

View

Online


Export
Citation

RESEARCH ARTICLE |  APRIL 03 2024

Underwater electrical wire explosions under different
discharge types: An experimental study with high initial
energy storage
Shaojie Zhang   ; Wansheng Chen; Yong Lu  ; Yongmin Zhang; Shuangming Wang; Aici Qiu; Liang Ma;
Liang Gao; Fei Chen

Phys. Plasmas 31, 043505 (2024)
https://doi.org/10.1063/5.0190438

 24 April 2024 21:21:43

https://pubs.aip.org/aip/pop/article/31/4/043505/3280691/Underwater-electrical-wire-explosions-under
https://pubs.aip.org/aip/pop/article/31/4/043505/3280691/Underwater-electrical-wire-explosions-under?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-6131-7667
javascript:;
javascript:;
https://orcid.org/0000-0001-8169-2229
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0190438&domain=pdf&date_stamp=2024-04-03
https://doi.org/10.1063/5.0190438
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2063252&setID=592934&channelID=0&CID=754913&banID=520996573&PID=0&textadID=0&tc=1&scheduleID=1989153&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fpop%22%5D&mt=1713993703336292&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpop%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0190438%2F19866394%2F043505_1_5.0190438.pdf&hc=69e01f29874af407cbf78ecae8da8d911c97c237&location=


Underwater electrical wire explosions under
different discharge types: An experimental study
with high initial energy storage

Cite as: Phys. Plasmas 31, 043505 (2024); doi: 10.1063/5.0190438
Submitted: 6 December 2023 . Accepted: 22 March 2024 .
Published Online: 3 April 2024

Shaojie Zhang,1,a) Wansheng Chen,2 Yong Lu,1 Yongmin Zhang,1 Shuangming Wang,1 Aici Qiu,1 Liang Ma,2

Liang Gao,2 and Fei Chen2

AFFILIATIONS
1State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China
2Shenmu Ningtiaota Mining Company Limited, Shaanxi Coal Group, Yulin 719314, China

a)Author to whom correspondence should be addressed: sjzhang2020@126.com

ABSTRACT

In this study, underwater electrical explosions of aluminum wires of various sizes were carried out with an initial energy storage of �53.5 kJ.
Two piezoelectric probes were adopted to record the pressure waveforms. The experiments were divided into different discharge types, and
the statistical properties of the electrical and shock-wave parameters of the different discharge types were compared. The experimental results
show that there are three discharge types, called type A (breakdown type), type B (transition type), and type C (matched type). The three
types differ in the resistance characteristics of the plasma channel during the plasma growth process, which are determined from the average
electrical field strength and the remaining energy in the circuit at the peak voltage. Shock waves from type C discharges are more likely to
exhibit a higher peak pressure, a larger impulse, and a higher energy density than the other types. However, using a matched wire that
matches a specific discharge type, a high peak pressure, large impulse, and high energy density can also be achieved under type A or type B
discharges. For example, the maximum peak pressures at �33 cm under type B and type C discharges are 38.7 and 42.4MPa, respectively.
These results provide significant guidance for load selection in underwater electrical wire explosion engineering applications.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190438

I. INTRODUCTION

Electrical wire explosion (EWE) is a rapid phase transition pro-
cess (including the melting, vaporization, and ionization) of a fine
metal wire due to Joule heating by a high pulsed current.1 EWE is
accompanied by high-energy physical effects, such as pulsed electro-
magnetic radiation and shock waves (SWs), and has, therefore,
attracted extensive attention from researchers.2–7 Researchers have
studied EWE for different purposes, including inertial confinement
fusion,8 warm dense matter,9 nanoparticle synthesis,10 electrohydraulic
forming,11 and reservoir stimulation.7,12–14 EWE can occur in various
media, including vacuum, air, water, etc. Underwater EWE (UEWE)
generates stronger SWs15,16 than EWE in air and has, thus, attracted
extensive attention as a source of underwater SWs.

Conventionally, UEWEs with different circuit parameters or
loads are classified into several discharge types depending on their
voltage and current waveforms. The discharge types of EWEs in air
were first summarized by Chace et al.17 In recent decades, researchers

have identified UEWE discharge types, including the current pause
(dwell) type, breakdown type, and matched (optimal) type. In the cur-
rent pause type, the phase transition and ionization processes are sepa-
rated. Two SWs are generated and separated by a certain interval in
time, and these are often used to study the physical mechanisms
behind UEWEs.18–20 In contrast, the discharges of the breakdown and
matched types are continuous, and only one SW is generated. Among
the three discharge types, the matched type is generally considered to
have the highest electrical-to-mechanical energy conversion efficiency
and to generate the strongest SWs.21–25 Further detailed descriptions
of the three discharge types can be found in Refs. 1 and 26. Han et al.27

previously compared the characteristics (including the voltage, current,
light intensity, and SWs) of the three discharge types. In terms of the
SW peak pressure (of the first SW for the current pause type and the
single SW for the others), the results indicated that the peak pressure
increased from the current pause type to the breakdown type to the
matched type from �2MPa to more than �7.5MPa. However, the
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experiments were carried out under a low initial energy (500 J) and
used four types of wires with a fixed length (4 cm) and various diame-
ters (50, 100, 200, and 300l m). The comparisons focused on the dif-
ferences in the physical processes under different discharge types while
ignoring the statistical differences in important parameters (e.g.,
whether the peak pressure of SWs under the matched type must be
higher than that under the current pause and breakdown discharges
regardless of the length and diameter of the wires). In addition, the ini-
tial energy storage in these experiments was too low to support the
industrial applications of strong SWs, and the UEWE discharge types
may differ with an initial energy storage of 500 J and tens of kilojoules.
These limitations were also identified in the conclusions of other
researchers.28 It can be concluded that the current set of experimental
results needs to be further enriched for a wide range of wire lengths
and diameters and an initial energy storage of tens of kilojoules.

In this study, UEWEs with an initial energy storage of �53.5 kJ
were produced for various wire diameters and lengths. The experi-
ments were divided into different discharge types according to the dis-
charge current characteristics. Furthermore, the statistical properties of
the electrical and SW parameters under different discharge types were
compared. The results of this study are expected to help provide a bet-
ter understanding of the physical process of UEWEs and to provide a
reference for load selection in UEWE industrial applications.

II. EXPERIMENTAL SETUP

A layout of the experimental setup is shown in Fig. 1. A pulsed
current supply was used with a peak energy storage of 195.3 kJ (a peak
charging voltage of 30 kV), comprising two 217lF capacitors con-
nected in parallel and a gas spark switch. The output of the current
supply was connected to a self-made coaxial component through a
29m-long coaxial cable. The coaxial component was used to fix loads
and was submerged in a stainless steel tank (/ 2000� 1500mm2) filled
with tap water.

A circuit diagram of the experimental setup is shown in Fig. 2. A
transformer T was used to boost the output of an alternating current
power VS and supply power to a 30 kV direct current power. The
direct current power could generate a 0–30 kV voltage to charge the
capacitors. Through 15.7 kV short-circuit discharges, the resistance R0

and inductance L0 of the discharge circuit and the Rt and Lt of the

coaxial component were calculated to be 31.25 mX, 6.83 lH, 4.15 mX,
and 265.70 nH, respectively. In the short-circuit discharges, the dis-
charge period and peak current were 352.35ls and 108.91 kA,
respectively.

The voltage drop on the coaxial component with a load was mea-
sured using a PVM-1 voltage divider (with a bandwidth of 120MHz)
from North Star. The current waveform was obtained with a CWT
1500 current coil placed around the cathode (with a bandwidth range
of 0.03Hz to 16MHz) from Power Electronic Measurements. The
resistive voltage uR of the load can be calculated as

uRðtÞ � uðtÞ � ðLw þ LtÞ diðtÞdt
� RtiðtÞ;

where u(t) is the voltage measured using the PVM-1, i(t) is the circuit
current, and Lw is the load inductance. The load voltages discussed
below are resistive voltages.

The waveforms of the SWs generated by the UEWEs were mea-
sured with two commercial PCB138A11 probes (with a bandwidth
range of 2.5Hz to 1MHz) from PCB Piezotronics. The two probes
were mounted at distances of �33 and �49 cm from the load. The
sensitive elements were maintained at the load center. Signals from all
diagnostics were recorded using Tektronix Oscilloscopes MDO3054
and DPO4104B.

In this study, aluminum wires with diameters of 1.2, 1.6, 1.8, and
2.0mm and lengths of 6, 8, 10, and 12 cm were selected to be exploded
in water with an initial energy storage of �53.5 kJ. The mass and Eatom
values of all loads are listed in Table I, where Eatom refers to the energy
required to heat a wire from room temperature to boiling temperature
and complete atomization under atmospheric pressure. The skin depth
was calculated according to the discharge period of the short-circuit
experiment to be 1.538mm (aluminum, 2.838kHz), so the skin effect
is not considered in the subsequent analysis.

III. DISCHARGE-TYPE CHARACTERISTICS

The current waveforms of the UEWEs are displayed in Fig. 3 for
two cases representing different waveforms in repeatable experiments.
The discharge types for all cases are also presented in Fig. 3. Type A
and type C represent the breakdown and matched types,1,26 respec-
tively. Type B is a transition type between type A and type C. The cur-
rent pause mode is not included due to the demand for strong SWs.
Detailed descriptions of the three types are provided as follows:FIG. 1. A layout of the experimental setup.

FIG. 2. A circuit diagram of the experimental setup.
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(1) Type A: The wire undergoes the phase transition, and the
vapor-drop mixture is then ionized and converted into plasma.
The remaining energy in the circuit is dissipated with a fixed
period of underdamped discharge. The three typical type A cur-
rent waveforms are called types A-1, A-2, and A-3 and are dis-
tinct from each other in terms of their current trends after
ionization. The current increases again under type A-1, and the
absolute maximum value is attained. The current increases
again under type A-2, but only the local maximum value is
observed. The current decreases under type A-3. Generally, the
UEWE discharge type for a thin and short wire is type A-1. For
a thin and long wire, it is type A-2, and for other intermediate
sizes, it is type A-3.

(2) Type B: The remaining energy in the circuit is consumed by an
underdamped discharge with a non-fixed period after ioniza-
tion; i.e., the underdamped discharge exhibits different periods
before and after the first zero-crossing point of the current.

(3) Type C: After ionization, the remaining energy in the circuit is
dissipated as an underdamped discharge until the first zero-
crossing point of the current is reached. Then the current is cut
off. Type C includes two typical current waveforms, identified
as types C-1 and C-2, which differ in whether the current strikes
again. The current was completely cut off under type C-1, but
under type C-2, it could strike again as the explosion products
expanded.

The three discharge types are distinguished by their current
behaviors during the plasma growth process, especially after the first
zero-crossing of the current. It is well known that the current behavior
is related to the peak voltage and the remaining energy in the circuit at
peak voltage because these two parameters influence the development
of electron avalanches and the resistance characteristics of the dis-
charge plasma channel. If the peak voltage and the remaining energy
are sufficient to transfer the low-ionized, high-resistance vapor-drop
mixture to the plasma channel with higher conductivity, the remaining
energy is dissipated with a fixed period of underdamped discharge
(type A). On the contrary, if the peak voltage or the remaining energy
is insufficient, the plasma channel has low conductivity, which causes
the plasma channel to be partially closed (type B) or completely closed
(type C) at the first zero-crossing point of the current.

The parameter Eavg is introduced to define the average electrical
field strength of the discharge channel at peak voltage and is calculated
by dividing the peak voltage by the wire length. The parameters E1 and

E0
1 are also introduced to define the energy deposited on a wire and

dissipated in the external circuit from the beginning of the discharge to
the voltage peak, respectively. The remaining energy Er

1 in the circuit
at peak voltage can be calculated by subtracting E1 and E0

1 from E0,
where E0 is the initial stored energy of �53.5 kJ. Table II lists the peak
voltage, Eavg; E1; E0

1; E
r
1, and discharge types for various UEWEs. As

the wire diameter increased at a given length, the peak voltage
decreased, while E1 and E0

1 increased, resulting in both Eavg and Er
1

decreasing and accordingly, the discharge type gradually changing
from type A to type B to type C. As the wire length increased at a cer-
tain diameter, the peak voltage increased while Eavg did not increase
significantly. In addition, E1 increased while E0

1 remained almost con-
stant, resulting in a decreasing Er

1. As a result, the discharge type also
gradually changed from type A to type B to type C.

The relationship between the discharge types and the wire mass
can also be analyzed. The discharge types for various UEWEs with dif-
ferent masses are summarized in Table III. As is evident, the discharge
type gradually changed from type A to type B to type C with an
increase in the wire mass. In addition, the transitions between the dif-
ferent discharge types were ambiguous. The relationship between the
discharge types and the wire mass may be related to the ratios of
E0=Eatom, which are also listed in Table III. It is found that when
E0=Eatom was less than �6, the discharge was critically damped (type
C). However, the physical mechanisms behind this relationship are still
unclear and require further study.

IV. STATISTICAL PROPERTIES OF THE ELECTRICAL
AND SHOCK-WAVE PARAMETERS

It is clear from the above-mentioned analysis that the discharge
type changes as the wire size changes. Therefore, it is not rigorous to
compare the characteristics of UEWEs under different discharge types
by fixing the length or diameter and changing the other. Comparisons
should be made using statistical methods over a wide range of wire
lengths and diameters.

A. Electrical parameters

The parameter E2 is defined as the energy deposited into a wire
from the voltage peak to the first zero-crossing of the current. It
describes the energy injection during the plasma growth process. The
total energy deposition during the first half of the discharge cycle is
represented by E. The parameter Ev is also introduced to define the
energy deposition from the decrease in the current to the voltage peak
(the main vaporization process), and it determines the rapid

TABLE I. The masses and Eatom values of wires with various diameters and lengths.

Number Length (cm) Diameter (mm) Mass (g) Eatom (kJ) Number Length (cm) Diameter (mm) Mass (g) Eatom (kJ)

#1 1.2 0.18 2.47 #9 1.2 0.31 4.11
#2

6
1.6 0.33 4.38 #10

10
1.6 0.54 7.31

#3 1.8 0.41 5.55 #11 1.8 0.69 9.25
#4 2.0 0.51 6.85 #12 2.0 0.85 11.42
#5 1.2 0.24 3.29 #13 1.2 0.37 4.93
#6

8
1.6 0.43 5.85 #14

12
1.6 0.65 8.77

#7 1.8 0.55 7.40 #15 1.8 0.82 11.10
#8 2.0 0.68 9.13 #16 2.0 1.02 13.70
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expansion of the discharge channel and SW generation.29,30 The
energy deposition parameters E1; E2, E, and Ev for UEWEs under dif-
ferent discharge types are presented in Fig. 4. Table IV lists the average
values of the energy deposition parameters E1; E2, E, and Ev of the
UEWEs under different discharge types. E1 and Ev increased as the
discharge types changed from type A to type C. This is due to E1 and
Ev mostly being related to the wire mass and the discharge types grad-
ually changing from type A to type C with increasing wire mass. For

E2, there was no apparent advantage for UEWEs with different dis-
charge types. This is because E2 is related to the wire resistance but
not the discharge type. For E, the average value increased slightly as
the discharge types changed from type A to type C. However, explo-
sions with high E were observed for UEWEs with different discharge
types (37.3 kJ under type B and 39.6 kJ under type C). In other words,
the values of E indicated no obvious advantage for UEWEs with dif-
ferent discharge types.

FIG. 3. Current waveforms of the UEWEs.
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The ratio of the energy deposition parameters E1 to Eatom is intro-
duced to evaluate the extent of vaporization of a wire at peak voltage.
The ratios for UEWEs with different discharge types are shown in
Fig. 5. The values of E1=Eatom were less than 1.5 in all experiments and
even less than 1 in some instances under type A/B and type C. The lat-
ter indicates that for an UEWE under pulsed discharge over hundreds
of microseconds, the wire may not be completely vaporized at peak
voltage when the initial energy storage is four times the value of Eatom
or more. This may be due to thermal and magnetohydrodynamic
instabilities.31,32 Furthermore, the average values of the ratios under
type C were slightly smaller than those under type A and type B.

B. Shock-wave parameters

The peak SW pressures generated by UEWEs under different dis-
charge types are shown in Fig. 6. At a distance of �33 cm from the
wire axis, the average peak pressure under type C was significantly
higher than that under the other discharge types. However, this does
not mean that every peak pressure under type C was greater than that
under the other discharge types. For example, at �33 cm, the UEWEs

under type B and type B/C could generate SWs with peak pressures as
high as 38.7 and 34.2MPa, respectively, which are smaller than only
two of the six cases under type C. This indicates that each discharge
type has a matched wire that matches that discharge type, in which
case the UEWE can produce an SW with the highest peak pressure
under that discharge type. Similarly, it can be seen from Fig. 6(b) that
the peak pressures of SWs at �49 cm had the same tendency. In con-
clusion, by using a matched wire that matches a specific discharge
type, an UEWE under each discharge type can generate an SW with a
high peak pressure. Without limiting the wire size, an UEWE under
type C is more likely to generate a SW with a higher peak pressure.

The impulses of SWs generated by UEWEs under different dis-
charge types at�33 cm are illustrated in Fig. 7(a) and can be calculated
using

J ¼
ðtep
tsp

pðtÞ dt; (1)

where p(t) is the time-varying pressure of the SW measured by the
pressure probe at �33 cm, tsp is the arrival time of the SW, and tep is

TABLE II. Peak voltages, Eavg; E1; E0
1 ; E

r
1, and discharge types of the UEWEs.

Number Length (cm) Diameter (mm) Peak voltage (kV) Eavg (kV/cm) E1 (kJ) E0
1 (kJ) Er

1 (kJ) Discharge type

#1

6

1.2 10.26 0.06 1.70 3.26 0.02 3.56 0.07 46.8 A
#2 1.6 7.66 0.31 1.27 3.96 0.07 9.56 0.16 40.1 A/B
#3 1.8 7.06 0.23 1.17 7.26 0.95 15.56 0.70 30.8 B
#4 2.0 7.26 0.01 1.21 7.66 1.01 20.26 0.70 25.7 B
#5

8

1.2 14.26 0.04 1.77 4.36 0.22 3.66 0.09 45.6 A/B
#6 1.6 10.06 0.17 1.25 5.96 0.66 9.56 0.28 38.1 B
#7 1.8 9.36 0.94 1.17 8.56 0.63 15.46 0.90 29.6 B/C
#8 2.0 10.16 0.59 1.27 9.16 0.48 19.86 0.58 24.6 C
#9

10

1.2 19.36 1.29 1.93 5.56 0.15 3.76 0.01 44.3 A/B
#10 1.6 13.06 0.28 1.30 7.76 1.14 9.46 0.57 36.4 B/C
#11 1.8 13.86 0.51 1.38 10.46 1.03 14.76 0.81 28.4 C
#12 2.0 12.16 0.66 1.21 7.96 0.94 19.86 0.32 25.8 C
#13

12

1.2 21.16 0.08 1.76 6.26 0.27 3.76 0.02 43.6 B
#14 1.6 17.76 0.76 1.47 10.46 0.03 9.36 0.24 33.8 C
#15 1.8 15.16 0.41 1.26 10.76 0.21 14.56 0.41 28.3 C
#16 2.0 12.96 0.51 1.08 12.86 1.59 19.96 0.41 20.8 C

TABLE III. Discharge types and ratios of E0 to Eatom for various UEWEs.

Number Mass (g) Discharge type E0/Eatom Number Mass (g) Discharge type E0/Eatom

#1 0.18 Type A 21.7 #5 0.24 Type A/B 16.3
#9 0.31 Type A/B 13.0 #2 0.33 Type A/B 12.2
#13 0.37 Type B 10.8 #3 0.41 Type B 9.6
#6 0.43 Type B 9.2 #4 0.51 Type B 7.8
#10 0.54 Type B/C 7.3 #7 0.55 Type B/C 7.2
#14 0.65 Type C 6.1 #8 0.68 Type C 5.9
#11 0.69 Type C 5.8 #15 0.82 Type C 4.8
#12 0.85 Type C 4.7 #16 1.02 Type C 3.9
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700 ls after tsp, at which point the SW pressure drops to a very low
level. The energy densities of the SWs are shown in Fig. 7(b) and can
be calculated using

wp ¼
ðtep
tsp

pðtÞ2
q0c0

dt; (2)

where q0 and c0 are the density and sound velocity of undisturbed
water, respectively. As expected, at �33 cm, the impulse and energy
density of SWs under different discharge types have consistent laws
with their peak pressure.

Generally, SWs under type C were more likely to exhibit a high
peak pressure, large impulse, and high energy density than the other
types. However, using a matched wire that matches a specific discharge

type, a high peak pressure, large impulse, and high energy density can
also be achieved under type A or B.

V. CONCLUSION

In this study, we have conducted UEWEs of aluminum wires
with an initial energy storage of approximately 53.5 kJ. The experimen-
tal results revealed three clear discharge types, called type A
(breakdown type), type B (transition type), and type C (matched type).

FIG. 4. The energy deposition parameters E1 (a), E2 (b), E (c), and Ev (d) for UEWEs with different discharge types. The wire mass corresponding to each data point increases
from left to right, and the numbers are also labeled.

TABLE IV. The average values of the energy deposition E1; E2, E, and Ev for
UEWEs under different discharge types.

Discharge type E1 (kJ) E2 (kJ) E (kJ) Ev (kJ)

Type A 3.17 21.35 24.52 1.18
Type A/B 4.60 24.95 29.55 2.71
Type B 6.74 21.46 28.20 4.99
Type B/C 8.11 22.77 30.88 6.12
Type C 10.19 22.02 32.21 8.38

FIG. 5. The ratios of E1 to Eatom for UEWEs with different discharge types.
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The three discharge types are distinguished by the resistance character-
istics of the discharge plasma channel during the plasma growth pro-
cess, which is determined by the average electrical field strength and
the remaining energy in the circuit at peak voltage. If the discharge
plasma channel has higher conductivity, the discharge is type A; if not,
it is type C. The discharge type gradually changed from type A to type
B to type C as the wire diameter increased at a fixed length, as the
length increased at a fixed diameter, or as the mass increased.

The energy deposition E1 increased as the discharge types
changed from type A to type C, as did Ev. For E2 and E, however, there
were no apparent advantages provided by different discharge types. In
addition, the ratios of E1 to Eatom indicate that for an UEWE under
pulsed discharge over hundreds of microseconds, the wire may not be
completely vaporized at peak voltage when the initial energy storage is
four times Eatom or more.

Overall, SWs generated by UEWEs under type C were more likely
to exhibit a high peak pressure, large impulse, and high energy density.
Under type A or type B, a high peak pressure, large impulse, and high
energy density could still be achieved using a matched wire that
matched the discharge type. The results of this study aid in under-
standing the physical processes underlying UEWE and can act as an
important guideline for load selection in UEWE engineering applica-
tions. However, there may be some limitations. As a result, further

research will be conducted to understand these mechanisms in more
detail.
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