.1 Voltage and current waveforms 
 

  Voltage and current waveforms have been obtained for WGD’s. An example of both 

V(t) and I(t) waveforms for a WGD with 45 mm gap and 266 nF capacitance, are 

shown in Fig. 6-1. The voltage and current waveform in Fig. 6-1 show the initial pre-

breakdown process, which is different as compared with that of FD’s. 

 



162 
 

 

 

 

 

0 5 10 15 20 25 30

-40

-30

-20

-10

0

10

V
o

lt
ag

e 
(k

V
)

Time (s)

0 5 10 15 20 25 30
-3000

-2000

-1000

0

1000

2000

3000

4000

C
u

rr
en

t 
(A

)

Time (s)

t
0



163 
 

 

 

 

Figure 6-1. Example waveforms for the electrical parameters (a) voltage and (b) current 

during discharge period, t0 showing roughly the breakdown moment when the current drops 

to zero. The variation of the current in the first ~ 3 μs after applying the voltage impulse is 

shown in (c). Tm indicates the wire heating, melting stage and Tv is the vaporization stage of 

the wire. 

 

 

  The relatively short pre-breakdown period with significant drop of voltage across the 

wire was observed for voltage from t = 0 μs to t0 = 1 μs in Fig. 6-1 (a) for the 

breakdown above. A current pulse with magnitude of  3 kA was observed during this 

period immediately after application of voltage to the HV electrode and before 

breakdown at moment t0 in Fig. 6-1(b). During this period, a series of events took place 

in the system. Firstly, a voltage impulse appeared across the copper wire placed 

between the HV and ground electrodes. The wire resistance was relatively low (0.03 Ω 

- 0.16 Ω, obtained by (4.19) with ρcu = 1.7 × 10-8 Ω•m [142]), thus significant 

conductive current flows through the copper wire. This dynamic process resulted in 

the wire heating and melting stage and its disintegration stage, indicated by periods Tm 
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and Tv respectively in Fig. 6-1(c). Similar variation of the current as a function of time 

during the pre-breakdown period was also observed in [71], [140], [141]. After a 

complete plasma channel is formed between the HV and ground electrode at t0, the 

underdamped oscillations in both voltage and current, similar to the FD’s and ABSD’s 

cases, were observed and the plasma resistance and the energy delivered into the 

plasma channel could be calculated using (2.21)-(2.24). However, the accurate 

“breakdown voltage” at the moment of the wire disintegration could not be obtained 

due to significant fluctuations in the voltage waveform, Fig. 6-1(a). Therefore, the 

analysis of the relationships between acoustic and hydrodynamic parameters and the 

breakdown voltage was not conducted for WGD’s in this chapter. 

 

6.1.2 Hydrodynamic parameters and acoustic signals 
 

Fig.6-2 shows the acoustic signals (acoustic magnitude and period of cavity 

oscillation) obtained for a discharge in 15 mm gap with 155 nF. The basic profile of 

the acoustic impulse in Fig. 6-2(a) was similar to that in Fig. 4-2(a) obtained for FD’s, 

which featured fluctuated multi-peaks and also a half cycle of negative pressure. It was 

found that the duration of the acoustic impulses emitted by either the FD’s or the 

WGD’s were same, which indicated that the initiation mechanisms of spark discharges 

have minimum impact on their acoustic emission. The magnitude of the acoustic 

impulse, Pcav-max in Fig. 6-2(a) was again represented by the voltage signal from the 

Pinducer sensor and the period of cavity oscillation was defined as the time interval 

between the first and secondary acoustic impulses. 
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Figure 6-2. The acoustic signal obtained for a 15 mm gap: (a) the profile of the acoustic 

impulse with the maximum pressure Pcav-max, (b) the first and secondary acoustic impulses 

showing the period of cavity oscillation Tcavity. 
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6.2 The acoustic magnitude comparison between free self-triggering 

discharges and wire guided discharges 
 

  As discussed at the beginning of this chapter, the purpose of using copper wire was 

to ‘optimise’ the breakdown path and to create a straight plasma channel between 

electrodes in order to improve the acoustic magnitudes of the discharges and their 

stability. Therefore, the inter-electrode gap of 15 mm together with three values of 

capacitance have been used in both cases for the FD’s and WGD’s to investigate the 

impact of these two particular initiation mechanisms on their average acoustic output.  

  To conduct this comparison, statistical analysis of the acoustic magnitudes (Pcav-max), 

obtained in the 15 mm gap for both WGD’s and FD’s, was conducted for each 

energisation level i.e. for each combination of C and Vbr. The average values of Pcav-

max and their standard deviation obtained for the FD’s and WGD’s in 15 mm gap are 

listed in Table. 6-1.   

 

Table 6-1. Comparison of the acoustic magnitude between FD’s and WGS cases for three 

values of capacitance 

   

Capacitance (nF) and 

charging voltage (kV) 

Pcav-max for FD’s (V) Pcav-max for WGD’s (V) 

Average ( ± Standard 

deviation) 

Average ( ± Standard 

deviation) 

155  25  N/A 1.38 ± 0.01 

30  N/A 1.46 ± 0.06 

35  0.99 ± 0.05 1.50 ± 0.04 

266  25  N/A 1.38 ± 0.03 

30  0.85 ± 0.21 1.51 ± 0.01 

35  1.29 ± 0.21 1.57 ± 0.03 

533  25  N/A 1.43 ± 0.09 

30  1.05 ± 0.08 1.71 ± 0.07 

35  1.23 ± 0.08 1.77 ± 0.04 
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Figure 6-3. The average value of the acoustic magnitude together with standard deviation as 

a function of the charging voltage obtained for (a) 155 nF, (b) 266 nF and (c) 533 nF for both 

FD’s (blue) and WGD’s (red) cases. Solid lines are provided for visual guidance only. 
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for all charging voltage levels. The improvement in the average Pcav-max, Pcav-max-ave-

WGD’s/ Pcav-max-ave-FD’s, varied from ~ 144 % to ~ 177 % and the reduction in the standard 

deviation of Pcav-max, varied from ~ 20 % to ~ 95 %. Small standard deviation for the 

peak pressure of the shock wave was also obtained in [140]. This finding indicates that 

the values of Pcav-max obtained for WGD’s under the same experimental conditions (C 

and Vcharging) were close to each other, showing the stabilising effect of the wire in 

facilitating the spark breakdowns. The obtained results for FD’s showed that although 

there were individual breakdowns with strong acoustic impulses (magnitude as high 

as ~1.6 V in Fig. 4-7), the relatively low average value and large standard deviation of 

Pcav-max revealed the instable nature of the FD’s in long inter-electrode gaps, especially 

when the energisation level was not too high, for example, 30 kV and 35 kV for 288 nF.  

Despite a small amount of energy consumed by the electrically melted copper wire: 

~ 3.3 to ~ 16.7 J (based on the data from [140], 4 kJ/mg, and the mass of the wires) for 

different wire lengths, the use of a thin conductor for initiation of discharges not only 

defines the ‘ideal’ breakdown path but also stabilises the discharge properties. Thus, 

the wire-guided initiation mechanism improves the general performance of the 

underwater spark discharge in terms of the generated acoustic impulses. This feature 

would be beneficial for the practical applications of such discharges when stable 

acoustic output is required. 

 

6.3 The energy delivered into the plasma channel as a function of the 

plasma resistance 
 

 

  The values of the plasma resistance and the energy delivered into the plasma channel 

for all WGD’s were obtained. The circuit resistance of the WGD’s test was also 

calculated and the results are shown in Table. 6-2. Based on the normalized 

performance of the WGD’s under the same experimental conditions, the relationship 

between Rpl and Epl in this case is of great interest in order to investigate how Rpl 

determines Epl and to find the link between them together with the information of the 

inter-electrode gap. 
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Table 6-2. The circuit resistance calculated for WGD’s for three capacitances  

 

C (nF) Rcircuit (Ω) 

155  0.49  

266  0.37 

533  0.29  
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Figure 6-4. The energy delivered into the plasma channel as a function of the plasma 

resistance for (a) 155 nF, (b) 266 nF, (c) 533 nF, (d) all discharges for WGD’s. Coloured 

areas indicate data points obtained in different charging voltage levels: 25 kV (red), 30 kV 

(blue) and 35 kV (green). Solid lines in (d) show the fitting lines of (6.4). 
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Rcircuit = 0.29 Ω and those for 15 mm gap were smaller than Rcircuit = 0.49 Ω. For all 

three cases, data points were gathered into different clusters. These clusters correspond 

to the three charging voltage levels used in the tests, indicated by the coloured areas 

for 75 mm gap in Fig. 6-4(a) as examples. For the same inter-electrode gap, discharges 

achieved by lower charging voltage had larger values of Rpl.  

It was found that Epl decreased with an increase in Rpl, especially for the 45 mm and 

75 mm gaps. This tendency can be explained by the energy conversion efficiency 

shown in Fig. 4-14. For the results obtained for the15 mm gap, the value of the ratio, 

x = Rpl /Rcircuit, was in the range from ~ 0.17 to ~ 0.76. The corresponding energy 
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conversion efficiency was low and it was sensitive to x. However, the discharges in 

this x range covered the charging voltage levels from 25 kV to 35 kV and resulted in 

large variation in the energy available in the circuit at breakdown. In this case, the 

amount of energy to be transferred into plasma was determined by the breakdown 

energy rather than the energy conversion efficiency as discussed in the case of FD’s. 

Lower charging voltage produced higher value of Rpl. These observations explained 

the decreasing trend observed for 15 mm gap. For the discharges obtained for the 

45 mm and 75 mm gaps, their values of x was in the range from ~ 0.9 to ~ 4.4 in which 

the energy conversion efficiency was in the shifting and slowly-increasing stages. 

Similar to the relationships between Tcavity, Pcav-max and Rpl observed for the FD’s and 

ABSD’s, the influence of the breakdown voltage in the final amount of energy 

delivered into the plasma channel was stronger than that of the relatively stable energy 

conversion efficiency. Therefore, Epl decreased with an increase in Rpl in this range of 

x for the WGD’s.  

Considering the well-defined tendency (dependency of Epl on Rpl) shown in Fig. 6-

4, it is interesting and important to find a scaling relationship hip in order to describe 

the link between these two parameters. The plasma resistance was obtained as a 

constant value based on the (2.21)-(2.24). However, as discussed in Chapter 2, the 

development of the plasma channel is a dynamic process and the behaviour of the 

transient plasma resistance, Rpl(t), is time-dependent. This behaviour of the plasma 

resistance as a function of time can be described using the model (2.19). This link 

between Rpl(t) and I(t) was derived for the breakdown channel in gas. However, in 

relationship to the post-breakdown process in water this model also can be used. 

In the energy balance model developed by Rompe and Weizel [113], and discussed 

in [110], the coefficient n1 is equal to 1/2. In Vlastos’s model [105], n1 = 3/5 and cco is 

considered as a constant coefficient, depending on the radius of the arc channel and 

other plasma parameters. In [108], by assuming that n1 was a phenomenological 

constant; it could be obtained by finding the best fit between experimental and 

calculated values of the plasma resistance. Also, it has been shown that (2.19) is 

applicable for description of the transient plasma channel resistance. For example, in 

[115], the value of n1 = 1/2 was used to provide information of the transient plasma 

resistance in liquid hydrocarbons. In [110], [142], equation (2.19) together with 
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n1 = 1/2 and n1 = 3/5 showed a reasonable agreement with the experimental transient 

spark resistance in air. In [107], [144], equation (2.19) with n1 = 1/2 and n1 = 3/5 

showed a good agreement with the initial phase of the resistance for a pulsed arc in air. 

In the case of WGD’s in this work, (2.19) is used to establish a link between the plasma 

resistance and the inter-electrode gap. The phenomenological coefficient n1 was 

obtained for all discharges for different inter-electrode gaps. 

  In Section 2.5.3, the difficulties of direct measurements of the transient plasma 

resistance have been discussed. As shown in [110], [143], after the rapid reduction, the 

plasma resistance stays almost constant for the next tens of microseconds. This period 

is long as compared with the fast decay phase (a few nanoseconds). Therefore, it is 

reasonable to use the effective (constant) plasma resistance, Rpl, obtained by (2.22) to 

represent the general behaviour of its time-dependent value, Rpl(t), in (2.19). The 

feasibility of this approach has been confirmed in Chapter 4 and 5, which represented 

the analysis of FD’s and ABSD’s. Therefore, Rpl(t) can be expressed as: 

 

                                                    plpl RtR )(                                           (6.1) 

 

  By combining (2.19) and (6.1), the relationship between the constant plasma 

resistance, current waveform and the inter-electrode gap can be written as: 

 

                                                 𝑅𝑝𝑙 = √2𝑃0𝑐𝑐𝑜 ∙
𝑙

(∫ 𝐼(𝑡)2𝑑𝑡
𝑡
𝑡0

)
𝑛1                         (6.2) 

 

  As shown in (6.2), the energy delivered into the plasma channel is directly related to 

the square value of the current oscillation. By substitute the current term by (2.24) in 

(6.2), a new model can be obtained to describe the relationship between Epl and Rpl 

illustrated in Fig. 6-4: 

 

                                                       𝐸𝑝𝑙 = 𝑎 (
𝑙

𝑅𝑝𝑙
1−𝑛1)

1/𝑛1

                                  (6.3) 

 

where a is phenomenological constant coefficient. 
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  To find the value of coefficients a and n1, (6.3) have been fitted to the experimental 

data for 45 mm and 75 mm gap (as data points for 15 mm gap did not show complete 

trend as the other two gaps) by using the nonlinear fitting function in OriginLab 9.0 

software, where a and n1 were set as free fitting parameters. Epl is in J and Rpl is in Ω 

and l is in mm. The fitting results for all discharges are shown in Table. 6-3. 

 

Table 6-3. The coefficient, a and n1, obtained for 45 mm and 75 mm gaps 

 

Inter-electrode gap (mm) a n1 

45 (10.3 ± 0.5) ×10-4 0.45 ± 0.03 

75 (11.5 ± 0.5) ×10-4 0.34 ± 0.02 

 

  The average values of the coefficients a and n1, were found to be 10.9 × 10-4 and 0.4 

respectively and the value of n1 was close to value 1/2 used in the RW model. Therefore, 

the analytical model for energy Epl is: 

 

                                              𝐸𝑝𝑙 = 10.9 ∙ 10−4 (
𝑙

𝑅𝑝𝑙
0.6)

2.5

                                (6.4) 

 

  The solid lines in Fig. 6-4(d) were obtained by fitting (6.4) to experimental data for 

all three inter-electrode gaps and showed a good agreement with the relationship 

between Epl and Rpl, especially for 45 mm and 75 mm cases. Although an insignificant 

deviation of the fitting curve from the experimental data was observed at the tail of the 

15 mm case, (6.4) provided a satisfactory description on the initial falling slope of 

Epl (Rpl), where most of the data points for 15 mm gap fitted. Model (6.4) provides an 

analytical tool for investigation of the link between the electrical parameters of the 

plasma channel and for calculation of the amount of energy delivered into the plasma 

channel based on predictable value of the plasma resistance.  

  Fig. 6-5 and Fig. 6-6 showed a strong link obtained for the hydrodynamic and 

acoustic parameters and the plasma resistance. The peak values of Tcavity and Pcav-max 

corresponded to the values of the plasma resistance close to the circuit resistance. 

There is a difference as compared with FD’s and ABSD’s. The values of the plasma 

resistance were classified by different energisation levels (combinations of capacitance 
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and charging voltage) for WGD’s. Therefore, to conduct a detailed investigation on 

the dependency of Tcavity and Pcav-max on Rpl, not only their relationships were plotted 

but also a series of scaling relations were established based on (6.4). 

 

6.4 The period of cavity oscillation as a function of the plasma resistance 
 

Fig. 6-5 showes the relationships between Tcavity and Rpl for all three values of 

capacitance. It was shown that Tcavity follows a well-defined decreasing tendency with 

an increase in Rpl for each inter-electrode gap and the value of Tcavity was greater for 

either larger capacitance or longer gap. It was found that Epl is inversely proportional 

to Rpl as observed in Fig. 6-4 and confirmed by model (6.4). In the case of FD’s and 

ABSD’s, Tcaivty is proportional to Epl
1/3. The combination of these two models explains 

the functional behaviour of Tcavity in Fig. 6-5. 

 

 

 

Figure 6-5. The period of cavity oscillation as a function of the plasma resistance for all 

WGD’s. Solid lines in show the fitting results of (6.6). 
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  Following the post-breakdown development of the cavity and acoustic emission in 

the case of FD’s, it can be assumed that (4.26) is also applicable to the WGD’s. 

Combination of (4.26) and (6.4) provides an analytical link between the period of 

cavity oscillation and the plasma resistance: 

 

                                                         𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑏 (
𝑙

𝑅𝑝𝑙
1−𝑛1

)

1/3𝑛1

                           (6.5) 

 

where b is a phenomenological coefficient, which contains the information on 

proportionality coefficients in (4.26) and (6.4). Tcavity is in ms and Rpl is in Ω. 

  (6.5) has been fitted to the experimental data of each inter-electrode gap by setting b 

as a free parameters in OriginLab 9.0c software. The coefficient n1 = 0.4, obtained for 

model (6.4), was used and the fitting results are shown in Table. 6-4. 

 

Table 6-4. The coefficient, b, obtained as fitting parameter of (6.5) for different wire lengths 

 

Inter-electrode gap (mm) b 

15 0.195 ± 0.007 

45 0.187 ± 0.005 

75 0.199 ± 0.003 

 

  Therefore, the average value of the coefficient, b, was found to be 0.194 and the 

phenomenological model (6.5) for WGD’s is given as: 

 

                                                    𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 0.194 (
𝑙

𝑅𝑝𝑙
0.6)

1/1.2

                           (6.6) 

 

  Solid lines in Fig. 6-5(d) show the results obtained by fitting (6.6) to the experimental 

results for all inter-electrode gaps. A good agreement between the analytical lines and 

experimental data verified the effectiveness of (6.6) in describing the relationship 

between Tcavity and Rpl. This dependency can be used to calculate the value of Rpl from 

the hydrodynamic measurement and thereby Epl can be obtained using (6.4).  

 



178 
 

6.5 The acoustic magnitude as a function of the plasma resistance 
 

The acoustic magnitude as a function of the plasma resistance has been obtained for 

all three inter-electrode gaps and capacitance and it is shown in Fig. 6-6. It was found 

that Pcav-max decreased with an increase in Rpl for each specific inter-electrode gap. For 

the same value of Rpl, Pcav-max obtained with a longer wire length was larger than that 

generated with a shorter wire. This tendency is similar to the functional behaviour of 

Tcavity(Rpl) observed in Fig. 6-5. 

 

 

 

 

Figure 6-6. The acoustic magnitude as a function of the plasma resistance for all WGD’s. 

Solid lines in (d) show the fitting results of (6.8). 
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where c1 and m1 are phenomenological coefficients and l is the wire length. These 

coefficients were obtained by fitting (6.7) to the experimental data in Fig. 6-6, except 

the 15 mm case due to the compact location of the data points (Pcav-max) for this wire 

length. This procedure was implemented in OriginLab 9.0c by setting c1 and m as free 

parameters. The results are shown in Table. 6-5.  

 

Table 6-5. The coefficient, c1 and m, obtained as fitting parameters of (6.7) for 45 mm and 

75 mm gaps 

 

 

  Therefore, the average values of coefficients, c1 and m1, were calculated as 0.045 and 

0.4 respectively and the analytical model (6.7) for WGD’s is: 

  

                                                   𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 0.045
𝑙

𝑅𝑝𝑙
0.4                                     (6.8) 

 

  The phenomenological scaling (6.8) has been applied to the experimental data as solid 

lines in Fig. 6-6(d). In 45 mm and 75 mm cases, good match between the fitting curves 

and experimental data was observed while a general trend was shown for only part of 

the data points (Pcav-max) in 15 mm gap due to the highly-centralised data distribution. 

This data-gathering phenomenon is due to the extremely short pre-breakdown time for 

breakdown tests conducted in 15 mm gap, resulting in the minor variation in the 

plasma resistance values for all applied energisation levels. Therefore, in order to see 

a further increase of plasma resistance for the 15 mm case, lower changing voltage 

(< 25 kV) or smaller capacitance (< 155 nF) will be needed.   

 

 

 

Inter-electrode gap (mm) c1 m1 

45 0.043 ± 0.006 0.34 ± 0.05 

75 0.047 ± 0.007 0.46 ± 0.07 
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6.6 The period of cavity oscillation as a function of the energy delivered 

into the plasma channel 
 

  The energy delivered into the plasma channel is the fundamental parameter, which 

defines the acoustic performance of the plasma system. It will be of great importance 

to establish the link between the acoustic magnitude and the energy delivered into the 

plasma channel to evaluate the hydrodynamic and acoustic performance of the system.  
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Figure 6-7. The period of cavity oscillation as a function of the energy delivered into the 

plasma channel for (a) all discharges for WGD’s and (b) all discharges for FD’s, ABSD’s 

and WGD’s. Solid lines and dashed lines show the fitting curves obtained by (4.26) and the 

upper and lower boundaries of the 95 % prediction intervals respectively. 

 
 

  The relationship between the period of cavity oscillation and the energy delivered 

into the plasma channel for all discharges, FD’s, ABSD’s and WGD’s, are shown in 

Fig. 6-7. It is shown that Tcavity increases with an increase in Epl for all three inter-

electrode gaps for WGD’s. The well-defined functional behaviour of Tcavity(Epl) is 

similar to the results obtained in the case of FD’s and ABSD’s. Also, as shown in Fig. 

6-7(a), there was no significant difference in the values of Tcavity for different wire 

lengths when the same Epl was obtained for different discharges, indicating the minor 

influence of l on Tcavity in the case of WGD’s. This finding confirms the conclusion 

made for the FD’s and ABSD’s: the development of the gas cavity after breakdown 

does not directly depend on the inter-electrode gap. Therefore, based on this 

observation, same scaling model (4.26), originally obtained for FD’s, can be used to 

link Tcavity and Epl for the WGD’s. 
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  Due to the monotonic tendencies for all wire lengths as shown in Fig. 6-7(a), it is 

reasonable to fit (4.26) directly to the combined experimental data in order to find n, 

which does not depend on l. By using fitting function in OriginLab 9.0c (Tcavity is in 

ms and Epl is in J and n1 is set as free parameter), the proportionality coefficient, n, 

was found to be 1.87 ± 0.02 for WGD’s: 

 

                                                𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 1.87𝐸𝑝𝑙
1/3

                                      (6.9) 

 

  The fitting leads to the fitting of phenomenological scale relationship (6.9) to the 

experimental data, which is shown as the solid line in Fig. 6-7(a), and upper and lower 

boundaries of the 95 % prediction intervals obtained and presented as dashed lines. It 

was shown that most of the experimental data points follow the main trend described 

by (6.9) whatever the wire length was and all points were within the upper and lower 

boundaries of the 95 % prediction intervals. The agreement observed between (6.9) 

and the experimental data is good enough to confirm the feasibility of (4.26) for wire-

guided discharges. Therefore, it is possible to predict Epl by knowing Tcavity without 

complex calculations of electrical parameters.  

 

Table 6-6. The proportionality coefficient, n, obtained for the cases of FD’s, ABSD’s and 

WGD’s 

 

Discharge mechanism n 

FD’s 1.65 

ABSD’s 1.49 

WGD’s 1.87 

 

  The values of the proportionality coefficients, n, obtained for FD’s, ABSD’s and 

WGD’s are shown in Table. 6-6. It is shown that there is no significant difference 

between these values, thus, a same value of n can be obtained for all three discharge 

mechanisms. The average value of n = 1.67 was calculated and used in (6.10): 

 

                                                    𝑇𝑐𝑎𝑣𝑖𝑡𝑦 = 1.67𝐸𝑝𝑙
1/3

                                      (6.10) 
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  Then, model (6.10) was fitted to the combined experimental data for all tests 

conducted for FD’s, ABSD’s and WGD’s and was shown in Fig. 6-7(b) as solid line 

with upper and lower boundaries of the 95 % prediction intervals as dashed lines. A 

satisfactory agreement between (6.10) and the experimental data was found in Fig. 6-

7(b). 

Model (6.10) allows prediction of the development of the gas cavity after 

breakdown for all energy levels used for underwater spark discharge in this work. The 

relationship which states that Tcavity is proportional to Epl to the power of 1/3 has been 

confirmed and can be used in different types of discharges, which is essential in the 

comprehensive study of the gas cavity (generated by the electrical discharge) and in 

the link between the hydrodynamic and electrical parameters. 

 

6.7 The acoustic magnitude as a function of the energy delivered into the 

plasma channel 
 

  In the previous section, the relationship between Tcavity and Epl has been obtained and 

phenomenological model (6.10) has been verified for all underwater spark discharge 

mechanisms. The acoustic magnitude, Pcav-max, is an important parameter and its 

relationship with Epl will be established in this section. 
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Figure 6-8. The acoustic magnitude as a function of the energy delivered into the plasma 

channel for (a) all discharges for WGD’s and (b) all tests conducted for FD’s, ABSD’s and 

WGD’s. Black lines in (a) show fitted lines obtained by (6.13). Blue and red lines in (b) 

show fitted lines obtained by (4.30) and (6.13) respectively. 
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  Fig. 6-8 shows the behaviour of Pcav-max as a function of Epl for all wire lengths 

(inter - electrode gaps) in WGD’s and for all tests conducted for FD’s, ABSD’s and 

WGD’s. It is shown that Pcav-max increases with an increase in Epl. Similar to the 

tendency obtained for the case of FD’s and ABSD’s, the tdendency shown in Fig. 6-

8(a) is nonlinear and the slope is smoother for Epl in the range Epl > 80 J. As compared 

with FD’s and ABSD’s, the experimental data obtained for each wire length are clearly 

separated from the other two lengths. This is due to the significant variation (30 mm) 

in the length of wire used in the WGD’s tests, which shows sensitivity of Pcav-max to l. 

In Chapter 4 and 5, the link between Pcav-max and Epl, (4.30), was established from 

the relationship between the pressure impulse and the mass of high explosive used to 

generate underwater chemical explosion. For the WGD’s, the relationship between 

Pcav-max and Rpl is well-defined, Fig. 6-6(d), and a phenomenological scaling 

relationship, (6.8), which included the wire length, has been derived for these 

discharges. Also, it has been shown that Epl is inversely proportional to the Rpl and this 

functional dependency was described by (6.4). Therefore, it is possible to establish a 

link between the acoustic magnitude and the total energy released into the plasma 

channel for wire-guided discharges by substituting (6.8) in (6.4), which provides a new 

scaling relationship: 

 

                                  𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 𝑐2(𝑙
(1−𝑛1−𝑚1)𝐸𝑝𝑙

𝑛1𝑚1)
1

1−𝑛1                        (6.11) 

  

where c2 is the proportionality coefficient, which is also a function of c1 and a in (6.4) 

and (6.8): 

 

                                                       𝑐2 = 𝑐1𝑎
𝑛1𝑚1
𝑛1−1                                            (6.12) 

 

With values of n1 = 0.4 and m1 = 0.4, (6.11) can be rewritten as: 

 

                                                𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 𝑐2𝑙
0.33𝐸𝑝𝑙

0.27                                (6.13) 
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  There are two ways to obtain the value of the coefficient, c2. One method is to resolve 

(6.12) mathematically for known values of c1, a, n1 and m1 in (6.12) to obtain c2. The 

other method is to fit (6.13) to the experimental data in Fig. 6-9 (a) to obtain the value 

of c2 matching the experimental data. In order to verify model (6.13), both methods 

were used and compared. If the resulting values of c2 are close to each other, scaling 

relationship (6.13) can be confirmed as valid for the relationship between Pcav-max and 

Epl for the WGD’s. 

 

Coefficient, c2: different approaches 

 

 Coefficient c2 can be calculated from (6.12). The value of c2 obtained by this 

equation is c2 = 0.045 × 0.00111 (0.4 × 0.4 / (0.4 – 1) = 0.276. 

 Also, c2 can be obtained by fitting model (6.13) to the experimental points in 

Fig. 6-8(a) using the fitting function in software OrignLab 9.0c. The results of 

this fitting procedure are shown in Table. 6-7. Then, the average value of c2 is 

calculated as c2 = 0.26.  

 

Table 6-7. Values of coefficient, c2, obtained for three wire lengths by fitting (6.13) to 

experimental data in Fig. 6-8(a) 

 

Inter-electrode gap (mm) c2 

15  0.24 ± 0.01 

45  0.26 ± 0.01 

75  0.29 ± 0.01 

 

 

  By comparing values of c2 obtained by these two different methods, it is possible to 

conclude that they are close to each other. Thus, the procedure used to derive scaling 

relationship (6.13) is feasible and thus, this model can be used to describe the 

relationship between Pcav-max and Epl. The proportionality coefficient, c2 = 0.26, will be 

used in (6.13) and this scaling model can be now rewritten as: 
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                                             𝑃𝑐𝑎𝑣−𝑚𝑎𝑥 = 0.26𝑙0.33𝐸𝑝𝑙
0.27                               (6.14) 

 

  The solid lines in Fig. 6-8(a) show the fitting curves obtained by (6.14) for three wire 

lengths. Again, a good agreement between the fitting lines and the experimental data 

confirms the effectiveness of (6.13) in linking Pcav-max and Epl.  

The relationship between Pcav-max and Epl for all three types of underwater spark 

discharges is shown in Fig. 6-8(b). It was shown that an increase in l significantly 

improved Pcav-max and it defined the upper limit of Pcav-max by increasing Epl. As 

compared with WGD’s, FD’s and ABSD’s showed less effective in providing 

extremely large values of Pcav-max. 

   Scaling relations ((4.30) for FD’s and ABSD’s, (6.13) for WGD’s) are also plotted 

in Fig. 6-8(b). It was found that for small variations (a few mms) in the inter-electrode 

gap, relationship (4.30) provided straightforward and reasonable calculation of the 

value of Pcav -max with a specific value of Epl. For large variations (tens of mms) in the 

length of gap, (6.13) is preferred to provide a reliable prediction of Pcav-max, as Pcav-max 

is sensitive to the change in l. 

 

6.8 Conclusions 
 

  Wire-guided discharges are initiated with a thin metal wire placed between electrodes, 

which facilitates the establishment of the plasma channel, minimises the pre-

breakdown time and reduces the conductive energy losses before complete breakdown. 

The breakdown characteristics of WGD’s and the relationships between hydrodynamic, 

acoustic and electrical parameters were investigated in this chapter. 

  The comparison between the values of Pcav-max obtained for 15 mm gap in the case of 

FD’s and WGD’s was conducted. It was found that the reduction of the standard 

deviation in Pcav-max values in the case of wire-guided discharges was at least 20 % and 

the average value of Pcav-max obtained for WGD’s was increased by at least ~ 44 %, as 

compared with FD’s. This finding showed that the plasma-channel-stabilising function 

was achieved by using a thin metallic wire to establish the plasma channel path. This 

will be beneficial for the controllability and the predictability of the underwater spark 

discharges. 

  In this work, the inter-electrode gap was increased to 75 mm for the WGD’s while 
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the maximum gap for FD’s was 15 mm and for ABSD’s it was 25 mm. A direct effect 

of this gap enhancement was the higher magnitude of the acoustic impulse. It was 

shown that the maximum value of Pcav-max was ~4.5 V in the case of WGD’s, as 

compared with ~1.6 V for FD’s and ~2.3 V for ABSD’s when the same amount of 

energy was available in these discharges. This is a significant improvement for 

practical applications [24], [79], [145], which requires strong magnitude of acoustic 

impulses.      

  The relationship between Epl and Rpl was obtained. It was found that Epl is inversely 

proportional to Rpl for all three wire lengths. A phenomenological scaling relationship 

(6.4) was derived from the time-dependent plasma resistance mode (2.19) with 

n1 = 0.4 by assuming that the dynamic behaviour of the plasma resistance could be 

represented by a constant value. The importance of (6.4) is that it links analytically the 

electrical parameter (Rpl) and the acoustic parameters. With the help of (6.4), it is 

possible to derive the phenomenological model to link Tcavity, Pcav-max and Rpl with l 

taken into account.  

  The relationships between Tcavity, Pcav-max and Rpl, Epl were also found for WGD’s. It 

was shown that Tcavity and Pcav-max decreases with an increase in Rpl and increases with 

an increase in Epl for all wire lengths. These relationships show well-defend tendency 

and analytical models (6.5)-(6.13) were established to link these parameters. It was 

found that model (4.26) with n = 1.66 was suitable to describe the relationship between 

Tcavity and Epl for all three types of discharge mechanisms in this work. Model (6.13) 

provides more accurate prediction of Pcav-max with a known value of Epl than model 

(4.30), especially for larger variation in the wire length. However, model (4.30) allows 

a straightforward calculation of Pcav-max for a case when the inter-electrode gap is 

unknown. The phenomenological scaling relations established in this chapter will help 

in further optimisation and understanding of the usage of WGD’s in practical 

applications, as it will help to adjust the circuit parameters of the discharge system to 

maximise the acoustic magnitude.  

  The next chapter presents the development of an analytical model to study the time-

dependent behaviour of the hydrodynamic and acoustic parameters and the electrical 

parameters. Comparison is conducted between the analytical results and the 

experimental measurements to validate the model. The acoustic energy and efficiency 
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are calculated for all tests conducted in this work based on the results obtained from 

the analytical model. Their relationships with the electrical parameters of the plasma 

channel are also investigated.  
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7 Analytical model for underwater spark discharges 
 

  The comprehensive investigation on the acoustic and electrical properties of 

underwater spark discharges, including the period of the gas/plasma cavity oscillation, 

Tcavity, the peak acoustic pressure Pcav-max, the resistance of plasma, Rpl and the energy 

delivered into the plasma channel, Epl, have been conducted for all three types of 

underwater spark discharges, FD’s, ABSD’s and WGD’s. The results of this 

investigation were presented in Chapters 4 - 6.  

  Novel scaling relationships between the hydrodynamic, electrical and acoustic 

parameters have been established and analysed in Chapters 4-6. These relationships 

can be used in optimising the acoustic output by adjusting different circuit and 

topological parameters: charging voltage, storage capacitance and inter-electrode gap. 

However, this optimisation is based on the empirical scaling relationships obtained for 

the circuit parameters and topologies used in this work. Thus, it is important to develop 

a general model, which will be based on the fundamental characteristics of the pulse 

driving circuit, discharge plasma parameters, hydrodynamic and acoustic equations. 

  A complete underwater spark discharge progresses through a series of phases, 

including streamers’ initiation and propagation, electrical energy injection into the 

formed plasma channel and the post-breakdown development of the plasma/gas cavity.  

  Apart from Rpl and Epl, there are other properties which play important roles in the 

discharge and cavity’s development process including internal pressure in the cavity, 

Pi(t) and the radius of the gas/water interface, r(t). Together with the hydrodynamic 

and electrical parameters investigated in the previous chapters, they will help to form 

a complete picture of the underwater spark discharge and the plasma-acoustic emission 

process. 

  Due to highly dynamic nature of the development of the gas/plasma filled cavity, the 

parameters mentioned above vary with time. Their transient behaviour is of great 

importance for understanding and modelling of the discharge process. However, the 

diagnostic system used in this work put some limitations on experimental 

measurements: i.e. some parameters can’t be obtained directly from the experiments 

or there are limitations in terms of analysis of raw experimental data.   

  As discussed in Chapter 2, two different discharge stages follow the breakdown event, 

including the energy deposition stage (before the end of electrical energy injection) 
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and the cavity oscillation stage (after the energy injection). These two stages consist 

of several processes, including the electrical energy injection into the breakdown 

channel resulting in a fast expansion of this channel filled with hot plasma, 

hydrodynamic cavity expansion and collapse, emission of acoustic impulses during 

cavity expansion and collapse. Each of these individual processes has been studied 

thoroughly in the last few decades and many well-established models are available to 

describe these processes. For example, the energy deposition stage can be described 

by a simplified energy balance equation, which states that the energy deposited into 

the plasma channel accounts for the thermal energy of the gas/plasma cavity and 

mechanical work done on surrounding water. This equation has been used in [35], [70], 

[82], [126], [132], [146]. The cavity expansion and collapse can be described by 

Rayleigh model in non-compressible liquid ([75], [121], [147] - [151]) and Gilmore 

model [78] for compressible liquid with pressure-dependent speed of sound, which 

was used in studies of spark-generated cavity dynamics [35]. More detailed analysis 

of Gilmore model and comparison between these two models can be found in [75], 

[77], [81], [152]-[154]. The acoustic impulse from the spark source can be modelled 

by Braginskii’s approximation [155] for shock wave (used in [126], [132]), which 

states that the acoustic pressure is proportional to the squared expansion velocity of 

the cavity, or by the acoustic approximation for calculation of pressure impulse 

generated by a gas-filled cavity at a observation point (studied in [70], [82], [156], 

[157]). Based on the developed models and the experimental conditions used in this 

work, the complete analytical description of the transient underwater cavity and 

acoustic impulses emitted by this cavity has been developed in this section. 

The developed model has been implemented in MATLab R2016c software. This 

model allows the full transient analysis of the time-dependent parameters of the 

discharge cavity and help in further understanding of the acoustic emission by the 

underwater spark discharge. The value of the peak magnitude of the acoustic pressure 

waves can be obtained using the developed model, thus the acoustic energy and the 

acoustic efficiency, Eac and ƞac can be obtained.   
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7.1 Development of the model 
 

  In this section, an analytic model was developed in order to study the evolution of 

the underwater spark discharge. The radially propagating acoustic pressure waves also 

can be obtained using this model. The primary pressure impulse is generated during 

the first quarter of circuit oscillation. Therefore, the study presented in this chapter will 

be focused on the first cavity’s oscillation cycle. During the following cavity’s 

oscillation cycles, the gas in the cavity behaves ideally and adiabatically.   

 

7.1.1 Energy Deposition 
 

  After the first streamer bridges the inter-electrode gap, a plasma channel is formed 

and a conductive current starts to flow through the channel: this electrical energy is 

released in the plasma channel, resulting in the rapid Joule heating of the plasma.  As 

plasma pressure increases, the plasma channel develops into a gas cavity. The high 

pressure inside the cavity results in its fast expansion, the expanding cavity emits a 

strong acoustic impulse. The cavity reaches its maximum radius and then starts to 

collapse due to the pressure difference at the cavity’s interface (as the internal pressure 

inside the cavity is significantly lower than the external hydrostatic pressure at this 

moment). The development of the model is started with the analysis of the energy 

balance in the underwater spark discharges. 

  An energy balance equation is a key in modelling of the discharge process. It is related 

to the energy partition in the underwater spark discharge, which determines the 

dynamics of post-breakdown phenomena. Energy partition in underwater spark 

discharge has been studied in a number of papers [136], [158], [159]. In [158], UV 

light radiation for the underwater sparks with adjustable peak voltage and inter-

electrode gap was investigated. It was found that although the energy of the UV 

radiation was affected by the electrode distance and inversely proportional to the peak 

voltage, the maximum energy associated with UV radiation was only 3.4 % of the total 

energy available in discharge. In [159] a series tests have been conducted to investigate 

the energy partition of an underwater spark. According to [159], the light emission 

measured accounted for only 4.9 % of the total energy delivered into the plasma 

channel. The thermal conduction losses were also negligible due to its small energy 
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contribution as compared with the mechanical work done by the cavity’s expansion 

and the acoustic energy. In [136], a combination of models was used to calculate 

energy associated with the acoustic impulse and thermal energy in the cavity. It was 

found that the sum of the mechanical work done by the cavity against surrounding 

water and its internal energy accounted for the most part of the total energy transferred 

into the plasma, ~ (97 % - 99 %).  

In this work, the measurements of the energy losses due to light emission and heat 

conduction were not conducted as it was beyond the scope of this work. A simplified 

energy balance equation for the energy deposition stage of the underwater spark 

discharge can be given as: 

 

                                              𝐸𝑝𝑙(𝑡) = 𝑊(𝑡) + 𝐸𝑖𝑛(𝑡)                                     (7.1) 

 

where Epl(t) is the electrical energy delivered into the plasma channel, W(t) is the 

mechanical work done by the expanding cavity and Ein(t) is the internal energy of the 

cavity. The term, Ein(t), after breakdown covers the energy associated with the acoustic 

impulses as the intense internal pressure of the cavity achieve the emission of 

shockwaves. This energy balance equation was confirmed and used in [35], [70]. 

  All three terms in (7.1) are time-dependent parameters, which will be taken into 

account in the following analysis. Energy relationship (7.1) links the electrical and the 

hydrodynamic parameters of the discharge and defines the energy partition during the 

energy deposition stage of the discharge. The energy delivered into the plasma channel, 

Epl(t), is defined as the electrical energy released through the Joule heating (2.24). The 

mechanical work done by the cavity and the thermal energy in the plasma in (7.1) are 

given by: 

    

                                        𝑊(𝑡) = 𝑃∞𝑉𝑐𝑎(𝑡) + 𝑃𝑖(𝑡)𝑉𝑐𝑎(𝑡)                             (7.2) 

 

                                          
1

)()(
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in                                           (7.3) 

 

where P∞ is the ambient undisturbed pressure in the water and it can be represented 
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by the hydrostatic pressure, P0; Pi(t) is the internal pressure of the gas mixture inside 

the expanding cavity and Vca(t) is the volume of the gas cavity in its oscillations; γ is 

the constant ratio of the specific heats of the gas mixture inside the cavity. 

The first term in (7.2) refers to the potential energy stored in the surrounding water 

and the second term is the kinetic energy of the water in response to the expanding 

gas/water interface. The ratio of the specific heats (or the heat capacity ratio), γ, is the 

ratio of the heat capacity at constant pressure and the heat capacity at constant volume. 

This parameter, γ, is an important property of a gas content governing its 

thermodynamic behaviour. In this work, the gas content in the plasma-generated cavity 

is a mixture of water vapour, disassociated gas and ionised water components. The 

calculation of exact value of γ for this gas content is difficult and the procedure is 

beyond the study of this work.  

  Values of γ have been discussed in [35], [82], [160]-[163]. In [159], γ = 1.4 was found 

using the best fit between the experimental data of the cavity radius with the Rayleigh-

Plesset cavity oscillation model. The same value of γ = 1.4 was also used in [35] in the 

energy balance equation to describe the plasma-generated cavity dynamics. In [162], 

γ = 4/3 was used in the internal energy of the plasma for spark discharges with low 

current (1 A – 10 A) with consideration that the energy in plasma was contributed by 

translational and rotational energy by particle collisions. For more examples, γ = 1.3 

was used in [82], [132] for modelling the transient cavity in water. γ = 1.25 and 

γ = 1.22-1.30 were used in [161], [164] and [163] respectively for modelling of cavity 

generated by spark discharges. In this work, the mixture content in cavity was assumed 

to be adiabatic ideal gas mixture and to be constant during the cavity dynamics. Based 

on the literature data, the value of γ = 1.3 has been chosen.  

The geometric shape of the cavity is assumed to be spherical. Then, the volume of the 

cavity during oscillation is governed by: 

 

                                                 
3)(

4

3
)( trtVca                                                (7.4) 

 

where r(t) is the time-dependent radius of the cavity. 
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7.1.2 Hydrodynamic behaviour 
 

  The energy balance during the energy deposition stage was discussed in previous 

section, the internal pressure in the cavity, Pi(t), was included in (7.3). To solve (7.3), 

the time-dependent volume of the cavity, Vca(t), has to be obtained, which refers to the 

hydrodynamic aspect of the energy deposition stage. As electrical energy is delivered 

into the plasma channel, the temperature inside the channel increases rapidly due to 

the Joule heating which results in vaporization of liquid water near the plasma channel. 

Then the plasma channel starts to develop into a cavity filled with a vapour-gases 

mixture. At the same time, the high pressure forces the cavity with radius r(t) to expand 

at a considerable velocity. The cavity expansion after the energy deposition stage 

continues. The cavity expands adiabatically and it stops when the cavity reaches its 

maximum radius. The cavity then collapses to its minimum radius due to significantly 

higher hydrostatic pressure than the internal pressure in the cavity at its maximum 

radius.  

  The free (adiabatic) oscillation of the gas cavity in the liquid can be described by the 

Rayleigh-Plesset equation. The liquid considered in (2.8) is assumed to be 

incompressible, which means that the density of the liquid is constant and thereby the 

speed of sound is also constant during the oscillation. For the underwater spark 

discharges studied in this work, the compressibility of the water has to be taken into 

consideration as shock waves/acoustic impulses emitted from the spark-generated 

cavity and the gas/water interface of the cavity can significantly compress the liquid. 

Therefore, a model, which takes into account the equation of state of water, is required.  

The velocity of the cavity expansion varies in a large range depending on the 

discharge circuit parameters. For example, as reported in [74] for the underwater spark 

discharges achieved with 720 J pulses, the average velocity of the cavity’s interface 

was obtained, ~ 60 m/s. In [165], three different electrical power oscillation modes 

(charged by the same 600 J pulses but with different number of oscillation cycles) were 

used to generate sparks for the investigation of hydrodynamic process. It was found 

that the velocity dispersion in the middle of the discharge channel varied from 

~ 170 m/s to ~ 250 m/s. In [132], spark discharges were achieved using capacitive high 

pulsed power system with different values of capacitance (1 μF, 5.22 μF and 10.37 μF). 
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For discharges with 5.22 μF and breakdown voltage of ~2 kV, the channel expansion 

speed reached its maximum value of ~340 m/s in ~1.5 μs after breakdown. For higher 

energy levels (> 1 kJ) used in [32], the velocity of cavity (or channel) expansion was 

found to be ~ 0.75 km/s for 20 mm and ~ 1.2 km/s for 28 mm inter-electrode gaps. 

Due to fast expansion of the plasma channel and strong shock wave, which is produced 

by the expanding plasma channel, the water density near the gas/water interface is no 

longer constant and the local speed of sound is now considered to be related to the 

density of the disturbed water. In the underwater spark discharge tests conducted in 

this work, no experimental techniques and systems were available for direct 

measurements of the expansion velocity of the underwater plasma channel and the 

velocity of the emitted shock wave. However, based on the similar experimental setup 

and conditions used in [35], the influence of the fast expanding cavity on the water 

content will be taken into account in the present work analytically.  

  In order to account for potential dependency of water density on pressure, the 

Gilmore approach is adopted in the present work. There are specific conditions, which 

have to be confirmed before the Gilmore model can be used and solved for the cases 

considered in the present work. As mentioned above, the water density is a pressure-

dependent parameter, and Tait’s equation of state can be used for description of this 

dependency of water density on disturbance pressure, [78]: 

 

                                              𝜌(𝑃𝑖(𝑡)) = 𝜌∞ (
𝑃𝑖(𝑡)+𝐵

𝑃∞+𝐵
)
1
𝑛2⁄

                             (7.5) 

 

where B is 3×108 Pa and n2 is 7 [78], [152], [153] and ρ∞ is the density of undisturbed 

water. 

  Based on (7.5), the pressure-dependent speed of sound, c, can be expressed as [78]:  

 

                                          𝑐 = 𝑐∞ (1 +
𝑛2−1

𝑐∞2 ℎ)
1
2⁄

                                        (7.6) 

 

where c is the speed of sound in undisturbed water, h is the enthalpy. By assuming 

the liquid is an isotropic medium, the specific enthalpy, h, can be defined as a function 

of the disturbing pressure, Pi(t), [78]: 
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                    ℎ(𝑡) =
𝑛2

𝑛2−1

(𝑃∞+𝐵)
1
𝑛2

𝜌∞
((𝑃𝑖(𝑡) + 𝐵)

𝑛2−1

𝑛2 − (𝑃∞ + 𝐵)
𝑛2−1

𝑛2 )          (7.7) 

 

 Taking into account all conditions described by (7.5)-(7.7), the Gilmore model for the 

cavity oscillation is given by, [78]: 

 

                      𝑟�̈� (1 −
1

𝑐
�̇�) +

3

2
�̇�2 (1 −

1

3𝑐
�̇�) = ℎ (1 +

1

𝑐
�̇�) +

𝑟

𝑐
ℎ̇ (1 −

1

𝑐
�̇�)       (7.8) 

 

  �̈� = 𝑑2𝑟

𝑑𝑡2
, �̇� =

𝑑𝑟

𝑑𝑡
, ℎ̇ =

𝑑ℎ

𝑑𝑡
            

 

where r is short for r(t), �̇� and �̈� are the first order and second order derivatives of r 

respectively.  

  The full Gilmore’s model includes the terms for the energy associated with the 

surface tension and also the effects of viscosity. These terms are significant in low 

energy discharges but it can be ignored in the higher energy levels considered in this 

work. 

 

7.1.3 Acoustic emission 
 

  During the discharge, due to intense internal pressure inside the cavity, this cavity 

expands and generates a pressure impulse, which propagates into water. According to 

[166], this pressure impulse could be considered as a shock wave at its initial emission 

stage as the impulse propagation velocity, measured at 1 mm from the spark (an early 

stage of shock propagation), was ~ 1.86 km/s. After its propagation over a short 

distance (8 mm), the speed of this pressure impulse reduces to the ambient speed of 

sound (~ 1.5 km/s). In [72], velocities of pressure waves were measured from 

~ 1.4 km/s to ~ 1.5 km/s, 50 μs after the electrical discharge. Therefore, at the 

observation point used in this work, 500 mm away from the spark electrodes, it is 

reasonable to assume that the propagation speed of the pressure wave is the speed of 

sound in water, ~ 1.45 km/s, so that the magnitude of the impulse can be calculated 

using the acoustic approximation.  
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  Based on the assumption of acoustic approximation, the magnitude of the propagating 

acoustic impulse is a function of its observation position, d, and the time-dependent 

radius of the oscillating cavity, r(t). The magnitude of the acoustic impulse, Pcav-max(t), 

is expressed as below, [167]: 

 

         𝑃𝑐𝑎𝑣−𝑚𝑎𝑥(𝑡̅) = 𝑃∞ + 𝜌∞ (
1

𝑑
((𝑟(𝑡)̅)2𝑟(𝑡̅)̈ + 2𝑟(𝑡̅)𝑟(𝑡)̅̇ 2) −

𝑟(�̅�)4

2𝑑4
𝑟(𝑡)̅̇ 2)    (7.9)   

                                

                                                               𝑡̅ = 𝑡 −
𝑑

𝑐∞
                      

             

where 𝑡̅ is the retarded time and it is defined zero when the first time that the acoustic 

impulse reaches the observation point, 𝑟(𝑡̅)̇   and 𝑟(𝑡̅)̈   are first and second order 

derivatives of 𝑟(𝑡)̅ respectively.  

  The acoustic energy can be obtained from the acoustic impulse waveform. In the case 

of underwater spark discharges where the acoustic impulses are emitted radically and 

the observation point is relatively far away from the spark source (and the observation 

distance is significantly longer than the inter-electrode gap), the acoustic impulse can 

be treated as a spherical wave. According to [168], the acoustic intensity of a spherical 

wave is governed by the same equation as the acoustic intensity of plane waves as an 

area element of a spherical wave can be approximated by an area element of a plane 

wave. Therefore, the acoustic intensity of the spherical wave is given by:    

 

                                                      𝐷𝑎𝑐 =
𝑃𝑐𝑎𝑣(𝑡)

2

𝑍𝑎𝑐
                                         (7.10) 

    

                                                      𝑍𝑎𝑐 = 𝜌∞𝑐∞                                           (7.11)     

 

where Zac is the specific acoustic impendence of the water. In the acoustic 

approximation, water density and the speed of sound in water are equal to their values 

in undisturbed water at normal conditions.   

  By knowing the acoustic intensity, the acoustic power, Pcav-power(t), of the emitted 

wave can be calculated as the product of the surface area at the observation point and 

(7.10), and this power is given by: 
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                                 𝑃𝑐𝑎𝑣−𝑝𝑜𝑤𝑒𝑟(𝑡) = 𝐹𝐷
𝑎𝑐
(𝑡),   𝐹 = 4𝜋𝑑2                          (7.12)  

 

where F is the surface area of the spherical acoustic impulse.    

  Then, the acoustic energy associated with the acoustic impulse is obtained as an 

integral of (7.12) with respect to time: 

 

                                                𝐸𝑎𝑐 =
𝐹

𝑍𝑎𝑐
∫𝑃𝑐𝑎𝑣(𝑡)

2𝑑𝑡                                    (7.13) 

 

7.2 Model development in MATLab  
 

  By combining (7.1)-(7.13), the hydrodynamic process (cavity dynamics) and the 

acoustic emission during the energy deposition stage can be described with the 

assumption that the cavity experiences adiabatic expansion after the disappearance of 

the current. The numerical solution of these equations has been implemented by 

building a model within the Simulink environment of the MATLab R2016c software.   

Re-arrangements of equations (7.1)-(7.13) have been performed before developing 

a Simulink model and solving them in this programming environment. Different sub-

models have been introduced and then united in a single global Simulink model. These 

sub-models follow one or several equations from (7.1)-(7.13), each containing several 

parameters as inputs and one parameter as an output. The inputs and outputs are inter-

connected with each other in a manner that the output of a sub-model becomes an input 

of others, to form a closed-loop system. For example, the variation speed of the 

pressure in the cavity, 𝑃𝑖(𝑡)̇ , can be obtained from (7.1) as an output and its integral 

form, Pi(t), is an input to (7.7). Such parameters in this model include Ppl(t), c(t), h(t) 

and the derivatives ℎ(𝑡)̇  and 𝑟(𝑡)̈ . In total, six sub-models will be built to describe the 

electrical energy deposition and the cavity’s oscillation processes and two extra sub-

models will be built for representing the evolution of the acoustic impulse and its 

energy based on (7.9) and (7.13).  

 

 



200 
 

7.2.1 Sub-model for the electrical energy  
 

  The electrical energy deposited into the plasma channel is given by (2.24). It is worthy 

of note that the plasma resistance in (7.1) is a time-dependent resistance. However, the 

use of Rpl(t) (time-dependent resistance) in the model may significantly increase the 

complexity of this model without bringing noticeable benefits in analysis of the 

complete cavity oscillation in this work. Moreover, a good match of (2.22) with the 

constant resistance to the experimental current waveform has been achieved for all 

three types of underwater spark discharges. Therefore, it was decided to implement the 

Simulink model using the constant plasma resistance approach. Thus, the resultant 

sub-model for the electrical power, Ppl(t), is given by: 

    

                                        𝑃𝑝𝑙(𝑡) = (𝐼0𝑒
−𝛼 𝑡⁄ sin(𝜔𝑡))2𝑅𝑝𝑙                          (7.14) 

 

where α is the damping factor, I0 is the magnitude of the current oscillation, ω is the 

angular velocity and Rpl is the constant equivalent plasma resistance. 

  The sub-model structure is shown in Fig. 7-1. The inputs of this sub-model are Rpl, 

I0, α, ω and time, t, the output of this sub-model is Ppl(t). 

 

 

Figure 7-1. Sub-model for the electrical power delivered into the plasma channel with 

monitoring function.  

 
 

7.2.2 Sub-model for the cavity oscillation model 
 

  The Gilmore model described by (7.9) is a second order non-linear differential 

equation. The output of this sub-model is the cavity’s acceleration, 𝑟(𝑡)̈ . The cavity’s 
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velocity of expansion, 𝑟(𝑡)̇ , and the cavity’s radius, r(t), are used as input parameters 

in this sub model. Therefore, (7.8) can be rewritten in the following form: 

 

                   �̈� =
1

(1−
1

𝑐
�̇�)

1

𝑟
(ℎ (1 +

1

𝑐
�̇�) +

𝑟

𝑐
ℎ̇ (1 −

1

𝑐
�̇�) −

3

2
�̇�2 (1 −

1

3𝑐
�̇�))        (7.15) 

 

 The sub-model structure is shown in Fig. 7-2. The inputs in this sub-model are r(t), 

c(t), h(t), ℎ(𝑡)̇  and 𝑟(𝑡)̇ .  

 

 

Figure 7-2. Sub-model for the acceleration of the gas/water interface. 

 
 

7.2.3 Sub-models for the enthalpy 
 

  In order to solve (7.7), two sub-models were developed to obtain time-dependent 

enthalpy, h(t) and its time derivative, ℎ(𝑡)̇  . The enthalpy is given by (7.7) and its 

derivative can be obtained as: 

 

                               ℎ(𝑡)̇ =
(𝑃∞+𝐵)

1
𝑛2⁄

𝜌∞
(𝑃𝑖(𝑡) + 𝐵)

−1
𝑛2⁄ 𝑃𝑖(𝑡)̇                      (7.16) 

 

  The sub-models for h(t) and ℎ(𝑡)̇  are shown in Fig. 7-3. The inputs for h(t) and ℎ(𝑡)̇  

sub-models include P∞, B, ρ0, Pi(t) and 𝑃𝑖(𝑡)̇ .  
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Figure 7-3. Sub models for (a) the enthalpy and (b) its derivative.  

 

7.2.4 Sub-model for the pressure-dependent speed of sound 
 

  The pressure-dependent speed of sound is given by (7.6). The input parameter for this 

sub-model is c∞ and Pi(t). The sub-model structure is shown in Fig. 7-4. 

 

 

 

Figure 7-4. Sub-model for the pressure-dependent speed of sound in water. 

 

 

7.2.5 Sub-model for the internal pressure in the cavity 
 

  Both the internal pressure in the cavity, Pi(t), and its time derivative, 𝑃𝑖(𝑡)̇   are 

required for the analytical model. 𝑃𝑖(𝑡)̇   can be obtained from the energy balance 

equation (7.1) and Pi(t) can be calculated as an integral of 𝑃𝑖(𝑡)̇ .  

  In order to obtain the information on 𝑃𝑖(𝑡)̇ , the energy balance equation (7.1) can be 

rewritten in its differential form:  



203 
 

 

                           
 

)(
)()(

1

1)(
))(( tP

dt

tVtPd

dt

tdV
tPP pl

caica
i 





            (7.17) 

 

where Ppl(t) is the transient electrical power given by (2.24), Vac(t) is the time-

dependent volume of the cavity and Pi(t) is the internal pressure in the cavity. 

  Thus, the time derivative of the gas pressure, 𝑃𝑖(𝑡)̇  , can be represented by the 

following first order non-linear differential equation: 
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           (7.18) 

 

where𝑉𝑐𝑎(𝑡)̇  is the time derivative of the transient cavity volume. 

  As discussed in Section 7.1.2, the cavity is assumed to be spherical with the volume 

given by (7.4). Therefore, by combining (7.4) and (7.18), the final form for equation 

used to build the sub-model for 𝑃𝑖(𝑡)̇  is given as: 

 

                     𝑃𝑖(𝑡)̇ =
3

𝑟(𝑡)3
(
𝑃𝑝𝑙(𝑡)(𝛾−1)

4𝜋
− 𝑟(𝑡)2𝑟(𝑡)̇ ((𝛾 − 1)𝑃0 − 𝛾𝑃𝑖(𝑡)))    (7.19) 

 

  This sub-model is shown in Fig. 7-5. The input parameters for this model are Ppl(t), 

Pi(t), γ, P0, r(t) and𝑟(𝑡)̇ .  

 

 

Figure 7-5. Sub-model for the time derivative of the internal pressure in the cavity. 
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7.2.6 Sub-models for acoustic impulse 
 

  The sub-models for the magnitude of the acoustic impulse and its energy was 

developed based on (7.9) and (7.13) and shown in Fig. 7-6. The input parameters for 

Pcav(t) sub-model are P0, ρ0, a, r(t),𝑟(𝑡)̇  and𝑟(𝑡)̈ . The inputs parameters for Eac(t) sub-

model are d, Pcav(t), P0 and c∞. 

 

            

 

 

Figure 7-6. Sub-models for (a) the acoustic magnitude and (b) the acoustic energy. 

 

  There is a time delay ~ 300 ms, which is the propagation time from the spark source 

to the observation point for the acoustic impulse in the test setup. This time delay is 

also taken into consideration in the diagnostic system by using the delay triggering 

function of the digitizing oscilloscope. The acoustic impulse is emitted at the same 

time when the electrical energy is released in the plasma channel. Therefore, the time 

delay, which existed in the practical situation, is ignored in this simulation model as 

there is no restriction for synchronisation of the acoustic signal and the electrical 

energy in this analytical model. The distance, a, used in this model is 500 mm. 

 

7.2.7 Initial conditions for the model 
 

  With the sub-models developed and described in previous sections, the simulation of 

the discharge process can be conducted. To run this model and to model hydrodynamic 
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properties of the spark discharge cavity, four initial parameters obtained from the 

experiment current waveform are required: the constant plasma resistance, Rpl, the 

initial current magnitude, I0, the damping factor of the current oscillation, α, and the 

angular frequency of the current oscillation, ω. These parameters determine the 

amount of the energy injected into the plasma channel. Each set of these four 

parameters corresponds to a specific individual discharge. Apart from these four input 

parameters, which describe the energy released into the plasma channel, the model 

also requires several initial conditions, which are listed in Table. 7-1. 

 

Table 7-1. Initial condition parameters required for the analytical model 

 

Initial conditions Symbols 

Specific heats of the water content γ 

Constant  n2 

Constant B 

Hydrostatic pressure P∞ 

Undisturbed water density ρ0 

Undisturbed speed of sound c0 

Initial internal pressure in the cavity Pi(0) 

Initial acceleration of the cavity expansion 𝑟(0)̇  

Initial radius of the cavity r(0) 

 

These initial conditions describe the conditions of the hydrodynamic environment 

for the post-breakdown discharge. P∞, ρ0, and c0, are related to the physical properties 

of the liquid water. As mentioned before, the water used in the tests was tap water. The 

values of ρ0 and c0 correspond to normal conditions: room temperature 20 oC and 

atmosphere pressure. These parameters are ρ0 = 0.998 kg/m3 and c0 = 1483 m/s [169], 

[170].  

  In the model, the pressure in water is assumed to be the superposition of the 

atmosphere pressure, Patm, and the hydrostatic pressure, ρoghdepth, and is given by:      

 

                                              depthatm ghPP 0                                      (7.20) 
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where g is the free fall acceleration, 9.8 m/s2, and hdepth is the distance from water 

surface to the observation point.  

  According to the experimental topology used in this work, the electrodes were located 

0.5 m below water surface. In this case, the hydrostatic component of pressure P∞ at 

this point is 4900 Pa. Compared to the normal atmosphere pressure of 105 Pa at room 

temperature, the second term in (7.20) can be neglected and thus P∞ = 105 Pa is used 

in this analysis. The value of the initial internal pressure in the cavity, Pi(0), is assumed 

to be equal to the pressure at the moment of its formation, Pi(0) ≈ P∞. Initial values of 

the cavity radius and its velocity, r(0) and 𝑟(0)̇  , should be selected based on the 

sensitivity of the model to these parameters, which will be established in this chapter.  

 

7.2.8 Model’s sensitivity to initial cavity’s radius and its velocity 
 

  The investigation of the model’s sensitivity to the initial values r(0) and 𝑟(0)̇  was 

investigated by comparing the model output parameters (Tcavity, Pcav-max, and Eac) for 

different values of these parameters . The values of r(0) and 𝑟(0)̇  provide the initial 

radius of the cavity and its initial velocity when the cavity starts to expand and their 

values should not be significant. Values of r(0) and 𝑟(0)̇   for the control set were 

chosen based on the literature data and close to the practical cases of breakdown in 

water considered in this work [31], [39], [40], [54]. Then, the values of r(0) and 𝑟(0)̇  

for the comparison set were chosen ten times greater than those in the control set. The 

values of r(0) and 𝑟(0)̇  for the control set and for the comparison set are shown in 

Table. 7-2. 

 

Table 7-2. The control and comparison sets of values of initial condition r(0) and 𝑟(0)̇  

 

Initial conditions Control set Comparison set 

r(0) 0.0001 m 0.001 m 

𝒓(𝟎)̇  0.001 m/s2 0.01 m/s2 
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Different simulation settings have been used in the model. As can be seen from the 

experimental measurements in Chapters 4 – 6, Tcavity is few to tens of milliseconds: 3-

4 ms for the lowest energy level and 10-11 ms for the highest energy level. Therefore, 

the simulation time in the model was set to >10 ms with a time step of 100 ns to obtain 

the evolution of the cavity’s oscillation for at least one complete cycle.  

  Duration of a typical acoustic impulse is tens of microseconds, which is relatively 

short as compared with that of Tcavity. As a result, to model the acoustic waveform, 

Pcav(t), simulation time of 10 μs (with the fixed time step of 1 ns) was used. Using 

these two specific simulation configuration settings, r(t), Pi(t) and Pcav(t) can be 

obtained with satisfying resolution and details. 

  The comparison between the simulation results (Tcavity, Pcav-max and Eac) obtained for 

different sets of initial conditions (r(0) and 𝑟(0)̇   as shown in Table. 7-3) has been 

conducted. An example discharge obtained in a 75 mm gap with 533 nF capacitance 

was modelled. The energy-related input parameters of this example were 

Rpl = 0.7975 Ω, I0 = 6122 A, α = 95491 Ω/L and ω = 565034 rad/s.  

 

Table 7-3. Computed results of Tcavity, Pcav-max and Eac obtained for different values of r(0) and 

𝑟(0)̇  

 

Parameters r(0) )0(r 𝒓(𝟎)̇  

0.0001 m 0.001 m 0.001 m/s2 0.01 m/s2 

Tcavity (ms) 7.91 7.92 7.91 7.91 

Pcav-max (MPa) 1.67  1.74 1.67 1.67 

Eac (J) 10.67 10.86 10.67 10.67 

 

  It was found that the values of Tcavity calculated by different values of r(0) were 

virtually the same, which verifies that the initial radius of the cavity and its initial 

velocity do not affect the hydrodynamic parameters of the developed gas/plasma 

cavity significantly. Also, no significant difference in the values of Pcav-max and Eac for 

different cases of r(0) and 𝑟(0)̇  was observed. Thus, selection of r(0) and 𝑟(0)̇  will not 

affect significantly the acoustic output from the discharge. The relative differences in 

the output parameters, Tcavity, Pcav-max and Eac for the control and the comparison sets 
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of initial parameters were calculated and shown in Table. 7-4. It is shown that 900 % 

increase in r(0) only resulted in few percent change (up to ~ 4.2 % in Pcav-max) in the 

model output parameters. The variation of the cavity’s velocity, 𝑟(𝑡)̇ , and the cavity’s 

radius, r(t), as a function of time were shown in Fig. 7-7 for the first 20 ns and 25 μs 

after breakdown respectively. It is shown that the difference in the initial values of 

these two initial parameters were rapidly compensated with the intense expansion of 

the cavity and will not significantly impact the model outputs. It can be concluded that 

the developed model is not sensitive to the selection of the initial conditions, r(0) and 

𝑟(0)̇  . The values of r(0) and 𝑟(0)̇   in the control set (0.0001 m and 0.001 m/s2 

respectively) were used in the modelling procedure.  

 

Table 7-4. Relative change in Tcavity, Pcav-max and Eac for different values of r(0) and 𝑟(0)̇  

 

Initial condition  Tcavity%  Pcav-max%  Eac% 

r(0): 900% higher 0.12% 4.19% 1.78% 

𝒓(𝟎)̇ : 900% higher 0%  0% 0%  
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Figure 7-7. The variation of (a) the cavity’s velocity, 𝑟(𝑡)̇ , and (b) the cavity’s radius, 

r(t), as a function of time for the first 20 ns and 25 μs after breakdown respectively. 

 

 

7.2.9 Model’s sensitivity to electrical parameters  
 

  Apart from the initial conditions for the plasma channel, it is also important to 

investigate the model’s sensitivity to the input parameters (Rpl, I0, α and ω). By using 

the same procedure, the relative change in three output parameters (Tcavity, Pcav-max and 

Eac) due to variation in the input parameters are listed in Table. 7-5. It was found that 

an increase in Rpl, I0, and ω causes the model output parameters to increase. On the 

other hand, an increase in α resulted in a decrease in these parameters. Among all four 

inputs, the current magnitude, I0, produces the most significant impact on the output 

parameters while the angular velocity, ω, makes the least impact.   
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Table 7-5. Relative change in Tcavity, Pcav-max and Eac for different values of Rpl, I0, α and ω 

 

Input parameter Tcavity Pcav-max Eac 

ω: 10% higher 0.13 % longer 4.19 % larger 1.4 % larger 

α: 10% higher 3.54 % shorter 2.39 % lower 7.49 % lower 

I0: 10% higher 6.19 % longer 11.37 % larger 24.65 % larger 

Rpl: 10% higher 3.03 % longer 5.39 % larger 11.71 % larger 

 

  In the next section, the experimental data will be used in the model and comparison 

between the simulation results and the experimental measurements will be conducted 

to verify the model. Further calculations and analysis of the acoustic energy and 

acoustic efficiency based on the simulated acoustic impulses will also be conducted.    

 

 

7.3 Simulation results 
 

  After selecting the initial conditions, the model is used to obtain the time-dependent 

behaviour of the discharge parameters, Ppl(t), r(t), Pi(t), Pcav-max(t) and Eac(t). Example 

waveforms of these parameters will be shown in the following section, which are all 

obtained for an individual discharge with input parameters: Rpl = 0.7975 Ω, 

I0 = 6122 A, α = 95491 s-1 and ω = 565034 rad/s. The acoustic energy obtained from 

this model is used to obtain the acoustic efficiency, ƞac, for all underwater spark 

discharges conducted for FD’s, ABSD’s and WGD’s in Chapters 4 – 6. Its relationships 

with Rpl and Epl have also been investigated, which is important for optimising the 

efficiency of the acoustic impulse generated by underwater spark discharges.  

   

 

7.3.1 Electrical power 
 

  The time-dependent electrical power governs the dynamics of the initial expansion 

stage of the plasma cavity. The energy released into the plasma channel leads to change 

in the temperature and content of the expanding gas/plasma cavity.   
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Figure 7-8. The time-dependent behaviour of the electrical power in the plasma channel for 

(a) 10 ms after breakdown and (b) 100 μs after breakdown with a maximum electrical power 

peak of 18 MW. Dashed line indicates the change between the energy deposition stage and 

the adiabatic expansion stage. 
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  An example of the evolution of electrical power in the breakdown channel is 

illustrated in Fig. 7-8. The electrical power shown in Fig. 7-8(b) is given for the first 

100 μs from the breakdown moment and corresponds to the oscillating character of 

electric current in the plasma channel. This profile is similar to the electrical power 

obtained for underwater discharges in 20 and 25 mm inter-electrode gaps in [32]. It 

was shown that although cavity’s oscillation cycle might last several milliseconds, the 

electrical energy dissipates in the plasma channel only in the first tens of microseconds 

during the energy deposition stage as indicated in Fig. 7-8. For the rest of the post-

breakdown phase in Fig. 7-8(a), the adiabatic cavity oscillation takes place.  

 

 

7.3.2 Internal pressure in the cavity 
 

An example of the dynamic behaviour of the cavity’s internal pressure is shown in 

Fig. 7-9. Fig. 7-9(a) shows variation of Pi(t) over the first cavity’s oscillation cycle 

while Fig. 7-9(b) shows its detailed profile within the first 100 μs of the discharge, 

corresponding to the first impulse in Fig. 7-9(a). 
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Figure 7-9. The internal pressure in the cavity as a function of time for (a) 10 ms and (b) 

100 μs after breakdown. The peak pressure of Pi(t) is found to be ~ 560 MPa. The minimum 

value of Pi(t) (flat waveform in (a)) is slightly below 105 Pa, which is not able to be shown in 

(a) and (b), as compared with large magnitude of Pi(t). 

 

 It is shown that the cavity’s internal pressure demonstrates two peak values at the 

beginning and the end of the first cavity’s oscillation cycle. The profile of the first 

internal pressure impulse is illustrated in Fig. 7-9(b). This profile has a sharp rising 

edge and a fluctuating falling edge. Compared with the waveform in Fig. 7-8(b), it can 

be seen that oscillations in Pi(t) correspond to the oscillating electrical power. This 

finding can be explained by the energy balance equation (7.1) since Pi(t) is obtained 

from the transient electrical power.  

  The peak magnitude of Pi(t) in Fig. 7-9(b) is  560 MPa, which is significantly higher 

than the hydrostatic pressure present in the vicinity of the formed cavity. The net force 

on the cavity’s interface is the superposition of the outward Pi(t) and the inward P∞, if 

the viscous force and surface tension are not taken into account in this work. Such high 

magnitude of Pi(t) resulted in an intense net force acting outwards on the cavity’s 

interface, forcing the interface to expand with a considerable initial speed.  

At the end of energy deposition stage, Pi(t) reduced to its minimum level, which was 

lower than P∞, resulting in the deceleration of the cavity’s interface. Pi(t) remains low 
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during the afterward adiabatic expansion stage. In the last tens or hundreds of μs of the 

oscillation cycle, with the decrease in the cavity’s radius, the cavity’s internal pressure 

becomes high again as shown by the second internal pressure impulse in Fig. 7-9(a). 

 

7.3.3 Radius of the cavity 
 

Fig. 7-10 illustrates the variation of the cavity’s radius and the cavity’s velocity in 

first 10 ms after breakdown.  
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Figure 7-10. The variation of the (a) cavity’s radius, (b) velocity of cavity’s radius as a 

function of time in first 10 ms. The maximum radius for the cavity is rmax = 4.64 cm at 

trmax = 3.96 ms. Tcavity is found to be ~ 7.91 ms. Dashed line indicates the stage change from 

the energy deposition stage to the adiabatic expansion stage. 

 

  It was found that the radius of the cavity expands initially with a small value. As 

discussed above, the internal pressure, Pi(t) produces significant force on the cavity’s 

interface in the early stage of discharge, resulting in fast acceleration on the interface 

and large velocity of the cavity’s radius (fast rising in the beginning of Fig. 7-10(b)). 

Then, the cavity’s acceleration drops due to the decrease in Pi(t). At some point, the 

internal pressure in the cavity reduces below the hydrostatic pressure, which results in 

the deceleration of the cavity’s interface and the reduction of the cavity’s velocity. The 

velocity of the cavity’s radius becomes zero when the maximum radius is achieved, 

rmax = 4.64 cm, at the half cycle of the oscillation, trmax = 3.96 ms. Then, the cavity 

starts to collapse as a result of the hydrostatic pressure, which is higher than the 

cavity’s internal pressure. The inward velocity of the cavity radius (negative value in 

Fig. 7-10(b)) increases during the collapse process. When the cavity reaches its 

minimum size, rmin = 0.42 cm, at Tcavity = 7.91 ms, the internal pressure in the cavity 

becomes high again as shown in Fig. 7-9(a). A secondary expansion of the cavity starts 

due to this high pressure. Similar dynamics of the cavity’s radius were obtained by 
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analytical models established in [35], [81], [82]. 

 

7.3.4 Acoustic impulse 
 

The acoustic impulse registered at the observation point, 500 mm away from the 

discharge centre, is shown in Fig. 7-11. Fig. 7-11(a) shows the detailed variation of the 

acoustic pressure in 100 μs period after breakdown. Similar to the waveform of Pi(t) 

obtained in Fig. 7-9(b), a rapid rising slope is observed for Pcav(t), which is followed 

by a oscillating falling edge. Such profile of the acoustic impulses was also 

experimentally obtained in [32], [73]. 
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Figure 7-11. The acoustic pressure registered at the observation point, 500 mm from the 

discharge, with no retarded time reference for (a) 100 μs and (b) 10 ms after breakdown. 

Pcav -max is obtained to be ~ 1.67 MPa. 

 

The maximum value of the acoustic pressure was found to be ~ 1.67 MPa. With 

consideration of the attenuation effect of the acoustic magnitude with an increase in 

the observation distance, d, [73], [126], [171], the peak pressure of the acoustic 

impulse produced by this particular example discharge might reach at least tens of MPa 

in the vicinity of the discharge source.  

  Fig. 7-11(b) shows the computed result of acoustic impulses generated at the 

formation and collapse stages of the cavity. This waveform corresponds to the 

experimental measurement of the acoustic signal obtained in the longer time scale 

(2 ms/dev) in Fig. 4-2(b), Fig. 5-2(b) and Fig. 6-2(b). A good agreement was found 

between these computed and experimental waveforms. 

 

7.3.5 Acoustic energy 
 

The variation of the acoustic energy over time is shown in Fig. 7-12. According to 

(7.13), Eac(t) is an integral of Pcav(t) over time. As shown in Fig. 7-11(b), the acoustic 
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pressure experienced impulsive change at the beginning of cavity’s expansion and 

remains constant until the end of the cavity’s collapse. As a result, the cumulative 

acoustic energy for the primary acoustic impulse increases to its maximum value in 

first tens of microseconds after breakdown as shown in Fig. 7-12. The generation of a 

secondary acoustic impulse at the collapse stage resulted in the stepwise increase in 

the cumulative Eac. The first maximum value of Eac is used in the following analysis 

as it represents the energy associated with the primary acoustic impulse. It is worthy 

of note that the propagation losses are neglected in this model. 

 

 

 

Figure 7-12. The variation in the acoustic energy in 10 ms after breakdown. The energy 

cumulated in the primary acoustic impulse is Eac = 10.67 J. 

 

7.4 Verification of the model  
 

  To validate the developed model and its suitability for the practical discharges studied 

in this work, it is necessary to check its compatibility with the practical experimental 

data. A straightforward method is to compare the values of the parameter, Tcavity, 

obtained by experiment and by modelling of a specific discharge, which will be studied 

in this section. 
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Figure 7-13. A comparison between (a) experimental acoustic signals and (b) simulated 

cavity expansion-collapse cycle for a spark discharge with input parameters: Rpl = 0.7975 Ω, 

I0 = 6122 A, α = 95491 Ω/L and ω = 565034 rad/s. The experimental Tcav-ex is ~ 7.84 ms and 

the simulated Tcav-si is ~ 7.91 ms. 
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  An example of the comparison between the experimental value, Tcav-ex, and the 

simulated value of the period, Tcav-si, is shown in Fig.7-13. In this example, a wire-

guided discharge in 75 mm gap with C = 533 nF was considered. Fig. 7-13(a) shows 

the experimental acoustic waveform with two successive acoustic impulses generated 

during the primary cavity’s oscillation cycle, with the experimental value, Tcav-ex, 

~ 7.84 ms. Fig. 7-13(b) illustrates the simulated evolution of the cavity’s radius in the 

primary oscillation cycle for the same discharge. The simulated Tcav-si is ~ 7.91 ms, as 

shown in Fig. 7-13(b). It can be seen that the calculated period, 7.91 ms, is close to the 

experimental value, 7.84 ms, for this specific example discharge, indicating a good 

match between the modelled and experimental results for discharges. In order to 

establish the model reliability, such comparison between Tcav-si and Tcav-ex was 

conducted for all individual discharges and their acoustic waveforms studied in the 

previous chapters.   
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Figure 7-14. The comparison between the experimental and simulated values of Tcavity for (a) 

FD’s, (b) ABSD’s and (c) WGD’s. 
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  Fig. 7-14 shows the results of the comparison between Tcav-si and Tcav-ex for all three 

types of underwater spark discharges. The open triangles represent the experimentally 

obtained values of the period, Tcav-ex, and the black triangles represent the simulated 

values, Tcav - si, obtained by using the current-associated input parameters in the model. 

The horizontal axis refers to the number of the discharge tests. The discharge points in 

these three figures are sorted by the values of Tcav-ex, from smallest to largest.  

  It was found that the variation in Tcav-si follows the increasing tendency of Tcav-ex. This 

indicates their similar functional behaviour. Thus, further analysis on relationships 

between different discharge parameters can be made based on the proposed model. It 

can be seen in Fig. 7-14 that the simulated values of Tcavity are marginally larger than 

corresponding experimental values. This difference can be explained by energy losses, 

which are not taken into account in the model. Also, a spherical topology of the cavity 

and its adiabatic expansion was assumed in the model. However, the practical 

evolution of the cavity could be complicated. For example, the cavity during its 

expansion stage could experience severe deformation or distortion due to the dynamic 

process of the energy injection. For discharges initiated in long inter-electrode gaps, 

the plasma channel may not follow the straight path between the HV and ground 

electrodes and could be bended. 

  All these possibilities will potentially alter the ideal oscillation process of the cavity 

described by the model. Therefore, by considering energy losses and potential 

complications in the cavity development, the difference between Tcav-si and Tcav-ex in 

Fig. 7-14 can be expected.  

   Additional information can be obtained from Fig. 7-14(c). It can be seen that Tcav-si 

for the wire-guided discharges are closer to Tcav-ex than Tcav-si for other types of 

discharges. Thus, it can be stated that for discharges achieved in longer gaps, when 

energy conversion efficiency is higher, the model produces better results.   

 

7.5 Acoustic efficiency 
 

   As discussed in Chapter 3, it was not possible to obtain direct pressure reading in Pa 

from the Pinducer’s sensor as the calibration of the sensor is not provided. However, 

the acoustic wave-shapes with magnitude, obtained from the developed model, is 
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related to the pressure in Pa. Thus, an investigation on the acoustic efficiency for the 

underwater spark discharges can be conducted.  

  The acoustic efficiency is a critical parameter used to evaluate the performance of a 

spark generation system in producing intense acoustic impulses. It describes the ability 

of the system to convert the energy delivered into the plasma channel into the acoustic 

energy. Using (2.24) and (7.13), the acoustic efficiency, ηac can be obtained by: 

 

                                                       𝜂𝑎𝑐 =
𝐸𝑎𝑐

𝐸𝑝𝑙
                                                   (7.21) 

 

The acoustic energy used in this work refers to the energy associated with the 

primary acoustic impulse, as shown in Fig. 7-12. As described by (2.24) and (7.13), 

the acoustic efficiency is related to the combination of the acoustic signature, the 

circuit parameters and the electrode topology. 

The acoustic efficiency in underwater spark discharges has been investigated in a 

number of papers [73], [81], [99], [128], [172]. The obtained values of ηac vary in a 

range from ~ 2.5 % to ~ 56 %. For example, in [81], the acoustic efficiency obtained 

in sea water (with energy of ~ (10 - 70) kJ) was from ~ 2.5 % to ~ 3.5 %. In [172], 

higher values of the acoustic efficiency were obtained,  ~ (5 % - 10 %) for ~ 1 kJ spark 

discharges in sea water and it was found that ηac is inversely proportional to the value 

of capacitance. For spark discharges in tap water [32], [73], the acoustic efficiency was 

in a range from ~ 23 % to ~ 30 % for different combinations of the energy delivered 

into the plasma channel and the inter-electrode gap. Similar effect of the inter-electrode 

gap on the acoustic efficiency was observed in [99]. In [128], the calculated acoustic 

efficiency ranged from ~ 14 % to ~ 40% and it varied inversely with the squared value 

of the energy input, which was accounted for ~ 85 % of the initial energy stored in the 

capacitor bank considering energy losses during the discharge. 

Based on these papers, it can be stated that the acoustic efficiency is related to 

different circuit parameters, such as the capacitance of the energy source system, the 

inter-electrode gap of the electrode topology and the energy delivered into the plasma 

channel. The dependency of ηac on these parameters needs to be established for 

optimisation in practical applications. The plasma resistance, Rpl, is also an important 

parameter, which defines the partition of the storage energy and defines the amount of 
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energy, which is transferred into the plasma channel as described in chapter 4. 

Therefore, the investigation of the relationships between ηac for all types of discharges 

FD’s, WGD’s and ABSD’s and the circuit and plasma parameters, l, C, Rpl and Epl is 

present in the next section and an empirical model is established to link ηac and Rpl. 

 

7.5.1 Acoustic efficiency as a function of the plasma resistance 
 

 

Fig. 7-15 shows the variation of the acoustic efficiency with the constant plasma 

resistance for all three types of underwater spark discharges. The acoustic efficiency, 

ƞac, covers a range from ~ 5 % up to ~ 52.5 %. However, the higher values of ƞac were 

observed for FD’s and lower ƞac’s were obtained for WGD’s. For the relationships 

between Pcav-max and other parameters, including Vbr, Rpl and Epl, discussed in Chapters 

4 - 6, a general conclusion, which can be derived from this study, is that discharges in 

longer gaps generate acoustic impulses with higher magnitude when other discharges 

parameters are the same. It means that higher Eac and thereby higher ηac can be 

expected for the discharges with longer l, especially for WGD’s. However, in the 

developed model, Pcav(t) was obtained in the acoustic approximation and its 

dependency on l was not directly included in the model. Therefore, the acoustic 

efficiency obtained for long inter-electrode gaps, for example 45 mm and 75 mm gaps, 

is considered to be underestimated. The accurate value of ƞac for these cases are 

expected to be higher than the modelled values as shown in Fig. 7-15(e) and (f). 

Despite above analysis on the value of ηac, the relationships shown in Fig. 7-15 provide 

important functional dependencies of the acoustic efficiency in underwater spark 

discharges. 
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Figure 7-15. The acoustic efficiency as a function of the plasma resistance, classified by 

either capacitance or inter-electrode gap, for tests conducted for: (a) - (b) FD’s; 

(c) – (d) ABSD’s; (e) – (f) WGD’s; (g) all three types of underwater spark discharge. Red 

solid line shows trend line obtained by (7.23) and blue dashed lines show the upper and 

lower boundaries of the 95 % prediction intervals. 

   

  From the general perspective, it can be seen from Fig. 7-15 that the acoustic 

efficiency increases non-linearly with an increase in the plasma resistance. This 

tendency is opposite to the relationship between Pcav-max (equivalent to Eac) and Rpl 

obtained in Chapters 4 – 6: Pcav-max decreases with an increase in Rpl for most 

discharges with plasma resistance greater than the circuit resistance, Rpl > Rcircuit. 

Therefore, based on these relationships between ƞac, Pcav-max and Rpl, the following 

conclusion can be drawn: an increase in Pcav-max may result in decrease in ƞac. Does 

this mean that the optimisation of either Pcav-max or ƞac has to be based on the sacrifice 

of the other one? The answer to this question is no or it is only partially correct.  

  To verify this statement, the dependency of ƞac on C and l was investigated. According 

to (4.18) and (6.13), an increase in either C or l generates larger Pcav-max and thereby 

larger Eac. An increase in C also results in larger Epl. However, an increase in l results 

in undefined variation in Epl. Therefore, to separate the combined effect of C and l on 

Epl and to investigate their individual influence on ƞac in Fig. 7-15, two scenarios have 
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to be considered. One scenario is to change C with constant l. The other is to change l 

with constant C. In the first scenario, for discharges with the same l in Fig. 7-15(e), it 

was found that ƞac varies inversely with C (equivalent to Pcav-max). This observation 

verifies the conclusion made above: an increase in Pcav-max will reduce ƞac. However, 

this conclusion is only valid for discharges with constant l. In the second scenario, for 

data points (ƞac) with constant C in Fig. 7-15(f), it was found that ƞac’s obtained for 

longer gaps have larger values, indicating the proportional relationship between ƞac 

and l for constant C. By combining analysis of these cases, a conclusion can be made 

on the effect of C and I on ƞac: an increase in both C and l will increase the acoustic 

magnitude and the acoustic energy. However, the acoustic efficiency will be negatively 

affected by larger capacitances but will be enhanced by longer inter-electrode gaps. 

Therefore, in order to optimise Pcav-max while keeping high ƞac, the underwater spark 

discharges in longer inter-electrode gaps achieved by using lower capacitances are 

preferred. 

  Regarding the well-defined relationship between ƞac and Rpl in Fig. 7-15(g), it is 

important and beneficial to develop an analytical model in order to establish functional 

behaviour of ƞac with Rpl. Due to a complex nature of the link between r(t) and Rpl, a 

simplified empirical model is proposed to describe the link between ƞac and Rpl : 

 

                                                             
2

1

z

plac Rz                                  (7.22) 

 

where z1 and z2 are constant coefficients. 

  The coefficients, z1 and z2, were obtained by fitting (7.22) to the computed results in 

Fig. 7-15(b), (d) and (f) using software OriginLab 9.0c and these coefficients are given 

in Table 7-6. 

 

Table 7-6. Values of coefficients, z1 and z2, for (7.22) obtained for FD’s, ABSD’s and WGD’s 

 

Discharge mechanism z1 z2 

FD’s 32.84 ± 0.36 0.30 ± 0.01 

WGD’s 30.35 ± 0.36 0.21 ± 0.01 

ABSD’s 30.41 ± 0.21 0.24 ± 0.01 
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The trend lines obtained from (7.22) for three types of underwater spark discharges 

are shown as the red solid lines in Fig. 7-15(b), (d) and (f). It can be seen that most of 

the data points (ƞac) fit within the upper and lower boundaries of the 95 % prediction 

intervals as shown by blue dashed lines. It was found that coefficients z1 and z2 

obtained for different types of discharges were close to each other. Therefore, a general 

form for the relationship (7.22) can be obtained. By calculating the average values of 

z1 = 31.2 and z2 = 0.25, (7.22) then can be rewritten as: 

 

                                                     
25.0

2.31 plac R                                     (7.23) 

 

   The empirical relationship (7.23) has been fitted to the data points in Fig. 4-14(g) 

and a good agreement was observed between the trend line and computed results. This 

result confirms that (7.23) is suitable for all types of underwater spark discharges 

proposed in this work. The relationship between ƞac with Rpl obtained in this section 

not only provides a novel view on understanding of the acoustic performance of 

underwater spark discharges but also allows the link between the acoustic efficiency 

and the plasma resistance to be established. Observations made for the dependency of 

ƞac on C and l provide important guidance in optimising the acoustic efficiency by 

adjusting C and l in the circuit.  

 

7.5.2 Acoustic efficiency as a function of the energy delivered into the 

plasma channel 
 

Apart from the plasma resistance, the energy delivered into the plasma channel also 

plays an important role in determining the characteristics of the acoustic impulses 

produced by discharges and it is directly related to the acoustic efficiency as indicated 

by (7.21). The variation of ƞac as a function of Epl for all three types of discharge is 

shown in Fig. 7-16. The data points included in Fig. 7-16 have also been classified by 

the capacitance, C, and the length of the inter-electrode gap, l. It was found that ƞac 

decreases with an increase in Epl, although a dispersion in data points (ƞac) was 

observed for different types of underwater spark discharges.  
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Figure 7-16. The acoustic efficiency as a function of the energy delivered into the plasma 

channel, classified by capacitance and inter-electrode gap, for tests conducted for: (a) - (b) 

FD’s; (c) – (d) ABSD’s; (e) – (f) WGD’s. 
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It can be seen in Fig. 7-16 (e) and (f) that discharges with longer l provide higher 

values of ƞac for the same amount of Epl. However, discharges with larger C produce 

lower values of ƞac. This observation not only confirms the conclusion made 

previously for Fig. 7-15 that the discharges in longer gaps have higher values of ƞac 

under the same energisation levels, but also emphasises the major role played by l in 

defining ƞac. A similar statement can be made here: by using long gaps and relatively 

low capacitances, both high values of Pcav-max and ƞac can be achieved. 

 

7.6 Conclusions 
 

  In this chapter, an analytical model has been developed to analyse and investigate the 

time-dependent post-breakdown behaviour of the hydrodynamic and acoustic 

parameters of all types of underwater spark discharges. The analysis on the acoustic 

efficiency and its relationships with discharge parameters, C, l, Rpl and Epl was 

conducted.  

  The model describes two stages of the underwater discharges: the energy deposition 

stage and the adiabatic expansion stage. During the energy deposition stage, the major 

dynamic of the plasma channel is governed by energy injection into the discharge 

channel. The adiabatic expansion stage is related to the adiabatic oscillation of the 

cavity. Several sub-models (7.1)-(7.19) have been built to describe all discharge 

processes during these two stages. The energy deposition in the discharge channel and 

the energy partition in the plasma channel were described using the energy balance 

equation which stated that the energy delivered into the plasma channel is divided into 

the thermal energy and the mechanical work done by the cavity against water. An 

acoustic approximation approach was used to model the acoustic impulse propagation 

in water. The Gilmore model with the pressure-dependent speed of sound was used to 

describe the post-breakdown oscillation of the spark-generated cavity. The complete 

model was implemented in MatLab R2016b software package.  

  The sensitivity of the model to different initial conditions and input parameters was 

investigated. It was found that r(0) and 𝑟(0)̇  produces a minor effect on the output 

parameters, Tcavity, Pcav-max and Eac. This is due to fast expansion of the plasma channel 

during the energy deposition stage. It was shown that the input parameters, ω, α, I0 and 
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Rpl, produce different effects on the output parameters.  

  It has been assumed that the plasma resistance is constant in this model, however as 

the shockwave is generated during the first quarter of cycle when the resistance is 

changing rapidly this may impact the accuracy of the model. However, there is no 

suitable model for the behaviour of Rpl(t). 

   The time-dependent waveforms of different discharge parameters, including the 

electrical power, Ppl(t), the internal pressure in cavity, Pi(t), the radius of cavity, r(t), 

the acoustic impulse, Pcav(t) and the primary acoustic energy Eac have been obtained. 

It was found that high pressure (up to ~ 560 MPa) is developed in the spark channel 

during the energy deposition stage. This high internal pressure results in significant 

acceleration of the cavity/water interface. At the same time, an acoustic impulse is 

emitted by the cavity into water. With expansion of the cavity, the pressure inside 

becomes lower than the hydrodynamic pressure. When radius of the cavity reaches its 

maximum value, the cavity starts to collapse. After the cavity reaches its minimum 

size, a secondary acoustic impulse is emitted.  

  Comparison between the simulated and experimentally obtained values of Tcavity was 

conducted to validate the model. It was found that the simulated values of Tcavity are 

greater than their experimental values. This difference can be explained by energy 

losses in the discharge process which were not taken into account in the developed 

model. 

  With known values of Pcav(t), the acoustic energy, Eac, and the acoustic efficiency, ηac, 

were calculated using (7.13) and (7.21) for all types of discharges studied in this work. 

Their relationships with Rpl and Epl are obtained. It was found ƞac increases with an 

increase in Rpl but it is not strongly dependent on the Epl. This phenomenon reveals 

that increasing Pcav-max by injecting more energy into the plasma channel does not 

necessarily lead to an increase in ƞac. It was also established that either longer l or 

smaller C will help achieve higher ƞac in underwater spark discharges. Therefore, in 

practical applications, discharges with longer l and lower C are preferable as they result 

in a higher acoustic efficiency for the same Pcav-max.  

  An empirical model, ƞac = z1Rpl
Z2, was developed for describing the relationship 

between ƞac and Rpl. A general form of the model with z1 = 31.2 and z2 = 0.25 was 

obtained for all discharge types studied in this work. This model provides a reasonable 
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agreement between the experimental measurements and the analytical results. Thus, 

(7.22) can be used in practical cases for evaluation of the acoustic efficiency for 

underwater spark discharges. This model also allows to analyse the influence of 

different factors on the hydrodynamic and acoustic parameters of the underwater spark 

discharges, which is important for development of practical underwater plasma-

acoustic sources and for optimisation of pulsed power driving circuits to desired 

acoustic impulses.  
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8 Conclusions and future work 
 

8.1 Conclusions 
 

The main objectives of this work were to investigate the breakdown characteristics 

of the underwater spark discharges with different initiation mechanisms and to 

comprehensively study the acoustic performance of these discharges. These aims have 

been achieved by producing underwater spark discharges with different energisation 

levels and by establishing phenomenological scaling relationships between the circuit 

and discharges parameters.  

A review of literature on various aspects of the underwater spark discharge was 

conducted. The underwater spark discharges are used in practical applications due to 

their ability to generate intense acoustic impulses. It was shown that gas bubbles 

present in water play an important role in initiation and propagation of streamers in 

water and may result in reducing the pre-breakdown delay and losses. An effective 

approach to increase the inter-electrode gap for stronger acoustic impulses generated 

by underwater discharges is to artificially inject air bubbles in the inter-electrode gap. 

Another approach to increase the inter-electrode gap is to place a thin metallic wire 

between the HV and ground electrodes. Together with free self-triggering discharges, 

air-bubble stimulated discharges and wire-guided discharges are the main focus of the 

present work.  

An experimental set-up consisting of the pulsed power generation system, 

diagnostic devices and electrode topologies was designed and constructed in this work. 

With the purpose of comparison between acoustic performance of different types of 

discharges, similar energisation levels were used in all underwater spark discharge 

tests in this work. Three levels of capacitances and charging voltages were used: 

155 nF, 266 nF, 533 nF and 25 kV, 30 kV, 35 kV. A point-to-point electrode topology 

was used for FD’s.  For ABSD’s and WGD’s, novel electrode topologies have been 

designed in this research project. A point-to-plane electrode with embedded air-bubble 

injection system was designed for ABSD’s. An electrode topology with copper wire 

holders was constructed for WGD’s. Different lengths of the inter-electrode gaps, from 

5 mm to 75 mm, were used. For all tests conducted in this work, voltage, current, and 

acoustic waveforms were obtained. These waveforms were used to obtain different 
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parameters: the breakdown voltage, Vbr, the constant plasma resistance, Rpl, the energy 

delivered into the plasma channel, Epl, the acoustic magnitude, Pcav-max and the period 

of the cavity oscillation, Tcavity. 

The investigation into the relationships between these parameters for all three types 

of underwater spark discharges has been conducted. The novelty of this work is the 

establishment of the phenomenological scaling relationships between these parameters 

based on the experimental results. The statistical and analytical analysis on these 

experimental results provided a new level of understanding of the effect of different 

circuit and topological parameters on the acoustic output from the underwater 

discharges. This analysis also allowed calculation and prediction of the acoustic 

impulse for different combinations of circuit parameters (C, l, Vbr, Rpl, and Epl).  

Investigation into the breakdown characteristics and their relationships with 

acoustic impulses generated by free self-triggering discharges was conducted. It was 

found that the period of the cavity oscillation and the acoustic magnitude generally 

increase with an increase in the breakdown voltage as the energy available at 

breakdown increase. However, for short inter-electrode gaps (5 mm and 7 mm), there 

were outlying data points (Tcavity and Pcav-max) observed below the main trend for high 

breakdown voltages (> 20kV). It was established that the plasma resistance of these 

discharge was smaller than the pulsed driving circuit resistance. Two 

phenomenological scaling relations were developed to describe the link between Tcavity, 

Pcav-max and Vbr: Tcavity ∝ Vbr
2/3

 and Pcav-max ∝ Vbr
 2β/3. Also, an empirical link was 

obtained for describing a functional dependency of Pcav-max on the inter-electrode, l0.22. 

Based on the discussion of the relationships between the plasma resistance and circuit 

resistance, it was found that the energy conversion efficiency, ηpl, was proportional to 

the ratio between Rpl and Rcircuit. For discharges obtained in the main trend, the values 

of their energy conversion efficiency were in a range from ~ 60 % to ~ 93 %. 

It was found that values of the plasma resistance varied in a range from ~ 0.028 Ω 

to ~ 6.0 Ω for free self-triggering discharges. In general, lower breakdown voltage and 

longer inter-electrode gaps resulted in a larger plasma resistance. Non-linear 

relationships between Tcavity, Pcav-max and Rpl were established and it was found that the 

peak values of Tcavity and Pcav-max corresponded to: 1 < Rpl/Rcircuit < 3. It was also shown 

that Tcavity and Pcav-max increase with an increase in Epl: Tcavity is proportional to Epl
1/3, 
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while Pcav-max is proportional to Epl
 β/3. 

The comprehensive investigation of ABSD’s was conducted using analytical 

approaches similar to the approaches used for FD’s. By analysing the pre-breakdown 

time obtained for FD’s and ABSD’s under the same experimental conditions, it was 

found that the values of pre-breakdown time for ABSD’s were reduced by at least 60 %, 

as compared with FD’s. This confirms the effect of the injected air-bubbles in reducing 

the pre-breakdown time and in reducing the pre-breakdown conductive losses. The 

relationships between Tcavity, Pcav-max and Vbr for ABSD’s were established and found 

to be similar to those for FD’s. Both Tcavity and Pcav-max increase with increasing Vbr. 

Due to the longer gap achieved in ABSD’s, the saturation in Tcavity and Pcav-max, for 

FD’s observed in short gaps 5 mm and 7 mm with Vbr > 20 kV, did not appear in the 

case of ABSD’s. Scaling relations, Tcavity ∝ Vbr
2/3

 and Pcav-max ∝ Vbr
 2β/3, were used to 

describe the dependency of Tcavity and Pcav-max on Vbr.  

The general relationships between Tcavity, Pcav-max and Rpl have been established for 

ABSD’s. The obtained dependencies of Tcavity, Pcav-max on Rpl for ABSD’s show a 

decreasing trend with an increase in Rpl as Rpl defines the portion of energy delivered 

into the plasma channel. It is critical to control the value range of ratio Rpl/Rcircuit and 

keep it in the range from 1 to 3 in optimising Pcav-max. It was shown that the 

relationships between Tcavity, Pcav-max and Epl for ABSD’s have similar tendencies as 

observed in the case of FD’s.  

  The wire-guided discharges were initiated with a thin metallic wire placed between 

inter-electrode gap to facilitate the establishment of the plasma channel. The maximum 

gap used for WGD’s has been increased to 75 mm. As a result, it was found that the 

maximum value of Pcav-max obtained for WGD’s was increased by ~ 153 %, as 

compared with that obtained for FD’s, for the same energisation level. 

The relationship between Epl and Rpl has been obtained for WGD’s. It was shown 

that Epl is inversely proportional to Rpl for all gaps. Scaling relations, which link the 

electrical parameters (Rpl and Epl) of the plasma channel with the acoustic and 

hydrodynamic parameters (Tcavity and Pcav-max) have been established for WGD’s. It 

was shown that Tcavity and Pcav-max decrease monotonously with Rpl. 

A novel analytical model has been developed to investigate the dynamic behaviour 

of the post-breakdown hydrodynamic and acoustic parameters for all types of 
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underwater discharges studied in this work. The analysis of the acoustic efficiency and 

its relationships with other discharge properties was conducted. This study provides 

an important information for optimisation of the acoustic output from the underwater 

discharge system.  

An energy balance equation has been used to describe the energy partition in the 

plasma channel. The Gilmore model was used to obtain the evolution of the cavity 

radius. An acoustic approximation was used for modelling of propagation of acoustic 

impulses. It was shown that this model was not particularly sensitive to initial values 

of r(0) and 𝑟(𝑡)̇ . Based on the simulated results, it was found that the internal pressure 

in the cavity demonstrates a rapid rise in response to the energy released in the plasma 

channel after breakdown. At this stage, a primary acoustic impulse is generated with a 

magnitude of a few MPa. The pressure inside the cavity decreases as the radius of the 

cavity increases and after reaching its maximum value, the cavity collapses with 

emitting a secondary acoustic impulse. 

Comparison between the experimental and computed periods of cavity’s oscillation, 

Tcavity, demonstrated that the computed values of Tcavity are in reasonable agreement 

with the experimental data. Thus, it was confirmed that this model can be used in 

analysis of the underwater spark discharge processes.  

The acoustic efficiency was calculated as the ratio between the acoustic energy and 

the energy delivered into the plasma channel. It was found that ƞac increases with an 

increase in Rpl. The dependency of ƞac on C and l was also established and it was found 

that longer l and smaller C help to improve ƞac. Therefore, in order to achieve a high 

acoustic efficiency, it is recommended that discharges should be implemented in 

longer gaps and with lower capacitances. 

Based on all experimental results obtained for three types of discharges, it can be 

concluded that the WGD’s can be considered as the most effective underwater spark 

discharges for generation of acoustic pressure waves. However, the limitation of the 

WGD’s is the low repetition rate, which may narrow their use in practical applications. 

As compared with WGD’s, the FD’s are less effective in generating acoustic impulses. 

However, their simple electrode topology and flexible set-up with high breakdown 

operation frequency have made them the most common discharge type in underwater 

plasma-acoustic applications. The ABSD’s can be considered as a trade-off between 
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FD’s and WGD’s as they provide higher acoustic magnitude, as compared with FD’s, 

and have benefits of a high repetition rate. Therefore, depending on operational and 

acoustic requirements in specific practical applications, any of these three types of 

underwater spark discharges will have their own advantages and disadvantages. 

The experimentally obtained results and their analytical analysis, together with the 

developed analytical model, provide effective approaches to predict and to evaluate 

the acoustic output from the underwater spark discharges. The scaling relationships 

between different electrical and hydrodynamic properties of the plasma channel have 

been established. The results obtained in this work will provide new opportunities in 

further development of practical applications of underwater plasma-acoustic sources 

and in optimisation of the acoustic output from underwater spark discharges.  
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8.2 Future work 
 

The investigation on the underwater spark discharges as acoustic sources was 

conducted for three different types of discharges. The main focus of this work was on 

the generated acoustic impulses and analysis of the dynamics of cavity oscillation.  

As presented in Chapter 3, a dedicated electrode topology has been designed for 

FD’s, ABSD’s and WGD’s. Based on the achieved results, a few potential future tasks 

have been identified and presented in this section.  

A future work could be focused on using different metallic wires, for example Al, 

as the wire material can change the dynamics of the pre-breakdown process.  

For better understanding of physical properties of the plasma channel, plasma 

emission spectroscopy can be used in future work, which would allow measurements 

of the temperature and spectrum of the plasma, electrical conductivity of the plasma 

and chemical species developed in the plasma channel.  

  Together with the plasma optical diagnostic system, it could be beneficial to use a 

high-speed camera (with ns shutter time) to record the discharge process and the post-

breakdown development of the cavity.  

From the acoustic point of view, the use of larger test water tanks would allow 

further investigation into acoustic signal propagation especially over longer distances, 

which can be useful for different practical applications. Development of discharges 

and generation of acoustic impulses in water with different salinities, for example sea 

water, also would be of interest for practical applications of underwater plasma-

acoustic sources.    

Further development of the analytical model would include taking into account 

different processes such as thermal radiation, mass transfer between gas mixture in the 

cavity and water, and light emission. This would allow achievement of a higher 

accuracy of the proposed model. 
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