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ABSTRACT:
At present, underwater electric pulsed discharges are used in a wide range of modern applications. During the

development of a system for generating underwater acoustic pressure pulses, a numerical model is an essential tool

for guiding the design and interpreting the data. Developing a complex one-dimensional numerical code, like those

presented in the literature, requires a substantial dedicated effort. Unfortunately, previous work trying to use simple

and elegant theoretical models developed many decades ago reported a fundamental issue, apparently related to the

input data. The present work performs a detailed analysis of the real meaning of the voltage measured across an

underwater discharge and clarifies the correct way the power input to a simple two-phase model should be calcu-

lated. Based on accurate measurements, a phenomenological methodology to obtain the input data is demonstrated,

with theoretical predictions obtained from the simple two-phase model being successfully compared with the experi-

mental evidence obtained from both the present work as well as from other reliable data presented in the literature. VC
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I. INTRODUCTION

Underwater electric discharges have been used for dec-

ades in a large number of industrial applications including:

underwater welding and electro-hydraulic forming,1 shock-

wave generation for industrial sludge treatment, removal of

foreign deposits from pipe walls or materials fragmentation,

separation, reduction, and recycling,2–4 for mining applica-

tions such as blasting5 and drilling,6 for demolition,6 waste-

water treatment,7 sterilization,8 bio-fouling control,9

removal of algae,10 underwater ultrasound sources,11,12 as

well as special bio-medical applications. A number of these

applications are well described in a book dedicated to the

pulsed electric breakdown of liquid phenomena.13 Although

the examples cited above are from the 1990s, this technol-

ogy has been widely in use since the 1950s for marine seis-

mic exploration and still it is in some specific cases.

There are two known breakdown mechanisms. Supersonic,

in which the phenomenon is initiated by the formation of

streamers created by a high voltage, fast rise time pulse with a

nonhomogeneous field between a charged point and a ground

plane. A resultant “electron avalanche” at the electrode point

leads to the formation of streamers moving faster than the speed

of sound in water. In the subsonic discharge, the streamer

mechanism is replaced by a thermal mechanism, where the

plasma created is moving slower than the speed of sound in

water. A slower rise time allows for conduction currents in the

water, causing the water surrounding the electrodes to heat up

and evaporate. This causes the formation of gas between the

electrodes, which becomes the route for breakdown. This paper

will focus on the latter phenomenon.

Recently, a research program has been initiated at

Loughborough University in collaboration with Pau

University to develop a repetitive underwater electric dis-

charge system for an industrial application, requiring good

high-pressure reproducibility. As also recently demonstrated

experimentally, however, subsonic underwater discharges can-

not generate highly reproducible pressure impulses.14 Efforts

to improve the reproducibility by shaping the electrodes to

generate and control the inter-electrode electric field distribu-

tion were not successful.14 In such conditions, one way to

obtain reproducible phenomena is by using a very thin explod-

ing wire as a trigger for the discharge, here termed “pilot,”
mounted between the two underwater electrodes. This tech-

nique, suggested in Ref. 15 was first demonstrated in Ref. 16

and later by others17 to generate a well-defined cylindrical

plasma discharge between the two discharge electrodes. The

first aim of the present work is therefore to experimentally

study all the details of the exploding wire triggered plasma

discharge phenomena, using a relatively low-voltage capacitor

bank that discharges considerably slower than those previ-

ously presented in the literature. The second and main aim

is to determine the less time-consuming and most
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straightforward way to obtain a theoretical estimate for the

most important measurable characteristics of the complex

underwater discharge phenomena such as the pressure impulse

generated, and the dynamics of the bubble formed during the

discharge. Such a simple model will then be used in guiding

the design through the multi-parameter space of an optimized

and repetitive system for industrial applications.

The structure of the paper is as follows. Section II presents

a short overview of the main literature dedicated to numerical

modeling underwater discharges. A critical analysis of the

models available suggests conclusions that require experimen-

tal confirmation. Section III describes the hardware used in the

present experimental studies: the power source, together with

the practical arrangement at the laboratory water tank, as well

as the complete set of diagnostic instrumentation. Section IV

presents the main experimental findings compared with the

theoretical predictions. The final part includes conclusions,

along with a plan of future developments.

II. BRIEF OVERVIEW OF THE NUMERICAL MODELS
RELATED TO UNDERWATER DISCHARGE AND THEIR
ANALYSIS

A. Brief overview of numerical models

The theoretical models presented in the literature can be

categorized as complex and simple.

The most detailed include one-dimensional (1D) mod-

els such as those in Refs. 18, 19, and 20 as well as simplified
1D models, such as those in Refs. 21 and 22. The simplified

1D models consider the pressure, temperature and mass den-

sity homogeneously distributed inside the plasma volume. It

is, however, important to note that, according to Ref. 19 and

as demonstrated in this work, simplified 1D models using

proper electrical conductivity data can provide results

extremely close to those generated by detailed 1D modeling.

A particular class of complex numerical models are

based on finite-difference integration schemes, for exam-

ple,23 but such models are no longer used.

On the other hand, the simplest models, such as those

presented in Refs. 24 and 25, are of no use for designing

new systems for industrial applications, as they only

describe the bubble dynamics.

A relatively simple but extremely elegant class of mod-

els, which does not consider all phenomena, is based on a

pioneering theoretical work published in the late 1960s.26

During the following years, this original theoretical

approach was improved, massively extended and published

as part of a monography dedicated to the hydrodynamical

description of underwater electrical discharges, a work that

still remains a valuable reference.15 More recently many

authors, for example, Refs. 11, 27, and 28, based their theo-

retical analysis on these simple models. Unfortunately, the

main problem highlighted in Ref. 28 is that using the models

described in Ref. 15, a good agreement with experimental

data could only be achieved for discharges performed at a

very low energy, i.e., for a total energy stored in the capaci-

tor bank of less than 200 J.28 For much higher energies, as in

Ref. 27, it was not possible to get an agreement with experi-

mental data. The method used in Ref. 27 was to first deter-

mine experimentally a value for the “plasma resistance” and

then use this value to calculate the input energy required by

the model to match the experimental data. For obtaining a

good agreement with the experimental evidence however,

the experimentally obtained “plasma resistance” was

required to be divided by a factor close to 3.

B. Analysis

Apparently, there is an important misunderstanding in

the literature: the experimental determination of the plasma

resistance, as presented, for example, in Refs. 20 and 27, is

not possible. To understand the reason why the plasma resis-

tance of an underwater discharge cannot be directly mea-

sured or straightforwardly inferred from experimental data,

one must consider a very well understood system: an

antenna, used to radiate electromagnetic energy.

According to the antenna textbook,29 the impedance ZA

presented by an antenna or electromagnetic source at its

input terminals, or the ratio of the voltage to current at the

pair of input terminals, is given by ZA ¼ RA þ jXA, where

RA is the antenna resistance and XA is the antenna reactance.

In turn, the electromagnetic source (antenna) resistance con-

sists of two terms RA ¼ Rr þ RJ , where Rr is the radiation

resistance and RJ is the loss resistance. In other words, the

first term is related to the energy lost by electromagnetic

radiation, while the second term is the Joule energy lost by

heating the antenna conductors.

In a similar way, for an underwater discharge, the ratio

of voltage to current at the pair of input electrodes repre-

sents the underwater load (acoustic source) impedance ZL,

which can be written as

ZL ¼ RL þ jXL; (1)

where RL is the load (discharge) resistance and XL is the

load inductive reactance. However, the underwater load

(acoustic source) resistance has more terms than the resis-

tance of the electromagnetic source:

RL ¼ RPL þ RSW þ RH þ RE þ RO (2)

with each term related to an energy absorption mechanism.

The term RPL is the plasma resistance related to the heating of

the plasma column, RSW is related to the energy lost by gener-

ating shock waves, RH is related to the energy lost by heating

water vapor (i.e., generating steam), RE is related to the energy

lost by electromagnetic radiation and finally RO is related to

the energy lost by other mechanisms, such as electrode erosion

(detailed below). All terms of Eq. (2) are time dependent.

When the voltage VL across the discharge electrodes and

the current I flowing through the discharge are both measured

during a test, Ohm’s law provides the impedance,

ZL tð Þ ¼ VL tð Þ
I tð Þ : (3)
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By measuring the current time rate-of-change dI/dt and

using a technique presented below, the resistive part RL of

the impedance can indeed be obtained. But that is all that

can be done: there is no direct way to obtain the fraction of

this resistance representing the plasma resistance. Therefore,

the resistance measured and used in the calculations in the

various publications (for example, in Refs. 20 and 27) repre-

sents the overall resistance of the discharge, i.e., the load

resistance RL, rather than the plasma resistance RPL. The

time-dependent plasma resistance can only be calculated

based on a 1D model as

RPLðtÞ ¼
l

rðtÞ � p � a tð Þ2
; (4)

where r(t) is the time dependent plasma conductivity, l is

the distance between the two electrodes, and a(t) is the

plasma outer radius.

C. Detailed structure of the present work

As mentioned above, the main aim of the present

research is to find a straightforward way to use one of the

simple and very convenient models presented in Ref. 15 to

obtain an acceptable estimate of the main characteristics of

an underwater discharge. Based on Ref. 15, a two-phase

model is proposed, termed model A and presented in the

Appendix. Model A requires as input data the instantaneous

power P PL tð Þ related to the plasma resistance, something

that cannot be obtained directly from the experimental data.

A straightforward way to overcome this inconvenience

would be calculating this power as a fraction k of the experi-

mentally obtained total resistive power absorbed by the

underwater discharge,

P PL tð Þ ¼ k � VR � I; (5)

where VR¼RL � I is the resistive part of the load voltage VL.

To demonstrate that this is possible, the following steps are

followed:

(i) Accurate experimental voltage and current data are

obtained, from which the overall instantaneous

absorbed power VR�I is calculated.

(ii) Following the work presented in Ref. 21 a simplified
1D model, termed model B, is implemented using

MATHCAD software.30 The only difference from Ref.

21 is the use of an improved model for plasma con-

ductivity, as suggested in Ref. 31. It is important to

note that model B is capable of closely reproducing

all results obtained with the most complete 1D model

published in the literature.20

(iii) Using model B together with accurate pressure and

bubble dynamics data, it is demonstrated that the

input data required for model A to satisfactorily

reproduce all the available experimental data require

k� 0.3. In other words, the optimum input data for

model A represent 30% of the experimentally deter-

mined overall absorbed power.

(iv) Using as an optimum input Eq. (5) with k¼ 0.3,

model A predictions are successfully tested against

experimental data available in the literature.

The work to accomplish these steps is presented below.

III. PRACTICAL ARRANGEMENT

A. Power source and discharge electrodes

The equivalent electric scheme of the power source and

its corresponding discharge electrodes is presented in Fig. 1.

The power source is based on a capacitor bank having a

capacitance C1¼ 1.2 mF charged to V0¼ 1.5 kV and storing

1350 J of electrostatic energy. For convenience, a simple but

robust and reliable mechanical closing switch S is used to

couple the transmission line (of self-inductance Lt in Fig. 1)

and the load, i.e., the underwater discharge electrodes.

During preliminary tests, without the load being attached,

the overall equivalent resistance and self-inductance of the

driving circuit have been determined as Rb¼ 40 mX and

L1¼LbþLt¼ 4.3 lH, where the self-inductance of the

transmission line is Lt¼ 3.2 lH.

A horseshoe-shaped dielectric mount (Fig. 2) allows

the high-power connections together with the two electro-

des to be positioned accurately underwater. The electrodes

are made from pure copper tubes,32 with an outer diameter

of 3 mm and an inner diameter of 1.2 mm and separated by

a 7 mm gap. The gap was chosen during preliminary

experiments, as an inter-electrode distance providing con-

sistently reproducible results. Heat shrink tubing is placed

onto electrodes to control the electric contact region and

to stop spreading the plasma-metal contact, i.e., the elec-

tric contact is thus restricted to the cross section areas of

the electrodes, as considered in all theoretical analysis. A

50 lm “pilot” wire made of pure copper33 is used to initi-

ate the discharge, with preliminary testing demonstrating

that the quality of the electric contact with electrodes is

not affecting the plasma discharge characteristics. This

point is particularly important for the development of a

future repetitive system.

FIG. 1. Equivalent electric scheme of the system.
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B. Water tank and semi anechoic enclosure

(i) Water tank. A 1100-litre glass-reinforced plastic

(GRP) water tank with internal dimensions of

1190� 810� 1620 mm334 is filled with tap water and

operated at a temperature between 22 �C and 24 �C.

For accurate positioning, all the components of the

underwater experimental arrangement are attached to

a metallic frame (Fig. 3).

(ii) Semi anechoic enclosure. Eight acoustic AprFlex

F28P absorbers (200� 250� 10 mm3),35 with an

absorbing frequency range between 1 and 20 MHz

and with an echo-reduction varying from more than

20 dB at 1 MHz to larger than 40 dB above 6 MHz,

are attached to a polyethene frame and positioned

underwater forming an enclosure with the three

hydrophones mounted at the center (Fig. 4).

C. Diagnostics

1. Electrical

(i) Voltage in the main circuit. Two voltage probes were

used in the main circuit (VP in Fig. 1). VP0 is a type

PVM-5 probe36 used for DC measurement during

charging while VP1, used to measure the voltage

across the transmission line, is a type PVM-12

probe36 capable of measuring a peak voltage impulse

of 30 kV with a 90 MHz bandwidth.

(ii) Current. A current waveform transformer type

150B37 (CWT in Fig. 1) can measure a peak current

impulse of 30 kA with a bandwidth of 16 MHz.

(iii) dI/dt. An in-house developed Rogowski coil is used,

which can be calibrated for each shot using the data

obtained from the current sensor.

(iv) Voltage across the underwater load. This measure-

ment is of paramount importance for obtaining accu-

rate input data for the numerical model and therefore

two very different methods of measuring this voltage

have been used and compared during preliminary

tests, as described below. For convenience, as both

techniques provided the same results, only method 1 is

currently in use. It is encouraging that the two meth-

ods provide very close results, as method 1 is based on

electric potential measurement while method 2 is

based on magnetic induction measurement.

Method 1: In Fig. 5(a) voltage probe type PVM-5 is con-

nected to the underwater electrodes (the load) through an

insulated, short transmission line, having a very low self-

inductance Lv. The probe itself, together with its ground

connection, forms a loop having the self-inductance Lvp mag-

netically coupled with the transmission line through a mutual

inductance M. By applying Kirchhoff’s second law, the load

voltage VL can be obtained from the voltage measured by the

voltage probe VPL (on the order of 300 V) as

VL tð Þ ¼ VPL tð Þ þ Vind tð Þ; (6)

with the small inductive correction Vind given by

Vind tð Þ ¼ Lv þ Lvp � 2Mð Þ
dIv

dt
(7)

and where dIv/dt is the very small value time rate-of-change

of the current flowing through the transmission line. The

inductive correction (on the order of �30 V) is obtained by

performing tests with short-circuited electrodes. In this case

VL� 0 and the voltage probe directly measure the inductive

correction, i.e., VPL��Vind.

FIG. 2. (Color online) Horseshoe-shaped mount with high power connec-

tions and electrodes.

FIG. 3. (Color online) Water tank assembly including the metallic frame.

FIG. 4. (Color online) The three hydrophones mounted in the semi anechoic

enclosure. From left to right: NH0040, NH2000, and TC4034.
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The load voltage can be, in turn, written as

VL tð Þ ¼ RLI þ LPL
dI

dt
þ dLPL

dt
I; (8)

where LPL is the time varying self-inductance of the plasma

discharge and dLPL/dt is the time rate-of-change of the

plasma self-inductance.

Based on the results obtained with model B, the last two

terms in the right-hand side of Eq. (8) can be neglected: for

a 7 mm long plasma channel the LPL is always smaller than

2 nH and the plasma dynamics indicates dLPL/dt is on the

order of �2.5� 105 H/s, making LPLðdI=dtÞ þ ðdLPL=dtÞI
< 0:2 V. Therefore, in the present experiments, the approxi-

mation VR�VL holds.

Important note: The voltage across the underwater load

VL can in principle be measured using the VP1 of Fig. 1. In

this case the voltage measured is VP1ðtÞ ¼ LtðdI=dtÞ þ VLðtÞ.
This is the method used in most published works, for

example, in Refs. 20, 22, 27, and 28. However, the first term

(the inductive voltage correction) is usually much larger

than the second term. Preliminary tests performed with VP1

demonstrated the load voltage measurement using this tech-

nique is not accurate. The main reason is related to the large

value of the discharge current time rate-of-change dI/dt.
Hence the reason method 1 described above has been imple-

mented: in such a case, the time rate-of-change of the cur-

rent flowing through the voltage probe dIv/dt is many orders

of magnitude smaller than dI/dt.

Method 2: The schematic of this arrangement is pre-

sented in Fig. 6, where a non-inductive resistor38 Rv¼ 27 X
is mounted in parallel to the underwater load and the current

through this resistor ICT is measured using a current trans-

former CT,39 capable of measuring a peak current impulse

of 500 A with a bandwidth of 35 MHz. The assembly is

mounted inside an acrylic tube (see Fig. 6) and positioned

underwater. In this case the load voltage VL is directly

obtained as

VL tð Þ ¼ RVICT : (9)

2. Acoustical

(i) Low frequency hydrophone. Teledyne Reson type

TC4034,40 having a usable frequency range from

1 Hz to 480 kHz. This hydrophone is omnidirectional

across its bandwidth. The calibration data are pro-

vided by the manufacturer as a variable response

over the whole bandwidth.

(ii) High frequency hydrophones. Two Precision

Acoustics needle type of hydrophones were used.

The first is a 2 mm needle PVDF hydrophone type

NH2000,35 suitable for measurements in the fre-

quency range from 100 kHz to 10 MHz. The NH2000

is highly directional, particularly for high frequen-

cies, and so great care was taken during its alignment.

The second hydrophone is a 40 lm needle PVDF

hydrophone type NH0040,35 suitable for measure-

ments in the frequency range from 1 to 40 MHz.

When compared with NH20000, the NH0040 is less

directional. For both needle-type hydrophones, the

FIG. 5. (Color online) Method 1 arrangement (a) equivalent electrical

scheme, (b) real assembly.

FIG. 6. (Color online) Method 2 arrangement (a) equivalent electrical

scheme, (b) assembly mounted inside an acrylic tube positioned

underwater.

2848 J. Acoust. Soc. Am. 151 (5), May 2022 Frost et al.

https://doi.org/10.1121/10.0010288

 25 April 2024 03:58:58

https://doi.org/10.1121/10.0010288


calibration data were obtained from the National

Physics Laboratory (UK) as a variable response over

their entire characteristic bandwidths.

(iii) Details of hydrophone mounting and operation.
Apart from a very expensive fibre-optic based hydro-

phone used in Ref. 28, there is no hydrophone to

cover the whole frequency bandwidth required by the

phenomena: from Hz to tens of MHz. Therefore, the

three different hydrophones presented above are all

mounted using supports as shown in Fig. 4 and

placed at the minimum separation from one another

that allowed for the full pressure wave to be captured

by each hydrophone before any reflection from the

other would be detected and influence the signal. All

hydrophones displayed sensitivity to the powerful

electromagnetic noise generated by the operation of

the pulsed power generator but, when mounted at

least 0.5 m away from the source they were capable

of fully recovering, well before the pressure waves

were recorded.

(iv) Software and data analysis. A MATHCAD
30 program

was developed to analyze the data obtained from the

three hydrophones. To help with the alignment of the

highly directional NH2000 hydrophone, the software

was used to test agreement with the TC4034 signal in

the overlapping receiving bandwidth (i.e., from 100

to 480 kHz). As already mentioned, no hydrophone is

individually capable to cover the ultrawide spectrum

generated by the source, and therefore the software is

used to perform the FFT of each of the pressure sig-

nals, calibrate the FFT using the corresponding fre-

quency response data and then trim and stitch the

three signals in the frequency domain, before per-

forming the inverse FFT to obtain the pressure signal

in the time domain corresponding to the entire band-

width covered (i.e., from 1 Hz to 40 MHz).

3. Optical

A Chronos 2.1-HD high-speed camera41 operating at

6000 frames per second (fps) with a 133.5 ls exposure for

obtaining good resolution photos (640� 360 pixels) is posi-

tioned directly above the discharge (see Fig. 7). For detect-

ing details of the bubble dynamics however, the camera is

also operated at 20 000 fps with a 3.9 ls exposure and at a

lower resolution (640� 96 pixels). A FotodioX Nikon F to

C-Mount lens adapter is used to attach a Sigma 24–70 mm f/

2.8 zoom lens to the camera. As the plasma is emitting a

very bright light at the start of the discharge, a Hoya

PROND8 Neutral Density (ND) filter is required to be

supplementary attached to the Sigma lens to protect the

camera from overexposure. Two Godox Sl-200W II LED

lights (see Fig. 7) are positioned to provide the necessary

lighting to detect the bubble dynamics during its late expan-

sion stages. To protect the camera and the LED lights from

shock wave generated damage, a polycarbonate sheet

(1000� 500� 10 mm3) is placed above the tank between

the instruments and the water.

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORETICAL PREDICTIONS

A. Experimental data

The experiments provided data with a high level of

reproducibility. The complete set of data obtained from a

single shot is provided in Figs. 8–11.

The use of the pilot wire generates a two-step process:

first, the exploding wire (EW) creates a plasma column that

in turn triggers the underwater discharge.

A sophisticated code, like the one presented in Ref. 42

is required to obtain all the details of an underwater EW

phenomenon, but that is unnecessary for the present work. A

2D underwater EW model is an extremely complex numeri-

cal model and not required as the EW is only used to repro-

ducibly generate the plasma column and is not necessary for

understanding the discharge phenomena. Using an existing

simple phenomenological model for the underwater EW

resistivity,43 the current through and the voltage across the

pilot wire during explosion are both calculated and success-

fully compared in Figs. 8 and 10 (see the insets) with experi-

mental data. Towards the end of the EW process, the wire

resistance increases by two orders of magnitude, literally

FIG. 7. (Color online) (a) Schematic of the arrangement of electrodes, high-

speed camera and lighting (not to scale). (1) Godox SL-200W II LED light,

(2) Chronos 2.1-HD high-speed camera, (3) FotodioX Nikon F to C-Mount

lens adaptor, (4) Sigma 24-70 mm f/2.8 zoom lens, (5) polycarbonate sheet,

(6) water tank, (7) horseshoe-shaped mount (b) the real arrangement.
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acting like an “opening switch,” i.e., the current (Fig. 8,

inset) returns to (almost) zero. Once the EW-generated

plasma channel resistance starts to lower its value, the cir-

cuit “closes” again and the plasma discharge begins as a sec-

ond step of the process. It is important to note that the

energy consumed by the EW phenomenon is extremely

small, i.e., only 2.4 J, representing less than 0. 2% of the ini-

tially stored energy. However, during the very short time the

wire explodes, intense shock waves are generated, and the

hydrophones detect the corresponding pressure impulse

(Figs. 11 and 12).

It is interesting to note that during the EW action the

efficiency of energy conversion, from the total electromag-

netic (Joule) energy absorbed to acoustic (mechanic) energy

generated is estimated to be more than 10%, as presented

elsewhere.44 This is a high efficiency when compared with

FIG. 8. (Color online) Discharge current measured with CWT of Fig. 1 (full
line) is compared with an EW model (see inset) and with predictions made

by model B. The theoretical predictions (dash-dotted lines) are practically

indistinguishable. To facilitate the comparison, the time origin is chosen at

the time the plasma discharge begins, after the “pilot” wire exploded. The

inset presents details of the current during the EW action.

FIG. 9. (Color online) Photos taken with the high-speed camera operated at

6000 fps showing the bubble dynamics. Time origin from switch S (Fig. 1)

action.

FIG. 10. (Color online) Voltage across the load obtained using method 1 of

Fig. 5. The time origin as in Fig. 8. The inset shows the large voltage

(10.5 kV) generated during the EW action (full line), compared with an EW

model (dash-dotted line).

FIG. 11. (Color online) Oscilloscope raw data obtained from the three

hydrophones. Vertical dashed lines: 1—large initial electromagnetic inter-

ference at the time the switch S in Fig. 1 closes. 2—EW phenomenon. 3—

underwater discharge and 4—pressure generated by bubble implosion (a)

positive signal from the 2 mm needle hydrophone, (b) negative signal from

40 lm needle hydrophone, (c) negative signal generated by the Reson

hydrophone.
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only 1.8% for the plasma discharge that follows. The last

figure is also in good agreement with published data.12

B. Obtaining the optimum input data for model A

As described in the plan detailed above, model B is only

used in this work to facilitate obtaining a value for the fraction

k in Eq. (5). As expected, the current predicted by model B is

perfectly matching the experimental data of Fig. 8 and the cal-

culated power absorbed by the plasma P PL tð Þ is presented in

Fig. 13, where the overall power absorbed by the load, obtained

from the data in Figs. 8 and 10 as VR � I, is also shown. As dem-

onstrated in Fig. 13, the theoretical prediction favorably com-

pares with 30% of the overall experimental power, i.e., k¼ 0.3.

As one may expect by simplifying k to a time constant, the

match is not perfect but, as further shown below, this straight-

forward technique to generate input data is good enough to

allow model A to generate credible predictions.

C. Model A predictions

Model A, using the input data shown in Fig. 13, can

now be used to predict the main measurable characteristics

of the underwater discharge. Model A, detailed in the

Appendix, is structured as a two-phase model, with each

phase needing the integration of first-order differential equa-

tions. The integration time is referred from t0¼ 0 ls to

t1¼ 250 ls for the first fast phase, which mainly deals with

predictions of pressure generation. The integration of the

second slower phase, between t1¼ 250 ls and t2¼ 11.2 ms,

provides a prediction of the bubble dynamics. The results,

presented in Figs. 14 and 15, require the comments below.

In Fig. 12, the pressure impulse predicted by model A is

initially very close to experimental data. However, after about

125 ls, the experimental pressure drops faster than predicted, a

phenomenon that can be observed in other works as well.20

This may be related to the development of other types of

energy loss phenomena, with their corresponding resistance

term being RO in Eq. (2). One possible candidate is electrode

erosion. Indeed, photos taken after only one shot (see Fig. 14),

clearly show the electrode surface in contact with plasma

being affected. These phenomena require further investigation.

In Fig. 15 the bubble oscillating period is accurately

predicted by model A. The dynamics of the experimental

FIG. 12. (Color online) Experimental (relative) pressure impulse at

r¼ 0.5 m distance from the source (full line), compared with predictions

obtained using model A (dashed-dotted line). Time origin as in Fig. 8.

FIG. 13. (Color online) Line 1 (full): overall power VR�I absorbed by load.

Line 2 (full): the fraction k VR�I of the overall power, for k¼ 0.3 [see Eq.

(5)] used as input data P PL tð Þ for the model A presented in the Appendix.

Line 3 (dashed-dotted): theoretical prediction using model B for the power

absorbed by the plasma. Time origin as in Fig. 8.

FIG. 14. (Color online) Underwater electrode. Left: pristine condition;

Right: after one shot.

FIG. 15. (Color online) Dynamics of the plasma bubble. The time variation

of the outer radius a(t), as predicted by model A, is compared with data

points obtained using the high-speed camera. The inset shows that a much

better comparison is obtained if the experimental points are considered to

follow the “lighted” region of the bubble. Time origin as in Fig. 8.
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outer radius of the bubble, detected as a black spherical

cloud, is somewhat different from the theoretical estimation.

In the inset of Fig. 15, however, where early experimental

data detected as a luminous sphere are shown, the match

between theory and experiment is extremely close.

Unfortunately, the luminous sphere is covered by the

black cloud at later times. As the plasma is heated at temper-

atures on the order of a few tens of thousands of degrees, the

black cloud may not represent faithfully the plasma outer

boundary.

In conclusion, model A can produce a reasonable esti-

mate of the experimentally determined characteristics of the

present underwater discharge.

D. Model A predictions for data available
in the literature

As the last step in validating the suggested technique, it

is essential to consider, for a wide range of practical under-

water discharge arrangements, how close to experimental

data are the model A predictions. Table I presents the main

characteristics of several underwater discharge systems pre-

sented in the literature, for which pressure and/or bubble

dynamics data are provided, together with electrical data

required to calculate the input for model A. The criterion for

a pressure pulse to be compared with theoretical predictions

is to be measured far from the region where shock waves are

present, in which case Eq. (A5) in the Appendix is applica-

ble. In all cases, model A uses as input Eq. (3) with k¼ 0.3,

with the power calculated from the published experimental

current and voltage data.

(i) In Fig. 16, the experimental pressure pulse and the

corresponding bubble dynamics published in Refs. 12

and 25 are successfully compared with predictions

made using Model A.

(ii) In Fig. 17, the variation of the peak pressure pulse

with the peak current impulse as well as a typical

experimental pressure pulse published in Ref. 14 are

both successfully compared with predictions made

using model A.

(iii) In Fig. 18, the bubble dynamics data published in

Ref. 20 is compared with predictions made using

model A. Interestingly, the prediction made by model
A is in this case better than that made by the best 1D

code published in the open literature.20

(iv) In Fig. 19, the experimental pressure pulse presented

in Ref. 22 is successfully compared with the predic-

tion made using model A.

Overall, as demonstrated, model A can adequately esti-

mate the main measurable characteristics produced by vari-

ous underwater discharge systems.

E. Suggested methodology for using model
A for designing and optimizing a new system
for generating acoustic pressure pulses

During preliminary discharges, with the load short

circuited and with reference to Fig. 1, the main circuit

parameters of the power supply are obtained as C1, V0, Lb,

Lt, and Rb. A subsequent stage of development is recom-

mended, in which the load (i.e., the electrode assembly) is

placed inside a small water bucket, with the load voltage

and current accurately measured as described above (e.g.,

method 1). The measured resistive power VR � I is then intro-

duced in Eq. (3) and, with k¼ 0.3, these data are used as

TABLE I. Main characteristics of underwater discharge systems.

Reference

Energy stored in the

capacitor bank (kJ)

Period of

discharge (ls)

Fig.

number

12, 25 0.625 245 16

14 from 0.27 to 6.6 25.4 17

20 0.51 30 18

22 0.21 25 19

Present work 1.35 451 13 and 15

FIG. 16. (Color online) Comparison between experimental data taken from

Refs. 12 and 25 and predictions made using model A with input obtained

from experimental electric data. (a) Pressure impulse: experimental data

(continuous line) and model A predictions (dot-dashed line). (b) Bubble

dynamics: experimental data (full squares) and model A predictions (dot-
dashed line).

2852 J. Acoust. Soc. Am. 151 (5), May 2022 Frost et al.

https://doi.org/10.1121/10.0010288

 25 April 2024 03:58:58

https://doi.org/10.1121/10.0010288


input for model A. The code in turn provides an estimate of

the acoustic pressure pulse that can be generated in water at

various distances from the source. During the early develop-

mental stages of a new system, these simple tests, together

with model A, will help avoid the need for both a large water

tank and the use of complex and expensive diagnostic

equipment.

V. CONCLUSIONS AND THE WAY AHEAD

The present work demonstrates the following:

(i) The plasma resistance of an underwater discharge

phenomenon cannot be directly measured; it can only

be calculated using a 1D model.

(ii) Accurately measuring the voltage generated across a

pair of underwater discharge electrodes requires a

dedicated arrangement.

(iii) Using 30% of the overall instantaneous resistive

power absorbed by an underwater discharge as an

input for a simple two-phase numerical code, can

provide a straightforward and satisfactory solution to

estimate the main discharge characteristics.

The work also highlights several important practical

details to be observed during underwater discharge

experiments.

There is an increased worldwide interest in using under-

water discharges to generate pressure impulses for modern

applications such as those related to the food industry and e-

waste disposal. In most cases, the research teams will not

have the time to develop a complex 1D model for predicting

the characteristics of the underwater discharge and guide the

design of an optimized arrangement. In such situations, the

simple theoretical techniques and the methodology pre-

sented in this work will be of great use for a wide range of

systems operated with initial energy between 0.2 and 6.6 kJ

and having a characteristic discharge period between 25 and

450 ls.

FIG. 18. (Color online) Comparison between experimental data (full
circles) taken from Ref. 20 and theoretical predictions made by: Line 1
(dashed-dotted): model A, Line 2 (dotted): 1D code (Ref. 20).

FIG. 19. (Color online) Comparison between experimental data taken from

Ref. 22 (continuous line) and model A predictions (dot-dashed line). On the

timescale presented in Ref. 22, the two are indistinguishable.

FIG. 17. (Color online) Comparison between experimental data taken from

Ref. 14 and predictions made using model A with input obtained from

experimental electric data. (a) Peak pressure variation with peak current:

experimental data (straight line) from Ref. 14 and model A predictions (full
squares). (b) typical pressure pulse: experimental recorded data (continuous
line) from and model A predictions (dot-dashed line).
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The way ahead will be dedicated to the development of a

low repetition rate system for generating acoustic pressure

pulses. The work will include implementing a semiconductor-

based closing switch in the present power circuit and

manufacturing a mechanism for feeding the exploding wire

used to trigger the discharge.

APPENDIX

Model A is constructed in two parts, both based on the

work presented in Ref. 15 and considers the water as a com-

pressible medium. The equations of this simple model are

presented below in their most compact form, ready to be

implemented in any mathematical software. For a compre-

hensive description, however, Ref. 15 must be consulted.

In what follows:

Variables to be integrated:

• a(t) is the radius of the plasma bubble
• v(t) is the expansion velocity of the plasma bubble
• p(t) is the pressure inside the plasma bubble

Various constants:

• p0¼ 105 Pa is the (initial) atmospheric pressure
• c¼ 1.3 is a constant representing the ratio of specific

heats
• A¼ 3001� 105 Pa, B¼ 3000�105� Pa and n¼ 7 are all

constants used in Tait’s equation of state of water
• q0¼ 103 kg/m3 is the density of water at p¼ p0

• c0¼ 1450 m/s is the speed of sound in water at p¼ p0

Various functions:

• c(t) is the speed of sound in compressed water:

cðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nA1=n

q0

pðtÞþBð Þ n�1ð Þ=n

s
: (A1)

It is easy to demonstrate that at t¼ 0, when p(0)¼ p0 then

c(0)¼ c0.
• h(t) is the specific enthalpy and dh=dt its time rate-of

change,

hðtÞ ¼ c0

n� 1

pðtÞþB

A

� � n�1ð Þ=n

� 1

" #
; (A2)

dh

dt
¼ c0

nA

A

pðtÞþB

� �1=n

FðtÞ; (A3)

where the function F(t) is

F tð Þ ¼ 3 c� 1ð Þ
4paðtÞ3

P PLðtÞ�
c

c� 1
4pa tð Þ2p tð Þv tð Þ

� �
(A4)

and where P PL tð Þ¼ k �VR � I represents input data, i.e., the

power absorbed by the plasma (see the text).

The integration is performed in two phases, as described

below.

Phase 1: in which the plasma absorbs energy, and the

flow is compressible. This phase begins at t¼ 0 and ends at

a time t¼ t1, when the power absorbed returns to zero.

Phase 2: in which the bubble is expanding adiabati-

cally. This phase begins at t¼ t1 and can be extended to any

chosen time t¼t2, to allow comparison with the bubble

dynamics data recorded by a video camera.

1. Phase 1

The first-order differential system of equations to be

integrated from t¼ 0 to t¼ t1 is

dv

dt
¼

1þvðtÞ
cðtÞ

� �
hðtÞþaðtÞ

cðtÞ 1�a tð Þ
cðtÞ

 !
dh

dt
�3

2
v tð Þ2 1�vðtÞ

cðtÞ

� �

a tð Þ 1�vðtÞ
cðtÞ

� � ;

da

dt
¼ vðtÞ;

dp

dt
¼ FðtÞ;

with the initial conditions

v(0)¼ 0.01 m/s,

a(0)¼ 0.1� 10�3 m,

p(0)¼ p0.

As noticed in Ref. 15, the results are not very sensitive

to the chosen initial conditions. The final integrated values

are v(t1), a(t1) and p(t1).

2. Phase 2

The first-order differential system of equations to be

integrated from t¼ t1 to t¼ t2 is

dv

dt
¼ 1

a tð Þ
pðt1Þ
q0

a t1ð Þ
a tð Þ

� �3c

� 3

2
v tð Þ2 � p0

q0

" #
;

da

dt
¼ vðtÞ;

with the initial conditions v(t1) and a(t1) obtained from

Phase 1.

After the integration is performed, and to allow a com-

parison with pressure data obtained from hydrophones, the

pressure P generated at a distance r from the discharge is

estimated as

Pðr;�tÞ ¼ A
2

nþ 1
þ n� 1

nþ 1
1þ nþ 1

rc0

G �tð Þ
� �1=2

( ) 2n=n�1ð Þ

�B� p0; (A5)

where the time dependent function G(t) is
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G tð Þ ¼ a tð Þ h tð Þþ v tð Þ2

2

� �
: (A6)

Equation (A5) is only valid for acoustic pressures and there-
fore the distance r must be large enough to damp the influ-
ence of the shock waves.

Note that to make it easier to compare the pressure cal-

culated with Eq. (A5) with the hydrophone data:

• A “retarded” time �t ¼ t� r=c0 is considered.
• The pressure is calculated relative to po, i.e., the initial

pressure calculated with Eq. (A5) is zero.
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