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Plasma discharge in liquids - Initiation
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« Electron Multiplication Mechanism
- Tunneling effect

* Multiphase Mechanism
- Cavitation due to electric stress
- Local ohmic heating
- Formation of plasma in the bubble
- Surface charge build-up at bubble surface

Grosse et al. JAP (20

+ Shneider et al., IEEE Trans. Dielectr. Electr. Insul., 19 (2012) 1579-1582. 200pum 2
2




Plasma discharge in liquids - Initiation Isjg

« Electron Multiplication Mechanism
- Tunneling effect (Breakdown in transformer oils — extended to breakdown in water)

Field dependent ionization of water molecule

E|d m dr*N°
g1E] exp(—;@—} A =4.00eV
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ZH2an (E) - nHZan

Tunneling detachment of electrons from OH-"

Z (E)=n Mex _ﬂ_\lz’"e@ﬁ | =1.85eV
: ~ "ou: P n
Ot O 21 m, 3 gh |E|

* Probability of electron detachment from negative OH-,,
is greater than the probability of field ionization of
water molecules

« Detachment takes place at a lower energy barrier

|E|

Schematic presentation and comparison of rate
constants of field dependent ionization of H,O,, and
tunneling detachment of electrons from OH-,, as a
function of electric field magnitude.

3
*Shneider M, Pekker M, Liquid Dielectrics in an Inhomogeneous Pulsed Electric Field, Bristol, UK, 2016.

Joshi et al. J. Phys. D: Appl. Phys, 39, (2006), 359 — 369.
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Plasma discharge in liquids - Initiation SC

« Electron Multiplication Mechanism

- Tunneling effect (Breakdown in transformer oils — extended to breakdown in water)

Field dependent ionization of water molecule

E|d m d i\
qIE]| exp(—;@] A =4.00 eV

h g|E|h
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Tunneling detachment of electrons from OH-"

. ndqlE| ( 4.\2m, QL] | =1.85eV
oH,
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Is there sufficient OH-,, present in water?

H,0,, ==H}, +OH,

aq ~

19 3
n., =n__ =6x10"m
Haq OHaq

E|
Schematic presentation and comparison of rate
constants of field dependent ionization of H,O,, and
tunneling detachment of electrons from OH-,, as a
function of electric field magnitude.

*Shneider M, Pekker M, Liquid Dielectrics in an Inhomogeneous Pulsed Electric Field, Bristol, UK, 2016.
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Mathematical model
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Plasma Model

Continuity: a_p +V.(pU) =0
Momentum: apU + V.(pUU) = uv?U —-Vp +F

Energy: 225 4+ 7, (pUEtot) +V.(pU) = V.(B.U) = V.q + J, o E

: Y
Equation of state: p = (p, + B) (pﬂ) —B
0

Species: L + V. (ZuE Ni) + 7. (UNy)
= V.(D,VN,) + Si k=en,p
Electric field: V. (eV¢) = q, (Np — N, — N,)
E=_Vd
Electric Force: F = gE — 2 E2|7 + 1% (E2 p)

e ]
Permittivity model: a—;p ~aqe , &=C(Cp°

Aghdam and Farouk, PSST, 29, (2020), 025011
Aghdam and Farouk, PSST 30, (2021), 065025
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Mathematical model

Continuity: % +V.(pU) =0

Momentum: aap—tU + V.(pUU) = uv?U —-Vp +F

Energy: 225 + 7. (pUE,,) + V. (pU) = V. (B.U) = V.q + Jp. E

k]
©

O
>
S
=
o

&E &E . ..
F = CIE _ 0 E2 Ve + 0 vV Electrostrictive forces due to
2 non-uniform electric field
Force due to free (Ponderomotive force)

charges and electric
Force due to

field

(Electrostatic force) inhomogeneous dielectric

(Polarization force)

Aghdam and Farouk, PSST, 29, (2020), 025011
Aghdam and Farouk, PSST 30, (2021), 065025
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Reaction kinetics Isjg

Table 1. Different species considered in the model®.

Electrons €, €aq

lons H*.H~,OH~, 0~. H,0*. OH,,. O. O5,.. O7 .. HoO;, . HO; . H3O

2.aq® T 3.aq” 2.aq’

Neutrals  H, Hy, OH, Hy. Ha.ag. OHag. Ong. Osaq. Osag. HaOug. HOpag. HoOs g

*agq: aqueous.
Table 2. The water reaction mechanism

# Reaction Rate # Reaction Rate
RI H,0,, — H,0F +¢ Zu,0 (IE)) R26 €aq + Ouq — Oy 3.2 x 1017
R2 OH,, — OH +e¢ Zon (|E|) R27 Hag + Hy04q — Ha 5y + OHyg 1.7 x 10726
R3 e+ HyOp — OH™ +H f(E|/N) R28 Hag + Hag — Haag 1.2x 107"
R4 e+ H,0,y — Hy + O~ F(E|/N) R29 Hag + OHag — H204 12x 107"
RS e+ H2an S OH4+H f(E|/N) R30 Haq + OHa_q — €aqg + H204q 3.7x 1020
R6 et H2an —H,0" + 2¢ f(E|/N) R31 Hag + HgOz_aq — OHyq + H2 04 1.5 x 10’!9
R7 H,0F + e — Hy04 1.0x 1071 R32 Hyaq+ HoO2eq = Hig + OHag +Ha049 - 1.0 % 10‘;‘;
RS e + Hy0uq — €aq + HaO4g 33x10°%8  R33 Hag + 0249 = HO24q 351077
R9 H + Hy0,q — Hyg + HyOyy 5.0 10—“' R34 Hag + HOs.09 = Hy024 1751077
RI10 Hy + Hy04g — Haag + Hy04 5.0 x 1072 Egg OE'; + Héoaq — éOHaq 2(2) X }8_;8
RII O+ Hy0u — Og + Hy04 5.0 x 102 2+ D2aq 7 Dsaq D
R12 OH + Hy04q — OHyq + Hz04g 5.0 x 10—“' R37 OHag + OHug = H20;.4 91107 7
R13 H* + Hy0u — HsOf, 50x 100 R3B OHag + 0y = HO, g 331077
R14 OH™ + Hy0,, — OHy, + H,0,, 50 1072 R39 OHy + Haaq > Hag +Hy04 Tt
RIS HyO" + HoOp — HoOf + HoOy 5.0 1020 Ra0 OFuat OHiq = Oy #1000 22107
q T 120 _ o R4l OHyq + HOy g — HyOyg + O3 1.0% 10
R16 €aq + H20uq = Hag 1+ OH, 3231077 pyp OH + 03, — OHy, + Oz 1.3 % 10-17
R17 | G+ Ha05 = Hag + Oblg LOSAIOT 0 pag Oy, + H04 — OHy, + OH, 3.0 x 1072
RIS 2€aq 1 2Hy04q = Hy g + 20H,, 9.1 > 107 R44 Oy + Hoag — OHy, + Hyg 1.3 % 10"
R19 Caq + Haq + Hanq — H2aq —|—()H;:J 6.9 x 10744 R45 O— + H202aq _}O:aq 4+ H2an 83 % 10°1°
R20 eaq + OHyg — OHy 5.0 10717 pag Os + HO,,, — 05 + OHy, 6.6 101
R21 f:aq+0;q—f'H2an—}20H;q 6.1 x 10~ —4 R47 O +O’aq4)01aq 6.0 % lo—IB
R22 €ag T H}O;E — Haq + HZan 3.8x 10" R48 O _|_ 0', o + HEan — ZOH;] + Olaq 1.7 % 10745
R23 eaq + Ha02,4g = OHg + OH,, L8107 49 OHy + HyOpag — HoOpy + HOpy 4.5 x 1020
R24 ey +HOp,, + HaOh — OHy +20H,  9.7x107*  pso  OH, + HO,, — OHy, + HOy 12 x 101
R25 €aq + 02,09 = O 32x 1077 Rs) H, 05, + Hy0q — H30acl + OHyq 1.0 x 10°3
RS2 H;Of, +OHy, — Hy + OHyq + H:0, 1.0 1071
R53 HOsqq + H20y = H:Of, + 05, 33 x 102 7
R54 H30;, + 05,4 — HO2.0q + H2O4q 1.0 x 1075




Problem geometry
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Schematic of the problem geometry
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Transient voltage profile

Case I: Electrons formed through ionization of water
molecules via the Zener tunneling mechanism

Case Il: Electrons formed through detachment from
negative hydroxyl ions via tunneling mechanism

Case lll: Electrons formed through a combination of
ionization of water molecules and detachment from

hydroxyl ions via the tunneling mechanism



Comparison of velocity field ISJ‘g
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The positive velocity region does not appear for OH-, because the ionization degree is lower
and less charges are produced.
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Comparison of density field

ZH20
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Compression and expansion regions. Sub-micron low density region. Tunnel detachment

=—==t=1.00 ns | |
=—=={=2.00 ns
wreeref=3.00 ns | |

sln 9I5
y (pm)

100 105

results in higher compression

1500
=—==1=1.00 ns
1400 —-=1=2.00 ns||
- | =3.00 ns
1300 %  |esssm t=4.00 ns
a E —=5.00 ns -
E E
@ 1200 o
= =
T 1100 N
1000 b
900 : :
80 85 a0 95 100 105
y (pm)

1200
1150 b ===t=1.00 ns |
=—==1=2.00 ns
=== {=3.00 ns
Lkl S N A 124,00 ns.||
& —t=5.00 ns
1050 £
1000
950
900
850 : . s .
80 85 a0 a5 100 105

¥ (pm)



Comparison of electrical forces (Ramp) ‘SJ%
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Comparison of electrons and OH- number density Uof
(Ramp) SC
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*  OH-,, is rapidly consumed through the tunnel detachment process forming free
electrons.

* Slow increase in the OH-,, due to solvated electrons and aqueous reactions.
« Astrong and a weak wave
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Comparison of electrons and OH- number density Uof
(Pulse) SC.
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y (um)

y (um)

Spatiotemporal distribution of n, and n, Uof
(Z20 * Zow.» Ramp) SC

R1.H,0, - H,0" +e

Electron number density, ne (m' ) - n
— R2.OH; —>OH +e

1.0x10™* 55x10""* 31x10" 1.7x10 9410

First wave of electrons is
formed through reaction
R2 at earlier times and at
lower driving voltage
followed by a second
jonization wave via R1

channel.

r(um} r(um} r(um}

« R1 depends on the
number density of H,O,,
which is multiple orders of

magnitude higher than
ﬂ that of OH-,.

R1 channel rapidly

surpasses the contribution

Solvated electron number density, n, ,4(m=)

L | .

1.0x10"™* 55x10™° 3.4x10™° 1.7x10"" 9.4x10™"

from R2 once threshold
energy is acquired.
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y (um)

y (um)

Spatiotemporal distribution of n, and n,
(220 * Zow. Pulse)
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R1.H,0,, - H,0" +e¢
R2.0OH,, >OH +e

The downstream advection
occurs when the driving
voltage starts the linear
decay. The bulk fluid
velocity attains the
maximum value during the
voltage relaxation period.

Stratified regions of high
density n, ,, due to the low
mobility and diffusivity of
the solvated electrons.
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Spatiotemporal distribution of OH-,, and H;0",, Uof
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R2 channel becomes active once the depleted OH-,

is replenished near the vicinity of the powered
electrode.

Pulse profile generates charged species at higher

concentration.
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Rate Constant (m3s™)

Comparison of the reaction channels
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Tunneling reactions
supersedes all other
electron impact
reactions.
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Comparison of the reaction channels

Electron
generation (%)

Electron
consumption (%)

Electron
generation (%)

Electron
consumption (%)
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During the voltage decay
phase R1 diminishes
drastically but R2
remains active.

In a linear ramp after 2
ns, the contribution from
R2 progressively builds

up.

As the OH, in the
system gets replenished,
the tunneling
detachment remains as
an active source for
electrons.
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Comparison of the reaction channels
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LR LV L LT 1)

Pulse

be z be be

e be'z
HO+ H = OH+ H+ oF

b by

e z _ be
O He+ 8¢

e be'z
_HOZ+ H =

be be be z be
HO+ H = OH+ ® |

(%) uoneiaush

o o

(%) cw_EE:wcoo
° HO

T T T T T T T T T
|amO~I+amIO+HIHam.IO+om¢OmI| i Q1.J
- OH+ O= HO+ HO | -
o [—
. 8+HO= _HO
be be be z be
1 'Ho+ HOo= OH+ O | 1
be be z be be
HOZ= OH+ O+ 9 | .
be be be
_HO= HO+ @ - -
be be'z be z be be
HO+ H= OH+ H+ o | .
be be'z be z be
_HOZ+ H = OHZ+ 82 | A
e be e z be
HO+ H= OH+ ® - -
1 1 1 1 1 1 1 1
& = e o = &
(%) ﬂo:@ocwm (%) :w:QEsmcoo
e e
_HO _HO
T T T
o
©
T
_ @)
& Y
7 m H 1 m O
o < O
+ + < =
I_l m nw-. [ a
g S H2 an =
: T oo |E
(I N N N (S
g g g g Q
© O O T c
H?. H2 H2 O ) .
I =
TN F .| 8 m
g + g (D] QO +
L o H “-— )
o + 35 >
N g O 0
I © S o
cC C
1 1 1 1 O -
¥ 8 O £



Uof
Summary SC

* Hydrodynamics associated with OH-,, detachment is distinctively
different.

* The electrical forces from the tunnel detachment process generate
stronger compression and weaker expansion regime.

* Majority of the electrons is produced from OH-, ions during the
pre-rise and the decay phase.

* The OH-, in the system gets quickly depleted in regions where the
detachment occurs and becomes a rate limiting condition.

* A strong and coupled recycling of OH-,, will allow both tunneling
processes to remain active throughout fhe initiation process of the
discharge.

* Tunneling from OH-,, does not decrease the density to the extent
that is representative of nanovoids. The field ionization, which
creates higher number of charged species can contribute to and
enhance the cavitation of the liquid medium via the electrostatic
force and augment nanovoid regions in the fluid

q
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