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One of the common characteristics of the electrothermal breakdown in an underwater discharge acoustic source

(UDAS) is the existence of a pre-breakdown-heating phase. In our experiment, two phenomena were observed: (1) the

breakdown time that takes on high randomicity and obeys a “double-peak” stochastic distribution; (2) the higher salt

concentration that reduces the residual voltage and causes 100% non-breakdown. The mechanism of electrothermal

breakdown is analysed. To specify the end of the pre-breakdown-heating phase, a “border boiling” assumption is

proposed, in which the breakdown time is assumed to be the time needed to heat the border water around the initial

arc to 773 K. Based on this ‘border boiling’ assumption, the numerical simulation is performed to evaluate the effects of

two heating mechanisms: the Joule heating from the ionic current, and the radiation heating from the initial arc. The

simulation results verify the theoretical explanations to these two experiment phenomena: (1) the stochastic distribution

of the radius of the initial arc results in the randomicity of the breakdown time; (2) the difference in efficiency between

the radiation heating and the Joule heating determines that, in the case of higher salt concentration, more energy will

be consumed in the pre-breakdown-heating phase.
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1. Introduction

Discovered by Russian scientist Yutkin, a shock-
wave can be generated from underwater discharge, of
which the source pressure may reach 10* atm. Based
on such a mechanical effect, the underwater discharge
acoustic source (UDAS) has wide applications in many
fields, such as pipe cleaning,!!! rock fragmentation,?
underwater security,!® and shockwave lithotrity.[*")
A typical UDAS is shown in Fig. 1. Its main parts
include the energy storage capacitor (C/uF, U/ ~
10 kV), underwater gap (d/cm) and gas switch.

Due to the weak field strength (~ 10 kV/cm) in
the gap, the breakdown of water in UDAS is usually
in the electrothermal mode.[! The characteristic of
the electrothermal breakdown is the existence of the
pre-breakdown-heating phase.

Kuzhekinl” found that in an electric field of 8-
36 kV/cm, the breakdown of tap water is delayed by
100-1000 ps. When Olson and Sutton!® conducted an
experimental study on the breakdown of seawater un-
der a 50 kV/cm 233 us voltage pulse, they concluded
that the breakdown delay time is proportional to the
threshold energy to evaporate the liquid. Most in-
teresting, Sugiarto et al.[’! found experimentally that
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the suspended leader resulting from the voltage drop
on the capacitor, resumes its propagation and com-
pletes the breakdown after several hundreds of mi-
croseconds. Touya et al.'% found in experiment that
under the conditions of Uy = 28 kV, d = 0.7 cm,
Guwater = 0.02 S/m, the breakdown time has a strong
randomicity, ranging from 40 to 500 pus, and concluded
that to realize the breakdown, at least 200 J energy
needs to be deposited into the underwater gap.

The randomicity in pre-breakdown-heating time
directly causes a great difficulty in realizing a multi-
UDAS array. Therefore, the kernel task of this pa-
per is to find a theoretical estimation of the pre-
breakdown-heating time. In Section 2 the experiment
phenomena are presented and a preliminary analysis
of the electro-thermal breakdown is performed. In
Section 3 a theoretical model for the properties of the
initial arc is proposed. In Section 4 the evolution of
the discharge circuit is described. In Section 5 a nu-
merical simulation on pre-breakdown-heating time is
carried out. In Section 6 some conclusions are drawn
from the present study and the relevant discussion is

also made.
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Fig. 1. (colour online) A typical UDAS in our experiment.

2. Analysis to the pre-breakdown-

heating process

2.1. Experimental observations on elec-
trothermal breakdown

As shown in Fig. 1, in our measuring system, the
sample resistors and the Rokovski coil produce the
signals of the gap voltage and the discharge current
respectively. The pressure sensor is placed at a point
15 cm away from the underwater gap. The oscillo-
graph records the voltage, current, and pressure sig-
nals synchronously at a rate of 10 MHz.

A small capacitor (1 uF), a fixed low voltage
(16.3 kV) and a fixed gap spacing (0.25 cm) are used
in the experiment. This initial energy is around the
breakdown threshold. Under these initial conditions,
both the breakdown and the non-breakdown may oc-
cur.

Under the above fixed initial conditions, the in-
fluences of three different salt concentrations (G =
0.037 S/m, 0.28 S/m, 3 S/m) on breakdown are tested
experimentally. Because of the high randomicity in
electrothermal breakdown, the discharge is repeated
over 100 times for each salt concentration. The most
important evolution curves of the gap voltage are
shown in Figs. 2—4. In each figure, the average break-
down time, the average residual voltage at the break-
down moment and the non-breakdown probability are
summarized.

According to Figs. 2-4, the conductivity of water
has two kinds of influences on electro-thermal break-
down:

(1) higher conductivity leads to shorter average
breakdown time;

(2) higher conductivity leads to lower average
residual voltage.
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Fig. 2. Voltage evolution under G = 0.037 S/m, with

Mgischarge being the repetition number of the discharge,
Threakdown the average breakdown time, Usegiqual the aver-
age residual voltage, and Ppon-breakdown the non-breakdown

probability.
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Fig. 3. Voltage evolution under G = 0.28 S/m.
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Fig. 4. Voltage evolution under G =3 S/m.

The first effect reveals that ionic current plays
an important role in electrothermal breakdown. The
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mechanism of the second effect is more complicated
and it will be discussed in Secitons 3 and 4.

In addition, in order to obtain an intuition about
the distribution of the breakdown time, the time axis
is divided into (t1...t,...ty) at intervals of 1 ps.
Meanwhile, the breakdown moments in the 110 groups
of voltage data are marked by (tp1. .. tom. - - toas, M >
100). The contribution of the m-th breakdown time
to the n-th time point is assumed to

(tom — tn):l.

- (1)

Pm—>n:eXP|:_

The total distribution weight can be described as

m=1
For G = 0.037 S/m, we choose o = 20 ps, and
for G = 0.28 S/m, we choose o = 4 ps. Under these
rules, the distribution weight of the breakdown time
is shown in Figs. 5 and 6.
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Fig. 5. Distribution weight of breakdown time under
G =0.037 S/m.

@

30

L C=1uF Uy=163kV
d=0.25 cm G=0.28 S/m

o0k o=4us

Breakdown time distribution weight

10
0 1 1 1 1
0 20 40 60 80 100
Breakdown time/us
Fig. 6. Distribution weight of breakdown time under
G =0.28 S/m.

As shown in Figs. 5 and 6, the breakdown time
obeys a “double-peak” distribution in the main. In

water of higher conductivity (G = 0.28 S/m), proba-
bility of the “fast” breakdown is higher.

To understand the characteristics of this special
breakdown mode, we must make a preliminary analy-
sis of the initial phase of the underwater breakdown.

2.2. Initial electrothermal

breakdown

phase of

Different from the breakdown in gas, compactly
distributed water molecules set a high threshold of
field strength for direct breakdown, which is usually
several MV /cm. However, the bonding between lig-
uid molecules is not so strong as that between solid
molecules. The heating and the evaporation of wa-
ter increase the interval between the molecules and
then reduce that threshold.
even if the average field strength drops to 8 kV/cm
(2 kV/0.25 cm), breakdown still happens. Therefore,
we can infer that the heating and the evaporation of

According to Fig. 3,

water is necessary for electrothermal breakdown.

When a voltage pulse is applied to the underwa-
ter gap, the local amplified electric field on the sur-
face of the electrodes field will form many “ignition”
areas filled with hot plasma. The kinetic expansion of
these “ignition” areas will generate a weak shockwave
(called “ignition shockwave” in this paper). In water
of high salt concentration, the ignition shockwave is
detectable. As shown in Fig. 4, under G = 3 S/m,
d = 0.25 cm, non-breakdown happens 100%. When
the gap interval is reduced to 0.2 cm, both breakdown
and non-breakdown may occur. The evolution curves
of gap voltage and shockwave pressure are shown in
Fig. 7.
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Fig. 7. (colour online) Gap voltage and shockwave pres-
sure under G = 3 S/m, d = 0.2 cm.

As shown in Fig. 7, in an environment of high
conductivity (G = 3 S/m), every discharge, no matter
if it is breakdown or non-breakdown, generates nearly
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the same ignition shockwave. The breakdown shock-
wave arrives at a random delayed time, which can be
regarded as the breakdown time.

The succeeding development of ignition areas
is the key to breakdown. In the dynamic break-
down, which has been long studied by Jones and
Kunhardt,'Y Martin et al.,[*2 Korobeynikov,[lg] and
others, the applied field strength reaches several
100 kV/cm. In such an electric field, the electrons in
ignition areas provide enough heating power to quickly
evaporate the border water around the ignition area.
Therefore, the evaporation and the ionization cycles
are capable of proceeding continuously, which forms
many leader channels and finally leads to breakdown.

Under the working conditions of a UDAS, there is
no strong electric field between the electrodes, and the
heating of the border water around the ignition areas
is not sufficient to generate a leader channel immedi-
ately when the voltage is applied to the gap. How-
ever, the propagation of the leader channel does not
The discharge
plasma in the ignition area will extend to the oppo-

suspend completely at this moment.

site electrode under the electrostriction force until it
bridges the underwater gap. That process is called
“streamer connection” in this paper.

Streamer connection does not necessarily cause a
breakdown.[8] The term “streamer” used in this pa-
per is interpreted as “slow streamer” by Kukhta and
Lopatin.['¥ Different from the leader channel (“fast
streamer” ), the streamer is in fact the extension of
the ignition area rather than the ionization of gap wa-
ter. The final product of the streamer connection, the
“initial arc”, can be seen as a gas bridge.l8) Therefore,
the initial arc will neither evidently expand nor lead
to breakdown.

Though the initial arc does not cause breakdown,
the discharge plasma inside it provides a radiation
heating power for the border water around it. Touya
et al.l'% observed a stable ultra-violet (UV) radiation

in pre-breakdown phase.
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z streamer  pre-breakdown
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2 from initial arc
>
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—1.84

Fig. 8. (colour online) Pre-breakdown UV emission ob-

served by Touya et al.[10]

The role of the initial arc in the pre-breakdown-
heating process will be analysed below.

2.3. Analysis of the
heating process

pre-breakdown-

According to the above analysis, electrothermal
breakdown can be described as four phases:

After the ignition/streamer connection phase, the
radiation heating from the initial arc together with the
Joule heating from the ionic current, provides a “slow”
heating for the border water, as shown in Fig. 10.

If the temperature of the border water reaches a
threshold value, the thermal kinetic energy of the wa-
ter molecules will be enough to overcome the hydrogen
bond between them. When the water molecules can
easily enter the initial arc, the evaporation-ionization
cycle will develop continuously. Here the term “bor-
der boiling” is used to describe the end of the pre-
breakdown-heating process.

phase 1:
tl~us
ignition & R~pm
streamer
connection
phase 2: 2~100 us
pre-breakdown-heating R~pm
phase 3:
t3~us
spark R~pum
breakdown
. N
phase 4 toms
arc expansion R~mm

- /

Fig. 9. Four phases in electrothermal breakdown.
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initial arc

4=border water 4=

Fig. 10. (colour online) Pre-breakdown-heating on bor-
der water, with Rporqer being the radius of the border
water (as an equivalent cylinder), R;_, the radius of the
initial arc, Rejectrode the radius of the cross section of
the electrode (as an equivalent cylinder), and Aapsorp the
characteristic absorption scope of the radiation in water.

The threshold temperature for border boiling is
set to be 773 K. That assumption is inferred from the
thermal capacity of water (4.2 J/gK) and the gasifi-
cation energy of water (2000 J/g).

The non-breakdown events recorded in Figs. 2
and 3 reveal that the “border boiling” is not the
unique necessary condition for electrothermal break-
down. Another necessary condition is that when “bor-
der boiling” is realized, there will be a strong enough
field in the gap. According to Fig. 3, the thresh-
old field strength is about 8 kV/cm (2 kV/0.25 cm),
which coincides with the necessary field strength ob-
served by Kuzhekin (8-36 kV/cm).["l That threshold
field strength means that enough residual voltage on
the capacitor is required at the “border boiling” mo-
ment. So, a coupled model, which covers both the
pre-breakdown-heating process and the evolution of
the discharge circuit, is needed.

As shown in Fig. 9, the temperature of the bor-
der water can be described by an equation of energy
equilibrium as

Cwater : (prorderd) : (Tborder - water_())

t t
S order i_a
~ /0 Ugap(t)Gwater bdd dt +/0 [Pb;)rder] dtv (3)

where Clyater is the thermal capacity of water,
PSborderd the equivalent mass of the border water,
Thorder the temperature of the border water, Tyatero
the initial temperature of the water, Ugap(t) the volt-
age across the underwater gap, Gyater the conductiv-
ity of water, and P2 = the radiation heating power

from the initial arc. Equation (3) is developed to solve
two issues:

a) border boiling time ¢,0j1, which is defined as
the time to raise the border temperature Ty ater.0 tO
border boiling temperature Tioi. thoil can be taken
as a measure of the breakdown time tpreakdown-

b) The residual voltage Usesidual, Which is defined
as the voltage on the capacitor at the border boiling
moment.

Prior to the solving of Eq. (3), the radiation heat-
ing power P2, and the gap voltage Ugap(t) should
be obtained.

3. Radiation heating power from

the initial arc

After streamer connection (phase 1 in Fig. 9), the
initial arc usually exists stably for several hundreds of
microseconds without evident expansion, which means
that the pressure of the initial arc does not deviate
much from the static pressure (usually 1 atm). The
pre-breakdown UV light emission observed by Touya
et al.'% means that the temperature of the initial arc
is high. According to p ~ nkT, the density of the ini-
tial arc must be much lower than that at room temper-
ature gas. At such a high temperature and low-density
status, the discharge plasma in the initial arc will be
fully ionized.

The stable status of the initial arc also means that
the energy injection power Pt and the energy dissi-
pation power P~ are balanced, i.e.,

PH(T) = P~(T), (4)

where PT is the energy injection power that is pro-
vided by the discharge circuit, and it is proportional
to the cross-sectional area of the initial arc and related
to the conductivity (oi_,) of the initial arc by

U2a 7TRiZaL
PE = U, 1) T ()

Here R;_, can be regarded as the average radius of the
initial arc, and o;_, is the conductivity of the full y
ionized discharge plasma in the initial arc.

According to Golant et al.'®! the conductivity of
fully ionized plasma is related to temperature by

2
Nee
= 6
0= (6)
421 n K2et 1
Vi = (K )s (7)

3 miPry T Ameg
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Lo [JGD¥2 (RT)?
e 3K3/2 1/2 - 3/2.3 1/2
e n K3/2¢3 (0.5P)

To simplify these formulae, we adopt a unit sys-

tem for the relevant physical quantities as below:
1) temperature: T =T - [10* K],
2) voltage: U = U - [10* V],
3) capacitor: C' = C - [uF],
4) macroscopical dimension: d = d - [cm],
5) microcosmic dimension: R;_, = Ri - [wm],
6) pressure: P = P - [atm],
7) the remaining variables: SI unit.
Under the rules for units, L. and o;_, are simpli-
fied as

S
Le=32+2mT — ;InFy, (9)

Oia =0ia |
m

~[zwaen ] 2] 00

When the stable discharge plasma is generated in
the initial arc, the temperature will reach 10* K or-
der. Then, the main energy dissipation mechanism is
the electromagnetic radiation, which holds back the
temperature of the discharge plasma from further in-
creasing. The rate of radiation loss can be estimated
by the black-body radiation principle:

P~ =~ sT*2ndR; _,
(s =5.67 x 1078 W/m? - K*). (11)

According to Egs. (5)—(11), equation (4) can be
simplified into a dimensionless form:

U2, Ri. o
6.868% =[3.2+2InT|T°/2. (12)

Assuming L, to be constant L, = [3.242InT] ~ 6.868
leads to

\3/2
Gia A 1184.2 (T) , (13)
~ ~ 0.4
. U2 (R
7o | Ve (Do , (14)
d2

During the pre-breakdown-heating phase (phase
2 in Fig. 9), the voltage on the capacitor decreases
continuously. As a result, the initial arc usually expe-
riences a radial shrink. If the particle number and the
pressure of the initial arc keep constant, from p ~ nkT
we can estimate the radius of the initial arc at any time
in the pre-breakdown-heating phase:

Ria = Ri.oT"?/T)% (15)

(8)

Here, R; , o is the radius when the initial arc reaches
a stable state immediately after the streamer connec-
tion. Egs. (14) and (15) can be further simplified into

(16)

(17)

From Egs. (11)—(17), the total radiation power
from the initial arc can be estimated. Cook et al.[%]
thought that the infrared (IR) radiation from the ini-
tial arc, which took up about 30% of the total radia-
tion power, was the main heating source for the border
water. To simplify the problem, we assume that the
power of IR radiation takes up an w portion of the
whole radiation power, the characteristic decay dis-
tance is Aapsorb, and the radius of the border water is
Rporder- The IR radiation power which deposits in the
shell [Ri_a, Rborder] can be estimated by

s R rder — Ri,
Pl = Prw {1 — exp (—bo de a)}

)\absorb
2
~ U2 ) nRLa Rborder*Ri,a (18)
~ UgapCia ] h\ .
absorb

According to Egs. (13), (14), and (15), Pi2 . can
be expressed by Ugap(t) which will be solved in Sec-
tion 4. Eliminating the cross-sectional area Sporder =
i(R? - R?

border ia

) of border water, Eq. (3) can be re-
duced to a dimensionless form as

(Tbordcr - ~Watcr,O)

¢ 62 t éwa er
— 23.8{ / Mdt
0 d?

/t [Ugap@)
+ = .
0 d4
w
X —— | dt ;. 19
Rborder/Ri,a + 1:| } ( )

We assume that about 30% of the radiation power

1184.2R?

i_a_0

104 S\absorbj—’i,a,[)

from the initial arc is absorbed by the border water;
the characteristic decay distance of the IR light is 1 cm
and the scope of the border water is Ryorder = 2Rj_a,
the constants in Eq. (19) can be defined as

)\absorb = 1a (20)
w
—_— ~0.1. 21
Rborder/Ri,a +1 ( )
The threshold temperature for border boiling, T}, iS
assumed to be
Tho1=0.0773. (22)
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In Eq. (19), the ratio of the radiation heating power
to the Joule heating power, in fact describes the effi-
ciency of the pre-breakdown-heating process

R?. 0.1184w

= = . . (23
Aabsorbﬂ,a,() Rborder/Ri,a +1 ( )

Breakdown always happens in the border layer
around the initial arc. The radiation heating from
the initial arc is an efficient local heating mechanism,
while the Joule heating from the ionic current is an
inefficient heating mechanism. We can infer from
Eq. (23) that in the case of higher salt concentration,
more energy will be consumed in the pre-breakdown-
heating process. This conclusion can explain the re-
sults in Figs. 3 and 4 that when the salt is added into
the water, the average residual voltage decreases and
so non-breakdown may happen 100%.

As discussed in Section 2, the initial arc is the ki-
netic extension of the ignition area from one electrode
to another. Just like the streamer process in air, the
shape and the position of the initial arc take on ev-
ident randomicity. We can infer from Eq. (19) that
the randomicity in the initial arc finally results in the
randomicity in breakdown time.

In addition, as shown in Fig. 6, when a little salt
is added into water (G = 0.28 S/m), the distribution
of breakdown time becomes an evident “double-peak”
structure. That means that in the case of higher con-
ductivity, another kind of initial arc is generated. It
may be the kinetic extension of the cathode ignition
area and it is called the “cathode initial arc” in this
paper.
arc, the average radius of the cathode initial arc is

Different from the case of the anode initial

bigger.[8] However, the occurrence of the cathode ini-
tial arc needs higher voltage or higher conductivity.!®!
In the numerical simulation in Section 5, the ra-
dius of initial arc will be assumed to obey a “double-
peak” normal distribution.
The stochastic distribution shown in Fig. 11 can
be described as

|: (Ria - Ravaia>2:|
exp |———5—""—
f(R ) _ 1 2o—sd,a,ia
“ (1 + HCJB‘) V 2’/Tasd,a,ia
|: (Ria - Ravcia)2:|
exp |———%—5——
+ Oc_ia 2O—sd,c,iau ) (24)
(1 + HCJa) V2T0d cia

Here, the meanings of Rav,a,iaa Osd_a_ia Rav,c,iaa
Osd_c.ia are already shown in Fig. 11. The 6., is the

ratio of the cathode initial arc to the anode initial arc.
In the case of higher salt concentration, 6. ;, is higher.
The effect of the “double-peak” distribution of prob-
ability will be shown with the simulation results in

Section 5.
0.04
| average anode initial arc radius
Rav a_ia
0.03F
> | ' Osd o i Standard deviation of the
:E | ya anode initial arc radius
£ 002 X average cathode initial arc radius
Q% L : Raviciia
1 standard deviation
0.01 - | of theanode initial
L ! arc radius
1
0 I .
1 2 5 6 7

Radius/pm

Fig. 11. The “double peak” normal distribution of prob-
ability.

4. Voltage on the gap in the pre-

breakdown-heating phase

As described in Section 2, the aim of pre-
breakdown-heating is to heat the border water to the
“border boiling” temperature. Therefore, voltage on
the capacitor usually undergoes an evident decrease.
Besides our experimental results shown in Figs. 2 and
3, Touya et al.l'® measured voltage on the gap also
verified that effect as shown in Fig. 12.

30 1
U] spark
20 A breakdown
e L
< |
o0 10 4 Uremain :
] L]
= i
= il | p
—20 80 18“ VY 280
—10 4
Fig. 12. Pre-breakdown voltage-leakage observed by

Touya et al.[10]

Because Ug in Fig. 12 usually refers to the break-
down strength, we substitute Ug of Ref. [10] with
ULesidual in this paper.

In the pre-breakdown-heating phase, the resis-
tance of the underwater gap is far bigger than that in
the outer discharge circuit. Ugap(t) can be estimated
by the voltage on the capacitor as

Ugap(t) ~ Ug exp {—

cztgaJ . (25)
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Here, Zg,, is the equivalent resistance of the under-
water gap and it can be estimated by

d
Zgap = (26)
gap 2
GW&terﬂR/electrode
Here, R . troqe 15 the equivalent radius of the water

cylinder between two electrodes. A simple estima-
tion by “R(/alectrode = Relectrode = l)electrode/277 usu-
ally leads to a totally wrong result in the numerical

simulation. Because of the complicated structure of

/
electrode

electrodes, R, is bigger than Dgjectrode/2 and it
is difficult to estimate Zg,, theoretically. Instead, in
our simulation, Zg,, is estimated by the gap evolution

curve in a non-breakdown event as shown in Fig. 13.

20
L Uy C=1uF U=16.3 kV
d=25mm S=3S/m

> 15 +
o
=
80 U non-breakdown
= 10 Uo/e leakage (16.3 kV/e)
>
5

5L

0 L L

0 ZppC 2 4
Time/107° s

Fig. 13. Estimation of Zgap by experimental result.

When Zg,, is estimated, R! can be esti-

electrode
mated from Gyater and d, which can be regarded as
a constant for different values of water conductivity
Gwater under fixed gap interval d. For the electrodes
used in our experiment, when G = 3 S/m, we obtain
Zgap ~ 12 Q and R. (040 =~ 0.47 cm.

The ratio of the evaporation energy of the equiv-
alent water cylinder to the initial energy is defined as

Cwaterp(ﬂnglectroded) (Tboil - Twater,O)

= 0.5CT2 - @0

Based on 8 in Eq. (23) and v in Eq. (27), if the an-
alytical approximation (25) is used for Ugap, the thoi
and Uremain can be estimated as

4 1-— 1-1
U2 g U3 | VPV E LN o
2
C Urcmain
tboil ~ |: Zgap:| In |: UO :| . (29)

The condition for border boiling can be deduced
from expression (28) as

B+1>n. (30)

Criterion (30) shows that the electrothermal
breakdown sets a definite requirement for the energy
stored in the capacitor, and the higher the conduc-
tivity, the higher the requirement for the initial en-
ergy is. In our experiment on tap water (Fig. 2)
G =0.037S/m,C =1uF, Uy =16.3kV,d = 0.25 cm,
and Rl .iode ~ 0.47 cm, from Egs. (23) and (27),
we can have 8 = 1.52R1S, and v = 2.62. That
means that the realization of border boiling in tap
water is possible when R; , o > 1.1 pum. In sea water,
G =38S/m, § < 1, and v = 2.62. That means that
the initial energy in the capacitor is not enough to
realize border boiling, which gives an explanation for
the 100% non-breakdown recorded in Fig. 4.

The above analysis verifies the conclusion in Sec-
tion 3 that the radiation heating from the initial arc is
an efficient local heating mechanism, while the Joule
heating from the ionic current is an inefficient heating
mechanism. Here we can infer that to realize border
boiling in seawater, the energy stored in the capacitor
must exceed the energy for evaporating the equivalent
water cylinder between two electrodes.

the

breakdown-heating process

5. Simulation on pre-

According to the analysis in Sections 2, 3, and 4,
the simulation routine for the discharge process can
be described as

In Fig. 14, Fspark is the threshold field strength
for breakdown. According to our experimental result
and Kuzhekin’s result,[l Eq. ~ 8 kV/cm.

After breakdown, the border water is converted
into an evident arc. Then, Zg,, can be estimated from
Eq. (13) as

72.2

Zbreakdown ~ 2.69 X 106W

remain” ‘arc

€. (3D

In the simulation, R, = 50-100 pum. The ac-
curate estimation of Zyreakdown needs a more compli-
cated computation on the arc expansion process, and
this is not going to be done here. After breakdown,
the inductance (L) of the discharge circuit may not be
ignored. Then, the discharge circuit can be simulated
by

U, At — I,,(At)?/2C + LI,
[Zcx + Zbrcakdown]At + L + At2/26”

Un+1 ~ Un +1 + In)At (33)

(32)

In+1 ~

—_ %(In
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For the initiation of the numerical simulation, be-
sides the common parameters such as capacitor C,
charging voltage U, water conductivity G, water tem-
perature Tyater0, gap interval d, and electrode diam-
eter D, the most important parameters are the non-
breakdown leakage resistance Zg,, and the stochastic
properties of the initial arc.

P
t=t+At

l

\ Ugeo (Ea. (25)) |

‘Twater Tborder Eq (19))‘

thoil rcmam

‘ breakdown non breakdown

| l

‘Zbreakdown (Eq (31))‘
1 Ugap (Eq. (25))

‘L—R—C discharge (Egs. (32,33))‘
[

E.~0

Fig. 14. Simulation routine for discharge.

To obtain the Zg,,, only a simple experiment is
needed, from which the equivalent radius of the wa-

ter cylinder between the electrodes (R, i;0q0) Call be
estimated.
For each salt concentration (G = 0.037 S/m,

0.28 S/m, 3 S/m), the evolution of the gap voltage
is simulated 100 times. In every individual simula-
tion, the radius of the initial arc is sampled from
the “double-peak” normal distribution as shown in
Fig. 11. The stochastic properties of the initial arc,
Ry aiar Osdaiar Rav.cia, Tsd cias Ocia are defined in
a tentative way.

Under the fixed conditions: C = 1 uF, U =
16.3 kV, d = 0.25 cm, Dgjectrode = 0.4 cm, the simu-
lation results of the gap voltage for different salt con-
centrations are shown in Figs. 15-17. To compare
with the experimental results, the average simulation
breakdown time, the average simulation residual volt-

age, the non-breakdown probability and the experi-
mental non-breakdown curve are added to the plots.
For the 100% non-breakdown event, the maximum ra-

dius of the initial arc is tested.

207 C=1uF Ray aja=1.45 pm
r Up=16.3 kV Osd a ia=0.05 pm
I \\ d=0.25 cm Ry ¢ ia=4.00 pm
15 \ G'=0.037 S/m Osd ¢ ia=0.50 pm
I Maischarge = 100 0 12 =0.01
A -
4 L
T 10 _
%0 [ threakdown = 537.14 HS
ﬁg i Uvresidual = 5825.4 V
a 5 r Pron breakdown = 4%
5] L
(@) L
0 ;J
[ experiment
F non-breakdown|
5L 1
0 0.5 1.0 1.5

Time/ms

Fig. 15. (colour online) Simulation result of gap voltage,
with G = 0.037 S/m.

20 [ C=1uF Ray 2 3a=95.50 um
Uy =16.3 kV Osd ain=0.20 pm
L ) d=0.25 cm Ray ¢ ia=8.00 pm
15r N\, G=0280S/m 0w cia=4.00 ym
> i N Laischarge = 100 fc n=10.3
'_\‘ i R
o 10k I threakdown = 57.08 pis
Ep : Uv'esixlual =5689.2 V
§ I won-breakdown = 6 %0
o or
s 3 I
© I I
o] —
—5L 1 i
0 0.05 0.10
Time/ms

Fig. 16. (colour online) Simulation result of gap voltage,
with G = 0.28 S/m.

From the simulation results shown in Figs. 15-17,
we can draw the following conclusions.

1) The variation range of the simulated break-
down time in tap water (50-1000 ps) does not devi-
ate much from either our experimental results (50—
900 us) or Kuzhekin’sl”! (100-1000 ps). The “double-
peak” normal distribution of the radius of the initial
arc leads to a separation of “fast” breakdown from

“slow” breakdown.
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20 L C=1uF Ray 2 i2a<13.0 pm
i Upy=16.3 kV Osd aja = —
8 d=0.25 cm Ray ¢ 2<13.0 pm
157 \ G=3.000S/m , . _
z : ‘Mdischarge =100 9(,7;; ; —
< [
%D 10 r Ce experiment
- - non-breakdown
R |
& 5F | Phon breakdown = 100 %
O S
[ , simulation
or non-breakdown
_5L 1 1 L
0 0.05 0.10
Time/ms

Fig. 17. (colour online) Simulation result of gap voltage,
with G =3 S/m.

2) The simulated residual voltages under different
salt concentrations (see Figs. 15 and 16) coincide with
the corresponding experimental results (see Figs. 2
and 3), thereby verifying the analytical explanation
that the pre-breakdown-heating process in salty wa-
ter consumes more energy;

3) The simulation results verify the assumption
of the border boiling temperature. Under this basic
assumption of 773 K (500 °C), the simulation results
are in good agreement with the experimental data.

6. Conclusion and discussion

In this paper, two necessary conditions of elec-
trothermal breakdown are concluded for the “realiza-
tion of the border boiling around the initial arc” and
“enough residual voltage at the border boiling mo-
ment”. The heating effects from the initial arc and
the ionic current are simulated. The simulation re-
sults reveal that the initial arc acting as the “seed” of
the breakdown plays a key role in the high randomicity
of breakdown time. Therefore, a further study of the
ignition/streamer connection phase is needed. A pos-
sible method to overcome the randomicity of break-
down time as reported by Lu et al.l'™ is to use a thin
metal wire (20 pm) rather than the initial arc as the
breakdown seed.

The present model for the pre-breakdown heat-
ing process is in fact a zero-dimensional and semi-

empirical model. Many critical variables, such as elec-
tric field strength F and radius of the initial arc are
analysed and simulated only in their average value. A
full 2D model, which should take into account more
physical and chemical process, is necessary for the ac-
curate prediction of the behaviour of a UDAS. Espe-
cially, an accurate optical observation on the ignition/
streamer connection process (phase 1 in Fig. 9), which
evidently influences the structure and the position of
the initial arc, is needed.
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