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Abstract. The formation of vapour and initiation of electrical discharges in normal
saline and other NaCl solutions has been observed and modelled. Millisecond pulses of -
160 to -300 V were applied to a sharp tungsten carbide electrode immersed in the liquid.
A fast framing camera was used to observe vapour layer growth around the electrode
by shadowgraphy. Images were also taken without backlighting to observe emission
accompanying breakdowns, The conductivity of the vapour layer has been estimated
by comparison of experimentally measured impedances with impedances calculated by
finite element modelling of thenliquid and vapour around the electrode observed by
shadowgraphy. The'conductivity of the vapour layer is estimated to vary between ~ 1
and 1073 S/m, which are orders of magnitude higher than expected for water vapour.
The reason for the/igh conductivity is not clear, but may be due to injection of charge
carriers into the vapour by corona discharge at the sharp tip and/or the presence of
cluster ions indthe Vapour< Alternatively, the vapour layer may be a foam mixture
of high conductivity liquid and low conductivity vapour bubbles. Discharge formation
does not occur primarily at the sharp tip of the electrode, but rather at the side. Finite
element models of the vapour layer show that the highest electric fields are found close
to the sharp tip of the electrode but that the field strength drops rapidly moving
away from the tip. By contrast slightly lower, but consistently high, electric fields are
often observed between the side of the electrode and the liquid vapour boundary where
plasmaemission is mostly observed due to the shape of the vapour liquid boundary.
The' electron. number density in the discharge is estimated to be ~ 102! m~3. There
isfevidence from the shadowgraphy for different boiling mechanisms; nucleate boiling
athlower voltages and film boiling at higher voltages. A rule of thumb based on a
simplistic model is suggested to predict the time to discharge based on electrode area,
initial current, and electrolyte temperature, density, conductivity and heat capacity.

electrolyte, plasma discharges, fast framing camera, electric fields,

simulations, boiling regimes, bubbles
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1. Introduction

There has been considerable interest in electrical discharges in liquids, which have
been the subject of a number of recent reviews [1, 2, 3, 4, 5, 6, 7, 8, 9yul0].
There are many applications of electrical discharges in liquids including nanoparticle
preparation [11, 12, 13], water remediation [14, 15], plasma electrolytic exidation (PEO)
[16, 17, 18, 19], and surgery and biomedicine[20, 21, 22, 23].

Two main liquid discharge initiation mechanisms have been proposed [24,5, 10];
first, an electron multiplication avalanche mechanism in the liquid phase, and secondly, a
mechanism where a vapour bubble is formed and the discharge occurs inside.the bubble.

The avalanche mechanism appears to be most prominent at.short (ns) timescales
with low conductivity liquids and high voltages when there/is not enough time for
bubbles to form. On the other hand, bubble formation prior,to discharge predominates
with higher liquid conductivities, lower applied voltages and evet®longer timescales.
Bubbles can form as a result of Joule heating (Ohmic héating) near the electrodes and
can also form by electrolysis.

In general, the nature of the liquid, the waveform of the applied voltage and the
shape and geometry of the electrode configuration. have an impact on the discharge
initiation mechanism. &

In this paper, we report observations of discharge initiation following bubble
formation. Here, the combination of pin-te-plate eléctrode configuration, large (cm)
interelectrode gap, millisecond voltage pulses andvhigh conductivity liquid results in the
bubble discharge initiation mechanism.

For some time electrical dischargesin sea water have been studied, partly because of
their use as sources of acoustie shockwavesas The high conductivity of sea water means
bubbles are generally formed prior to discharge. The salt concentration of sea water
varies but is typically about 35 g of salt, mostly NaCl, per litre of salt water [25].

For example, Olson and Sutton studied discharges in sea water and observed vapour
bubble formation prior t¢ arg breakdown [26].Olson and Sutton concluded that ‘The
dynamics of vapour formation and its relationship to the arc formation process should
be measured directly, .perhaps*through high-speed photographic techniques’. Later
Buogo et al. studiedydischarges in water with the same ionic strength as sea water
and similarly concluded ‘much is still to be understood regarding the mechanism of
the bubble generation, evolution and collapse, which is responsible for a large part of
the acoustic/energy radiated’ [27]. Buogo et al. also concluded that ‘as a major step
forward in this{direction, it is desirable that these processes be investigated by direct
observation, i.e. with high-speed camera or other optical techniques, possibly below the
millisecond range.’

More recently, Gamaleev et al. highlighted the need of a more detailed study for
the initial ‘stages of the bubble formation process prior to microdischarge formation in
saline solution [28].

In the past, photomultiplier tubes (PMTs) and single shot iCCDs (intensified
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Charge Coupled Detectors) have been used [29, 30, 31] to investigate underwater
plasmas. PMTs provide temporal information for plasma emission, but not spatial
information. On the other hand, iCCDs provide spatial information at a single snapshot
in time. The spatial evolution of the electrical discharge and bubble formationsean be
observed with an iCCD by triggering the camera over multiple electrical discharges at
different time delays after some reference point such as the beginning of the voltage pulse.
Inevitably, however, shot-to-shot variation between different discharge pulses éemplicate
the interpretation of multiple iCCD images taken in different plasmagshots. Thus, it
is preferable to record multiple images during a single discharge pulsesfor simultaneous
temporal and spatial observations.

The development of Fast-Framing Cameras (FFCs) withakHz frame rates and
reasonable resolution has provided the opportunity to observe the evelution of individual
discharges with a series of images. Many research groups havéused FFCs to characterize
discharge formation and the effect of discharges on their surrounding environments, for
example see [23, 32, 31, 17, 18, 33, 34, 35, 36, 37]. Yoon et al, used an FFC to investigate
bubble formation in RF discharges in NaCl solutions/[32]:

In the present investigation, a fast framing camera with microsecond shutter times
has been used to record high speed videos of individual plasma discharges. Part of the
motivation for the present investigation of electrical breéakdown in saline is the use of
plasmas in surgery [20, 21]. Normal saline solution is widely used in medicine because
its ionic strength is close to that of blood; it is water with 9 g of NaCl per litre of
solution. As noted above sea water typically, hastabout 35 g of salt per litre [25]. The
present study provides new insights intewapour formation and discharge initiation with
a new type of simulation informed by experimental results.

2. Experimental setup

The experimental apparatus is\shown in figure 1 and is based on the setup that is
described in [38, 39, 40]. Briefly, it consists of a power supply that charges a capacitor
to a maximum voltage,of 300 V negative polarity. The capacitor is discharged through
a negative voltage switeh (Behlke HTS 31-06) driven by a TTL pulse from a Stanford
DG5H35 pulse generator. Typically, 1 ms voltage pulses of -140 to -300 V were applied
to the powered electrode with a pulse repetition frequency of 1 Hz. Different conditions
were also explored such as longer 5 ms voltage pulses. The voltage at the tip and the
current flowing t6 ground were monitored with an oscilloscope, as shown on figure 1.
The conductivity of the saline solution was measured using a conductivity meter (Hanna
Instruments HI9033) to be 1.61 S/m at room temperature.

In ‘previous studies of our group [38, 39, 40], cylindrical rod-type electrodes with
diameters of 500 ym were powered with similar millisecond medium voltage pulses. In
the present study, the rod electrode is replaced with a fine tungsten carbide needle,
with alradius of curvature of nominally 500 nm bought from F-S-T™ and checked with
Seanning Electron Microscopy (SEM) before and after the end of the experiment. Teflon
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tape was used as insulation to ensure that only a small area of the tip was exposed to the
liquid. The length of tip in direct contact with the liquid was ~1 mm, which corresponds
to an exposed surface area of ~0.6 mm?.

The quartz vessel that contains the electrodes and saline solution can be filled:to
a total volume of 11 (one litre). The ground electrode is a stainless steel plate of ~60
x 40 mm with a thickness of 0.5 mm. This electrode rests on the bottom of the quartz
vessel at a distance of 40 mm from the powered tip. The combination of theilow pulse
repetition rate and the significant volume of liquid ensured that thegsaline solutions
remained at constant temperature.

The optical setup shown in figure 1 includes a Maksutov Cassegrain @atadioptric
telescope (Questar QM 100) and a fast-framing camera (PhotronsSA-X2). The distance
of the optical bench components was kept the same throughout the@xperiment but the
lens system inside the body of the microscope was adjusted periodically to keep the tip
in focus. The resolution of the images depends on the frame rate; most images were
taken with 768 x 688 pixels at 25 kHz. The best resolutiomthat was achieved with this
optical set up was 3 pm.

A halogen tungsten light source (Dedocool) avas used @s the back-light for the
shadowgraphy imaging. It comprises a special refleétor that focuses ‘an intense amount
of light over a highly concentrated area’ (shown ag a collimating lens in figure 1). It
was not always possible to distinguish mnambiguously between plasma emission and
background light in the shadowgraphy measurements. Therefore, some measurements
were made without backlighting where the plasmas emission could be observed clearly.
Typical exposure times for the cameraswere 290 ns and 1 us with 40 us between frames,
of course, at 25 kHz frame rate.

3. Experimental results and-discussion

3.1. Vaporization of liquid and\energy consumption

Figures 2, 3, 4 and 5 show #esults obtained with the present experiment when four
different nominal véltages were.applied to the powered electrode; -160, -200, -250 and
-300 V. The actual potentials measured at the powered electrode in each experiment
are shown along with the current flow to ground. The actual electric potentials at the
powered electrode are lower than the nominal potentials due to the voltage drop across
the resistors en each side of the high voltage switch shown in figure 1. In fact, the current
waveform isireproduced byydividing the observed voltage drop by the total resistance of
these resistors, 44.82, which demonstrates that the current into the powered electrode
was equal to the current flowing to ground. For each voltage, video supplementary
material is,available online which shows the development of the shadowgraphy images,
measured gurrent and voltage with time simultaneously.

Shadowgraphy images taken with the FFC at different time delays after the
application of the pulse are also shown in figures 2, 3, 4 and 5; the images show snapshots
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;; Figure 1. Experimental setup used togenerate discharges in saline solutions. SEM
29 images of the tip used are shown in figure 13. v

30

g; from time zero, when the voltage pulse starts, to the time when the current first drops
33 to close to zero. During this time interval, it is elear from the images that a vapour
gg layer grows around the powered eleetrodéjas has been observed previously [38, 39, 40].
36 The exact nature of the ‘vapour layer’ isidiscussed below; here we note that there is a
37 distinct region in the fast framing images between the electrode and the saline solution,
22 and that there is a clear boundary between this vapour layer and the surrounding saline
40 solution.

41 The current appears 40 bésmadé up of two components. One component of the
jé current changes slowly with time and drops to zero as the vapour coverage increases. The
44 second component of the currentis made up of short spikes where the current changes
45 rapidly with time. ‘Initially, we attribute the first slowly changing current to ionic
j? conduction and the short spikes we attribute to electric discharges; these attributions
48 are described futther below. Spikes are clearly observed, for example, in figure 3, after
49 the current has dropped‘to zero, viz. between 400 and 450 us.

50 Note that differént behaviour is observed in the present investigation at the highest
g; nominal voltage,of 4300 V. Clear discharge spikes are observed in the current signal in
53 figure 5 before ¢he current has dropped to half of its initial value at ~100-120 us time
>4 delay.-Plasma emission cannot be unambiguously identified in the shadowgraphy images
gg in figure 5sbecause of the backlighting, but the spikes in the current waveform clearly
57 indicate electrical discharge at ~100-120 us. Weaker spikes also appear to be present
gg between about 50 and 80 us in the -300 V waveforms.
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Figure 2. Time dependent shadowgraphy imaging,and energy estimation per frame
for -160 V applied voltage. Fast faming images of the tip, vapour layer and liquid are
shown along the top row at the, times indicated. Below, electrical potential (black)
on the powered electrode and current (red) are shown during the 1 ms voltage pulse.
The line at the top of the green shaded area in the graph is power, the product of the
voltage and the current. Both voltage (V) and power (W) values can be read from
the left-hand axis scale.The greéen.areas show the integration of power with time to
determine energies; E = fg PWiddt. For instance, the lightest green area starts from 0
ps to the time when the second frame was acquired at ¢ty = 120 ps and the integrated
energy in this window is,.9.17 mJ. The same procedure was repeated for each frame up
to the frame at 7207 pus always integrating from 0 ps up to the frame acquisition time.
The different shades of green show the different limits of integration and are used in
the key to identify: the different energies obtained by integrating power.

In fact, there appear to be.some weak discharges before the current drops at -250
V as well, for example, at,150,us in figure 4. Images taken in separate measurements at
-250 V and shown in figure 6 confirm discharge formation before the current drops to
zero. These images are discussed below.

Some weak discharges can also be seen in the data for -200 V between 300 and 350
us in figure 3. By comtrast; at -160 V there do not appear to be any discharges before
the current'drops.to close to zero between 730 and 750 us in figure 2.

Figure 6 (i) and (ii) show images from two sets of experimental data at -250 V
(topsand middle images) and figure 6 (iii) show simulations of the electric field (lower
images). The three images in (i) at the top were taken with backlighting while the three
images in (ii) in the middle were taken without back-lighting. The non-illuminated
images in the middle row are shown ‘in false colour’ to represent the intensity of the
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Figure 3. Time dependent shadowgraphy imaging’and energy estimation per frame
for -200 V applied voltage. Fastafaming images of the tip, vapour layer and liquid are
shown along the top row at the times indicated. Below, electrical potential (black)
on the powered electrode and current (red) are shown during the 1 ms voltage pulse.
The line at the top of the green shaded area in the graph is power, the product of the
voltage and the current' Bothivoeltage (V) and power (W) values can be read from
the left-hand axis scale. The green areas show the integration of power with time to
determine energiesy F = fot !V IdtaFor instance, the lightest green area starts from 0
ps to the time when the second frame was acquired at t; = 80 pus and the integrated
energy in this window 15'9.29 mJ. The same procedure was repeated for each frame up
to the frame at 400 us always integrating from 0 ps up to the frame acquisition time.
The different shades,of green show the different limits of integration and are used in
the key to identifythe different energies obtained by integrating power.

discharge emission and are superimposed over a black and white image of the tip so that
the location of emissionican be seen relative to the position of the tip.

In figure 6 (iii) the bottom row of three images show the calculated magnitude of the
electric field in"the vapour region. The method of calculation is described in Section 3.5.
Briefly, the shapé of the interface between the liquid and vapour visible in figure 6 (i), the
upper shadewgraphy images, were imported into a modelling package, COMSOL [41],
and the electrigifield was calculated by applying the experimentally measured voltage
to the tips It was assumed that the conductivity of the vapour layer was constant and
2 X 1073 S/m. The conductivity of the vapour layer is discussed in Section 3.4 and
further details of the electric field calculation process are presented below in Section 3.5
and Appendix A.

The calculated electric field strengths shown in figure 6 (iii) predict that the highest
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Figure 4. Time dependent shadowgraphy; imagingQand energy estimation per frame
for -250 V applied voltage. Fastifaming images of the tip, vapour layer and liquid are
shown along the top row at the times indicated. Below, electrical potential (black)
on the powered electrode and current (red) are shown during the 1 ms voltage pulse.
The line at the top of the.green shaded area in the graph is power, the product of the
voltage and the current.” Both voltage, (V) and power (W) values can be read from
the left-hand axis scale. The green areas show the integration of power with time to
determine energiesinl = fg ? VIdt. For instance, the lightest green area starts from 0
ps to the time when the second frame was acquired at ¢ty = 40 us and the integrated
energy in this window is 7.48 mJ. The same procedure was repeated for each frame up
to the frame at 200 us always integrating from 0 ps up to the frame acquisition time.
The different shadessof,green show the different limits of integration and are used in
the key to identify/the different energies obtained by integrating power.

electric fields occur closesto where emission is observed most intensely in figure 6 (ii),
the middle images of the same figure. The highest electric fields are predicted where
the liquid vapour interface is closest to the side of the electrode tip.

Note these imageswere taken with 2.5 us between frames, a higher frame rate than
the images in figures 2, 3,4 and 5, but at lower resolution of 128 x 72 pixels. Plasma
emission.was observed at 155, 167.5 and 170 pus as shown in figure 6 when the current
was still above®00 mA. It is evident by a direct comparison of these images that the
emission follows the local variations of the liquid and vapour boundaries.

Thesembservations of discharges before the current signal drops towards zero in the
present study are, most likely, due to the use of the fine tungsten carbide needle. In
similar previous investigations, a cylindrical powered electrode was used with a flat end
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Figure 5. Time dependent shadowgraphy imaging and energy estimation per frame
for -300 V applied voltage. Fast faming images of the tip, vapour layer and liquid are
shown along the top row at thentimes indicated. Below, electrical potential (black)
on the powered electrode and eurrent (red) are shown during the 1 ms voltage pulse.
The line at the topyof the green shaded area in the graph is power, the product of the
voltage and the current. Both voltage (V) and power (W) values can be read from
the left-hand axis séale. The green areas show the integration of power with time to
determine energies; F = fot VI dt. For instance, the lightest green area starts from 0
ps to the time whengthe second frame was acquired at £y = 40 us and the integrated
energy in this window is 10.66 mJ. The same procedure was repeated for each frame
up to the frame/at 160 us always integrating from 0 us up to the frame acquisition
time. The different.shades of green show the different limits of integration and are
used in‘the key to identify the different energies obtained by integrating power.

and a diameter of 500 um and discharges were not observed before the current dropped
to zero. As noted above, here a sharp tip with a radius of curvature of ~500 nm at the
end was used. The diameter of the widest part of the exposed tip was ~330 pm.

From the eleetric field simulations, and the experimental results, it seems that for
the data presented here the discharge is initially controlled by the fluctuations of the
liquid and vapour boundaries. This can result in discharge formation before the current
drops to zéro.

The heights of the shaded area, shown along with the voltage and current traces
in figures 2, 3, 4 and 5, represent the power dissipated between the powered electrode



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102912.R1

Vapour formation and discharge initiation in electrolyte solutions 10

100 pm (i)

(111)

B o107 V/m
0 1 2

Figure 6. Images of -250 V. discharges acquired with a shutter of 1 us and 400,000
fps with the FFC. The upper shadowgraphy images, (i), shows the vapour coverage
around the bottom ~300 pm of the tip from a single shot. The three images in the
middle, (ii), show discharge emission close to the tip at 155, 167.5 and 170 ps, which
were all taken before the current dropped to zero. The images in (ii) were taken from
a different shot witheut backlighting; the emission observed is shown with false colour
to represent intensi‘@‘superimposed above an image of the tip to show the location of
the emission! Noge that times of the frames in the shadowgraphy images (i) are the
same as the times of the emission images shown in (ii). The bottom images, (iii), show
electric field values calculated using the vapour liquid boundaries visible in the three
shadowgraphyrimages shown in (i).

and the groundrelectrode; which is calculated by the product of the current and voltage.
Thus, the shading represents the integration of power to calculate the energy dissipated
in the system [42, 31]. The total energy dissipated between the electrodes from the start
of the pulse to the time of each image is also shown in figures 2, 3, 4 and 5 during the
growth ‘of the vapour layer. The electrical energy delivered prior to plasma breakdown
drops with inereasing voltage starting with ~45 mJ for -160 V, ~37 mJ for -200 V and
~30.mJ for -250 V. For -300 V the energy is about ~30 mJ close to that of -250 V. At
-300 Vi, however, the energy is dissipated over a shorter time and so the power is higher
at =300 V.

Page 10 of 36



Page 11 of 36

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102912.R1

Vapour formation and discharge initiation in electrolyte solutions 11

It should be clarified here that ‘current drops to zero’ refers to the amplitude of
the negative polarity current which decreases to a low value. For the cases of -1604V,
-200 V and -250 V this refers to a decrease of more than 87%. For the case of -300°V,
however, the current does not drop below 67% of the initial value within the first 150
us as a result of electrical discharges.

Time zero in the figures indicate the moment that the voltage was applied to,the
powered electrode. At time zero no micro-bubbles were observed around theitip. The
last frame in figures 2, 3 and 4 of each case shows the vapour at the indicated timeafter
the current dropped to close to zero.

For all the voltages, the images show the vapour layer becoming thickefiaround the
electrode with time. The final images, however, for -160, -200 V and -250 V_show vapour
layers which are at least partially thinner than the previous frame. For example at -160
and -200 V the vapour layer is significantly thinner around the sharp tip end in the final
frame. In the final frame of -250 V there is a region half way along the electrode where
the liquid approaches the tip closely. These observations suggest that the vapour layer
collapses around the time when the current drops to zere and the voltage increases.
The frame rate was not high enough to record exag¢tly when the vapour layer starts to
collapse; the time between frames was 40 us.

L

3.2. Boiling regimes predicted based on the boiling curve of water

As described in section 2, a large quartz vessel and a low 1 Hz frequency with 1 ms pulses
were used during this set of measurements. This was done to ensure that the temperature
of the liquid does not significantly change fromrone pulse to the next. The prepared saline
solution was not degassed and was exposed,to ambient air throughout the experimental
procedure. For this reason, nane=bubbles, which may persist from hours to weeks in a
liquid sample, were most likely present in the solution [10]. The high reproducibility
from shot to shot we observed; however, suggests that in the current experimental setup
such nano-bubbles did not play\an important role in discharge formation.

Figure 7 shows two images taken during the growth of the vapour layer; images are
shown for -160 and -300 V. There is a clear difference between the shapes of the interface
between the liquid and vapour layers in these two images. At -160 V the vapour layer
seems to be madé up of many micro-bubbles which are coalescing, whereas at -300 V
the edge of the vapour layer is smoother. The observed differences in the vapour layers
are most likely due to different boiling mechanisms.

It is well established that water boils with different mechanisms when it is in contact
with a hot surfagedfrom pool boiling experiments [43]. When the temperature is about
5-30 °C above the boiling point, vapour is formed in small bubbles at the solid liquid
interface imnthe ‘nucleate boiling’ regime. When the surface is at significantly higher
temperatutes above boiling, higher by 120 °C or more, a different boiling mechanism,
‘film boiling’, is observed where a film of vapour grows at the liquid-solid interface. It
seems from the images in figure 7 that at the lower voltage nucleate boiling is observed
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and at the higher voltage film boiling is observed.

200 pm

Figure 7. Two different shadowgraphy images are présented from/two different shots.
The left-hand image was recorded with a -160 V pulse at 280“us and the right-hand
image was recorded with a -300 V pulse at 80 wus». These images show examples of
different boiling regimes of water; on the left, nueleate boiling where the vapour layer
appears to be made up by the coalescence of/many bubbles, and on the right at -300
V film boiling. The position of the tip is indicated with red lines. These two images
were acquired as part of series of images_ collected,with a frame rate of 100,000 fps.

There is a fundamental difference,,however, between vapour formation in the
present study and boiling from a heated suzface which has been studied previously
[43]. With a heated surface all the heat that beils the liquid is transferred from the
surface to the liquid. By contrast; insthe present investigation, heat is generated by
the flow of current through the liquid, by Joule heating. This difference poses an
obstacle to quantitative comparison between the present observations and results of
pool boiling experiments; it is notwebvious how to convert the heating power delivered
here per unit volume to the equivalent heating power per unit area from heated surface
experiments. Furthermore, the{e is hysteresis between the different boiling regimes so
that the threshold power/density between the two mechanisms varies between 10* and
105 W/m? for the tramsition from film boiling to nucleate boiling, and the transition
from nucleate boiling te. film beiling respectively [44].

A transition region between nucleate and film boiling has been observed in pool
boiling experiments; this‘unstable film boiling regime’ can be hard to obtain in practice.
From the shapesof the vapour layer growth at -200 and -250 V observed here in figures
3 and 4 it may be that this transition boiling regime occurs here for these intermediate
voltages.

Theé present results can, however, be compared with liquid discharge experiments
where different boiling mechanisms have been observed, but these are all experiments
with either eontinuously powered electrodes or experiments with significantly longer
voltage pulses.

Korelev et al. have performed a similar experiment with negative kHz square wave
and. negative only square pulses applied to a cylindrical electrode in saline [45]. They
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observed bubbles rising to the free surface at low applied voltages (100 V), but state
that at higher voltages these bubbles merged with each other to form thin film layers.

Yoon et al [32], have made a careful investigation of vapour layer formation withya
powered electrode driven by an RF voltage and proposed a model. They have observed
nucleate and film boiling mechanisms of the vapour formation. The model predicts that
the surface of their electrode heats to above 300 °C leading to film beiling. Yoon et
al., however, applied (380 kHZ) RF frequencies to their electrode for 800 mis, or more
and predict their electrode remains at ambient temperatures for theasfirst 100°ms or
more after the application of the RF power [32]. Thus, there does notrappear to be any
contradiction with the present investigation where voltage pulses of 1 ms ate used and
the electrode surface does not heat at the beginning of the pulses

Shadrin and Belkin described the boiling they observed in/their/plasma electrolysis
experiment as ‘solution film boiling, in which heat generation in the VGE (vapour
gaseous envelope) occurs’ [46]. Here Shadrin and Belkin are deseribing the heating they
observed after the formation of the vapour layer around their powered electrode. They
point out that, as the vapour layer has the highest aesistivity, power dissipation and
heat generation are most significant in the vapour layer compared to the electrode and
surrounding liquid.

Yerokhin et al. has reviewed plasma electrolysis@xperifhents [47]. They describe the
transition between nucleate boiling and film boiling occurring at a critical Joule heating
power density, which is in agreement with the present observations of film boiling at
higher voltage and, hence, higher Joule heating power density.

4 _l F Saline solution

ol

Figure8. Simplistic model for the estimation of breakdown time after the application
of the voltage pulse.

3.34° A simplesmodel of prebreakdown vapour formation

A simple prebreakdown vapour formation model has been developed to predict the time
between the start of the voltage pulse and breakdown. The principle of the model is that
priorite breakdown the liquid adjacent to the electrode is vaporized by Joule heating.
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Thus, to predict the time to breakdown, the model estimates the time taken to produce
vapour adjacent to the electrode. The following assumptions are made in the model:

e The liquid can be modelled as shown in figure 8 with a cylindrical slab of.eross
sectional area d A and height h adjacent to the powered electrode.

e The current passing through the liquid adjacent to the electrode hasmuniform density
and a direction of flow perpendicular to the surface of the electrode.

e Physical constants for the liquid are values for 0.9 g/l NaCl solution at 298.16
K. It is assumed these values do not change with temperature. /These values are;
resistivity of the liquid p = 0.62 2m, as measured with the conductivity meter,
specific heat capacity C, = 4131.63 J/kgK [48], and density D.= 1003.3 kg/m?
[49]. o

e Initially, the liquid temperature is 298 K (25°C) and theliquid turns to vapour at
373 K (100°C) so the change in temperature AT = 75 K.

e The total initial current, I, measured from the experimental data remains constant
prior to breakdown. This is a simplification as in‘reality, the current is not constant
and, for example, drops before breakdown. The eurrent density is I/A where A is

the exposed surface area of the powered elec¢frode, 0:6 mm?.
- 4

For the liquid sample considered in figure 8, the current flowing 07 is given by:

1
0l = —0A 1
; (1)
and the resistance 0 R is given by:
ph
- 2
R 5A (2)

so the heat energy, ¢, generated over time ¢ in the liquid sample is given by:

2
q=1t5I’6R =t (é) S Aph (3)

The energy AU required to héat the liquid to boiling point is:
AU =C,ATdom= C,AT - Dhé A (4)

where dm is the'mass of the liquid; om = DhoA.
By equating ¢ and AU in Equations 3 and 4 the time required to heat the liquid to
boiling is given-by:

4 DGRy, (é)Q C,DAT )
or? 1 p

Thus, the time to breakdown can be predicted with this model on the basis of the
initial.current observed, I, the exposed electrode area, A, the temperature rise AT, and
physical constants. In fact, the initial impedance of the path to earth from the powered
electrode is found to remain constant to within 1% as the applied voltage was varied
and so the initial current can be accurately estimated from the applied voltage and this
impedance, which is 242 4 1.5 () measured from the electrical signals.
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4

5 Table 1. Data summarized for the voltage pulses shown in figures 2, 3, 4 and 5 along
6 with the times to breakdown predicted from the simple model. * The valuestshéwn
7 were acquired by fitting the data before 120 us with 7th and 5th degree polynomial
g which gave times of 128 and 137 us, respectively.

10

11 Expt. Model

12 Applied Initial time to time to

13 Voltage  Current vapour vapour

1‘5‘ V) (A) (us) (us)

16 -160 0.564 + 0.016 738 570 £ 50

17 -200 0.695 + 0.014 420 375 £ 20

18 -250 0.888 + 0.012 214 230 + 10

19 -300 1.066 + 0.013 128, 137" 160 £ 5 ~

20

21

22

23 The model does not take account of the latent deat of vaporization, AH,q,.
24 The expansion of water on boiling at atmospheric pressure means that if about one
;2 thousandth of the water in the sample volume hoils the water vapour formed will
27 completely fill the sample volume at a pressure of one atmosphere. The latent heat
28 required to vaporize this small fraction of the liguid is equiyalent to the energy required
gg to heat all the liquid in the sample by less than'1 K, so the latent heat of vaporization
31 is insignificant compared to the energy required to heat the liquidl

32 Table 1 shows a comparison of the' times, observed experimentally to form a
;i ‘prebreakdown vapour layer’ and the,times calculated with this simple model. These
35 data are also shown in figure 9. “The results are in reasonable agreement given
36 simplicity of the model and that the model has no adjustable parameters. Note that
2373 the experimental time to prebreakdown vapour layer formation is estimated from the
39 time between the start of thefpulse to.the time at which the current drops to zero or
40 close to zero. As described in section 3.1, for -300 V the current does not fully drop
2; to zero before significant electrkal discharge. Thus, for the case of -300 V the value of
43 the time that the current would have dropped to zero as a result of Joule heating, is
44 estimated by extrapolation forsthe current trace before 120 us to zero. After 120 us,
22 there is an obvious.drep ofithe ionic current component but the contribution of discrete
47 plasma pulses to the current prevent the current from dropping to zero.

48 Clearly, this simple /crude model does not incorporate many physical processes
gg during the boiling meehanism, but it is presented here because the calculation is
51 straight forward and it, perhaps surprisingly, provides good estimates of experimental
gg T A mas$, m; kg, of liquid water occupies a volume, V =~ m;/1000 m3. From the ideal gas law, n, the
54 number of.moles of gas with the same volume, V', at 100 °C and one atmosphere pressure is given by
55 n =PV/RT =y1x 10°m,;/1000)/(8.314 x 373) = 0.032m;. The mass of n moles of gaseous water, m
56 is given by my, = 0.018n = 0.0006m,;. The latent heat of vapourization is 2260 kJ/kg and the specific
57 heat capacity of water is 4.2 kJ/kgK. So the latent heat required to vapourize 0.0006 of a liquid sample
58 is ~1.4kJ/kg, which is equivalent to raising the temperature of the full sample by 1.4/4.2 K = ~0.3
59 Kvand, thus, less than 1 °C.
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1.2 e Experimental values

e5-300V ¢+ Simplistic model
1 L
=z «-250 V
= 0.3
o @ «-200 V
=
5 0.6 .
2160V
0.4r
0 2 4 6 8

Time to breakdown (s) 1()'4

~
Figure 9. Comparison and experimentally measured _and calculated times to
breakdown. The calculate times were determined withnthe simple model of time to
vapour coverage of the tip.

vapour layer formation times. It may, therefore, provide a, useful ‘rule of thumb’ for
calculation of the time for formation of prebreakdown vapour layers in conducting
liquids. Troughton et al. have used a similar approxim%tion to estimate the energy
consumption for the various processes that they/observed in their experiment [17].
Another example of a similar calculationhas been made by Palanker et al. who derived
expressions for the time to vapour formation and the energy deposited [50].

One final point here is that the Joule heating of the surface of the tungsten carbide
tip can be estimated by a similar caleulations Tungsten has a resistivity of 5.427x10®
Qm [51, 52], specific heat capacity of 131.29 J/(kg K) [52] and a density of 19.25 x
10% kg/m?® [52]. With these values it is found that the rate of Joule heating of the
surface of a tungsten electrodé is about seven orders of magnitude slower than the
rate of Joule heating of the adjacent saline, which is due to the resistivity of tungsten
being about 107 times smaller thanthe resistivity of saline. Tungsten carbide has a
resistivity of ~ 2 x 1077 Qm and $o similarly the Joule heating of tungsten carbide will
be insignificant comparted to.the heating of the liquid.

This model predicts faster vaporization rates for higher currents, and hence higher
voltages, and for smallerexposed electrode areas.

In this simplistic model, a two phase system of tungsten electrode in contact with
liquid was considered.»Yerokhin et al has proposed a four phase system to account for
the formation of a dielectric layer and the vapour layer during a plasma electrolysis
experiment’[47]

3.4. Amalysis of the ‘prebreakdown vapour’ electrical conductivity with an improved
model

The nature of the ‘prebreakdown’ vapour layer observed in the fast framing images
ispnot well understood. For example, Shadrin and Belkin [46] have estimated
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an average electrical conductivity of 2.13 x 10 S/m for a ‘vapour gas envelope’
between a continuously running powered anode and ammonium nitrate solutions, with
concentrations of 1 to 3 mol/l. By contrast Schaper et al [38] estimated a conductivity
of ~3.2x101% S/m for water vapour above saline solution at 100.15 °C.

Here, the simultaneously collected electrical data and images from the fagt framing
camera have been used to estimate the conductivity of the vapour layer. The fast framing
camera images have been processed to generate images showing regions of.liquid, vapour
and electrode. The procedure is outlined in Appendix A and images of this procedure
are shown in figure Al.

The processed images are considered to be two dimensional slices through the centre
of the electrode, vapour bubble and liquid. If cylindrical symmetryisassumed then slices
can be rotated about the vertical axis of the electrode to genératehe 8D structure of
the vapour and liquid close to the electrode. Of course, eachyside of the 2D image can
be rotated separately to generate two different 3D maps.

The assumptions made to analyse the 3D maps obtained from the images are:

e Cylindrical symmetry

e Uniformity of the liquid and vapour layers. The conductivity of the liquid layers is
1.61 S/m. The conductivity of the vapour layer isuniform.

e The remaining volume of the bulk liquid not visible in the images taken by the
fast framing camera, is modelled with a'single ‘external’ resistor between the lower
plane and the vertical sides of the liquid andyearth, which does not change during
the application of the voltage pulse.

With these assumptions COMSOL Multiphysics® modelling software [41] has been
used to calculate the effective ‘eonductivity of the vapour layer. The value of the external
resistance required between therouter edges of the liquid layer and earth was found by
modelling the impedance of the system at time zero when there are no bubbles or
vapour layers attached to the electrode and the total electrical impedance of the liquid
is experimentally determineds This way, the additional resistance that has to be added
to the geometry in order to match the experimental value is determined. As mentioned
earlier, the total initial impedance of the liquid is 242 4+ 1.5 €2 and the value for the
external resistor for the model geometry is calculated to be 55 £ 1.5 €.

The conduétivity of the vapour layer in each image frame is calculated with
COMSOL byfimporting the 3D map of the electrode, vapour layer and liquid layer.
Different trial vapout conductivity values are tested until the total impedance predicted
by COMSOL; including the external resistance, matches the experimentally observed
impedance at the time when the image frame was acquired. This process is carried out
twicefor each frame; once using the 3D map generated from the left-hand side of the
image andonce using the right-hand side of the image.

Figure 10 shows the variation of the calculated vapour conductivity with time.
Results are shown for -160 V, -200 V, -250 V and -300 V. For the majority of the frame
images;that were acquired it is possible to calculate the conductivity of the vapour from
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e 10. Vapour layer conductivity values presented for the four different applied
voltages investigated here.

ft and right sides of the image; in these cases, error bars are drawn between the
ted values. The errorbars, however, are often so small that it is difficult to
ish them from isolated points.
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For some frames, particularly when the vapour thickness is comparable to the
resolution of the optical setup, it is not possible to resolve well the boundaries of the
vapour. For this reason, it has not been possible to calculate conductivities at 40 us and
the first values shown for all voltages are at 80 us. Similarly, at -300 V the cal¢ulation
of vapour conductivity for frames after 800 us has not been possible because in these
frames the vapour bubble had expanded outside the image frame of the camera,and
thus the liquid vapour boundary could not be determined.

The initial conductivity of the vapour is high, almost as high as ghe liquid saline
solution, which as noted above is 1.6 S/m. As the vapour layer grows the conductivity of
the vapour drops slowly. At some point the calculated conductivity drops more rapidly
which corresponds to the time when the current drops to close 46 zero just before the
plasma discharge is initiated. -

The high values of conductivity calculated here for the#apour layer are surprising
considering that normally water vapour at the boiling point of saline would be expected
to have a conductivity of ~3.2x107'% S/m [38]. Furthermere, it is worth considering
that the model used to enable these calculations assumes the vapour layer is uniform; if
it is not uniform then some areas of the vapour mustshave higher conductivities than the
values reported here. It is striking, however, that'the average conductivity estimated
by Shadrin et al. for their gaseous vapour envelopes2.13%103 S/m [46], is at the lower
limit of the conductivities determined here. For example, at 200 us for the -250 V case
the model predicts a value of 3.3x107 S /m.

The anomalously high vapour conductivity eould be due to injection of charge
carriers into the vapour by corénadischarge at the sharp tip of the electrode.
Alternatively, ions from the liquid saline,solution might be present in the vapour layer.
Finally, the vapour layer could,consist of a *foam’ mixture of low conductivity vapour
bubbles separated by thin high conductivity layers of liquid. These different alternatives
are considered below, but noté that at this time there is no clear conclusion about which
of these mechanisms makes thelargest/contribution to the vapour layer conductivity and
the reason for the observation of these high vapour layer conductivity will require further
investigation.

Corona discharge at the sharp tip of the electrode is a possible source of charge
carriers in the vapour layer because of the high electric fields predicted near the end of
tip. In section 3.5 below the electric field strength is estimated to be greater than 107
V/m close to thessharp tip of the electrode, but it is predicted to drop rapidly to below
10° V/m at/the #apour liquid interface. This type of electric field profile is typical for
corona discharges; very high electric field strength by one electrode where the discharge
occurs, (but the,electric field is orders of magnitude weaker at the counter electrode,
which is usually at earth or ground potential. The weakness of the electric field at the
counter electrode means that the discharge is confined to the high electric field strength
region. This electric field profile from the sharp point of the tip through the vapour layer
to thewapour liquid interface is seen consistently in the majority of frames taken during
thewvoltage pulse. Finally, some weak emissions is observed surrounding the sharp tip
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of the electrode in figure 6 which could be due to Corona discharge.

The ejection of ions from the bulk liquid into the vapour phase seems unlikely,
but sodium emission is consistently observed in spectra of plasma emission from saline
solutions. Bruggeman et al [53, 54] conducted experiments in a capillary gypenef
discharge in saline solutions with self-generated vapour bubbles and air bubbles. In their
optical emission spectra sodium emission is absent for the case of the‘air bubbley but
intense sodium emission lines at 589 nm are observed for the vapour bubble generated
by Joule heating. They point out that ‘a large evaporation rate is necessary to observe
strong sodium emission of the plasma’, which implies that sodium iomsyfrom. the liquid
reach the vapour. Further evidence was presented by Xiong et @l. whotfound that
the emission intensity of sodium lines depended on the concentration,of sodium in the
surrounding liquid [55]. The sodium ions would most likely/pass from the liquid to
vapour as hydrated cluster ions. Hydrated chloride ions could also be present in the
vapour phase, but, in contrast to the case of sodium, no clear speetroscopic evidence for
the presence of chlorine in the vapour layer has been foundyin the literature.

The third possible explanation for the high observed, conductivity in the vapour
layer is that the vapour consists of a ‘foam-like’ mixture of ' bubbles and saline. The
vapour could have the expected low conductivity'and the high conductivity would be
due to saline channels between the bubbles. y

The reason is not clear for the large.deviations between the conductivity of pure
water steam and that of the vapour layer observed here, which is generated as a result of
Joule heating in a saline solution. Possible explanations are currently being investigated.

3.5. Electric field and breakdown with the improved model

The finite element simulation wagsused to estimate the electrical potential in the vapour
region for each fast framing image by.applying the experimentally measured potential
to the electrode and using the calculated effective conductivity of the vapour layer. The
electric field was determinéd fromithe electrical potential; full details of the procedure
are given in Appendix A.

Figure 11 shows a typicalexample of a map of the electric field strength calculated
in the vapour layer.region, for, the case of -300 V and 280 us. The colour bar beside
the image indicates the electric field strength, which is, of course, the magnitude of the
electric field. The electric field strengths in the vapour region along the three lines shown
in figure 11 @are presented in figure 12 as a function of the percentage distance along
the line between the electrode and vapour liquid interface. Two lines are drawn from
the sharp tip of the electrode through the vapour layer to the liquid; one is horizontal
(green) and oné is vertical (red). The third line (black) is drawn horizontally from the
sidesofrtherelectron to position of the liquid vapour interface which is closest to the
electrode.

It.can be seen in figure 12 that the electric field strength is highest close to the
sharp tip of the electrode with values above 107 V/m visible for both the vertical and
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Figure 11. Electric field map.calculated for the case of -300 V and 280 us delay from
the initiation of thewoltage application. The value of the calculated conductivity as
given in figureé was usedrfor the simulation. The black box indicates the magnified
region shown in the same figure.

horizontal lines close.to the sharp point of the electrode. The electric field strength
along these two lines from the sharp tip, however, drops to ~ 10° V/m at the liquid
vapour interface.” The electric field is more constant along the third line between the
electrode and the closest point of the liquid to the electrode; in this region it remains
between ~ 1.5 x10° and 4%10° V/m.

Yerokhin etrall reported in a plasma electrolysis experiment that electric fields of
the order of 10% to 108 V/m were present in their gaseous envelopes, which are close to
the electricfield strengths observed here.

The liquid vapour interface in figure 11 appears to show that there are two vapour
bubbles around the electrode; one bubble is centred on the end of the electrode and the
other is higher up the electrode. Where the two bubbles meet the saline and vapour
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Figure 12. Electric field valueshacross theilinés indicated with the same colours in
figure 11.

interface is closest to the electrode ‘and 'points,in’ towards the electrode, which helps
to maintain the high electric field between,the electrode and liquid vapour interface in
this region.

Initial conclusions from this and,other similar calculations of the electric field in
the vapour layer around the ‘electrode are that a corona discharge may be formed in
the highest electric field region\:lose to the tip, but this discharge does not reach the
vapour liquid interface wherethe electric field is orders of magnitude lower. By contrast,
between the side of ‘the electrode and the saline vapour interface the continuously high
electric field could initiate:and.sustain a plasma between the electrode and liquid vapour
interface.

Experimentally, plasma emission is mostly observed from the vapour layer closest
to the side of the tip, which is expected from the calculated electric field in the vapour
region. For example,in figure 6 (ii) above the strongest emission is observed at the side
of the eleetrodern,Some weaker emission is visible close to the tip of the electrode in
figure 6, which‘may be due to a corona discharge near the sharp end of the electrode.

Further evidence for the significant plasma discharge near the side of the electrode is
visible in the SEM images of the tip before and after the experiments shown in figure 13
and figure A4, respectively. There is localised erosion on the side of the electrode as well
as erosion to the sharp end of the tip. The tip was used for a total of 172 pulses of
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Figure 13. Scanning electron micrescopy image showing the tip profile and surface
before it was used for production of\discharges in liquids.

time-on ranging from 1 to 10 ms, in salinésolutions of 0.9, 1.8 and 2.7 % concentrations
at nominal voltages of -140 to'=300 V.

Sie et al. have investigated the effect of erosion on a tungsten powered electron
in saline [56]. They note that for positive electrode bias electrolytic oxidation leads to
damage of the tungsten, but above.+150 V damage from the plasma is more important
than electrolytic oxidation. They note that for negative electrode bias, as in the present
experiments, no electrolytic oxidation is observed, but again damage is seen from plasma
erosion and thermal effeets. Here, the erosion of the tip comes most likely from ‘long
lived’ discharges that persist for 100s of us such as the discharge observed after 590 us
at -300 V seen il current and voltage signals of figure 5.

A series of images taken of a long lived discharge with the fast framing camera are
shown in figure 45. The discharge wanders slowly around the tip as the bubble expands
causing sputtering.The crater visible on the right-hand side of the electrode in figure 14
is probably formed by ion bombardment from the adjacent plasma and heating of the
surfaee, bysthe plasma [56, 57|. Video supplementary material is available online, which
shows the development of discharge emission with time for the first millisecond of the
pulse,along with the measured voltage and current.

The discharges start mostly on the side of the electrode because of the shape of the
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liquid-vapour interface, but after ti -vapour interface moves further away

from the location of the elect ent of the liquid-vapour interface changes
location on the side of the el an be seen in figure 15. The discharge can be
sustained by two mechanism
of the electrode will relea ect to sustain the discharge. Secondly, heating of the
electrode by ion bombard y raise the temperature of the electrode high enough

for it to release elec ionic emission.

In figure 16
plotted st the/volume of the vapour layer. The volume of the vapour layer was
calculated from each frame taken with the fast framing camera. The vapour liquid
inte identified as described in refsec:appendixl. The volume was calculated

liquid interface on the left-hand side of the electrode and the other time by using the
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28 Figure 15. A series of consecutive images from ghe fast framing camera showing
29 discharge emission near the location 'of the crater seen in the SEM images. The
30 discharge was produced in a 2.7%% saline solution with a 5 ms duration -200 V voltage
31 pulse. The times indicated on each image are the times each frame was taken after the
32 start of the voltage pulse. The emission images are superimposed over an image of the
2431 tip with a white line indicating the ‘edge of the tip.

35

g? vapour liquid interface on the.right-hand side of the electrode. The average of these
38 two values of the vapour volume is\plotted on figure 16 and for each point a horizontal
39 error bar is drawn from the fhigher ‘measurement of the vapour volume to the lower
j? measurement. There are some\Points, particularly at low volumes, where these error
42 bars are so short that it is not/ possible to see them.

43 It is clear from figure 16/that at the lower voltages of -160 and -200 V the maximum
j;’ vapour volume is ~0.4 mm?®. A¥-160 V there is a clear correlation between conductivity
46 and vapour volumeywith the/conductivity decreasing as the volume increases. At -200
47 V the same trend is obsetved as at -160 V, but between ~ 0.1 and 0.4 mm?® a cluster
jg of points lie abeve this trendline with somewhat higher conductivities. With pulses
50 of -250 and ~3004V somie points follow the same trend as the points at -160 V, but a
51 significant_group of points have conductivities of over 1 S/m and higher volumes from
gg 0.1 mm? to over 1 mm?3. These points with high conductivity and high volume occur
54 when an electrical discharge is present. Note that generally the discharge is located in a
55 small region'of the vapour layer, which can lead to quite asymmetric development of the
g? vapour region. The asymmetry is observed in the shadowgraphy images as, for example,
58 the discharge may cause one side of the vapour layer to grow more than the other. This
59 asymmetry can cause significant differences in the vapour volume calculations from the
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gure 16. Conductivity values plotted against vapour volume for the applied voltages
n in figures 2, 3, 4 and 5.

-hand sides of the vapour liquid interface. The differences in vapour volume
can be seen in the horizontal errorbars in figure 16 as noted above.
e vapour conductivities are calculated to be greater than the conductivity of
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saline; for example, at 560 us with -300 V the vapour layer volume is ~ 3.7 mm?® and the
conductivity is estimated as 5.0 S/m, which is more than three times the conductivity, of
saline. Thus, in these cases of particularly high estimated conductivity the conductivities
should be regarded as estimates of the average conductivity of the plasma dischargesin
the vapour layer.

The method of Woloszko et al. has been used here to estimate the number_of
electrons per unit volume in the discharges in the vapour layer [42]. . This. methed
can be used here assuming that in figure 16 the points with high velume andyhigh
conductivity have high conductivity because of plasma discharge in_the vapour region.
Thus, it is assumed the plasma conductivity can be estimated from thedpoints with
highest conductivity shown in figure 16. Typical estimated elegttic field values shown
in figure 12 are in the range of 10* to 107 V/m. The particle numbér density in water
vapour at 100 °C and 1 atmosphere pressure is estimated tobe ~2 x 102> m™ from the
ideal gas equation. The range of E'/N reduced electric field valuegicalculated from these
electric fields and this number density is 0.5 to 500 Td. “Again from figure 12 the best
estimate of the electric field that drives a discharge i ~310%¥/m, which corresponds
to a reduced electric field of ~ 50 Td. The transport calculations of Ness et al. [58]
suggest an electron drift velocity of ~ 2 x 10* m/s.intwater vapour at 50 Td. From
these numbers the electron mobility, equal to the drift welocity divided by the electric
field, is equal to 2 x 1072 m?V~1s71,

The electron density, n., can be calculated from the measured conductivity, o, the
electron mobility, j, and the charge on the electron, e, with
o
efle
which gives an electron numbér,density of ~»1.6 x 10*' m

(6)

Ne
73.

The electron density duringsthe discharges can also be estimated from the
magnitude of the current, I, the drift welocity of the electrons, v, and the area through
which the current passes, Awnsy

I
Ne = (7)

evdA

The discharge current isiestimated as ~ 0.3 A from the size of the discharge spikes in
the current waveforms shown in figures 2, 3, 4 and 5. The drift velocity of the electrons
is estimated abave to be 2 x 10* m/s. The area through which the discharge passes is
estimated to be ~ 0.03:mm? from the images of emission shown in figure 15. With these
values of discharge ¢urrent and discharge cross sectional area the electron density is
estimatedsto be ~ 3¢x 10%! m~3, which is very similar to the electron density estimated
here abeove using the method of Woloszko et al.

The second method of electron density calculation in (7) is equivalent to the method
used, for example, by Stark and Schoenbach [59].

The ratio between the expected particle density in the vapour layer and electron
density indicates an ionization fraction of ~ 10~% during discharges in the vapour layer.
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The number densities of electrons estimated here are somewhat higher than the
number densities obtained by Woloszko et al. who calculated values around 108 m ™3
[42]. In their experiment, Woloszko et al. drove their powered electrodes in saline‘with
100 kHz square wave voltages with amplitudes up to £ 300 V. By contrast, Yoonrel
al. determined a similar electron density of ~ 5 x 10** m™ from Stark broadening
measurements in their experiment of RF discharge in different saline solutions |32}

Electron number densities for discharges in liquids have also been obtained by
Bruggeman et al. [60] and Zheng et al. [61] in experiments where breakdown oegurred
between electrodes in liquid with bubbles of gas introduced betweensthe electrodes. In
both experiments tap water was used with lower conductivities than here in the range
of ~ 0.02 to 0.06 S/m. Bruggeman et al. generated plasmas in bubbles, of helium, argon
and oxygen and determined electron densities of 102! to 10%* m 3 by Stark broadening
[60]. Zheng et al. introduced bubbles of nitrogen and observed caleulated electron
densities of ~ 5 x 10*' m™3 [61] with the second method usedyhere as described by
Stark and Schoenbach [59].

A similar calculation of charge carrier density can be.made for the vapour region
before discharge when the vapour conductivity appears to be-abnormally high with (6).
Using ion mobility of 2.15x107* m?V~!s™! for stéam at. 100 °C from Henson [62] ion
densities of 10 to 10?2 m~2 are predicted assuming theloBserved conductivity is solely
due to ions in the vapour region. Similarly, if it assumed that electrons alone give the
observed conductivity the electron densitiesare predicted of 1017 to 102 m~2. These
predicted electron and ion densities are veryshighpparticularly for the ions.

4. Conclusions

The present results focus on the growth of the ‘vapour layer’ around a small powered
electrode immersed in saline golution fellowing the application of a voltage pulse and
prior to the initiation of electr(@al discharge. The exact nature of this vapour layer is
not clear, but its growth has been clearly observed with a fast framing camera.

A simplistic model of thé liquid in contact with the electrode is described here, which
can be used as a ‘rule of thumb” to predict the time taken for the vapour layer to grow
before electrical discharge. Despite the evident simplifications of the model it provides
good estimates for the time from application of the voltage pulse to the full development
of the vapour dayerpwhich are accurate to within ~ 30 % of the experimental results
obtained here with no adjustable parameters.

An improved model of the vapour layer has been made by importing the geometry
of the yapour liquid interface to a finite element modelling program along with the
experimentally measured electrical impedance. It has been possible to calculate the
effective conductivity of the vapour layer observed in each frame of the fast framing
camera. Surprisingly high conductivities have been determined in the range of 1073 to
10° S/mywhich are completely inconsistent with the expected value of ~ 107° S /m for
water vapour at atmospheric pressure. The electric field and electrical potential in the
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vapour layer are also predicted with this improved model.

The reason for the high electrical conductivity of the vapour layer observed s mot
clear. Certainly a simple vapour layer of steam cannot account for the experimental
observations. Charge carriers in the vapour layer could explain the high conduetivity.
These charge carriers could come from corona discharge at the sharp tip of the
powered electrode and/or cluster ions such as [Na(H,0),]* from the surtounding liguid-
Consistently high electric fields of 107 V/m are calculated near the sharp,tip that
are consistent with corona discharge and previous observations of Na. emissionylines
in similar experiments indicates that Na™ ions will be present in thewapourlayer. The
high conductivity could, however, also be explained by the vapour/layer being a ‘foam’
mixture of high conductivity liquid and low conductivity vapoursbubbles.

The highest electric fields in the vapour layer of ~ 107 V/m aré predicted close to
the sharp tip of the powered electrode, but the electric field,strength’drops to ~ 10*
V/m moving from the tip to the vapour liquid interface. A comsistently high electric
field of ~ 10° V/m is calculated, however, between the side'of the powered electrode and
the vapour liquid interface where it approaches the eléctrode. Images of emission taken
with fast framing camera indicate that emission from electrical discharge is observed at
the side of the powered electrode where the consistently high electric field is calculated.

Further analysis of the estimated vapour ¢onductivity and electric field calculated
from images taken during electrical diseharge have enabled the density of electrons
in the discharge to be estimated by two different methods. Both methods indicated
electron densities of ~ 102! m~3, which suggests the ionization fraction in the discharge
is typically ~ 1074, Further work{to"try,to establish the nature of the prebreakdown
vapour layer has been started.

One final point to consider is the possibility of the formation of Taylor cones at
the liquid vapour interface. The surface of the liquid will not charge up because the
liquid has a high conductance and the liquid has the ground electrode inside it. When
the vapour layer has a lowsconductivity, however, large potential differences can build
up between the powered ¢lectrodeand the vapour liquid interface, which could perhaps
lead to Taylor cone,formation. Indeed, in Figure 7, the shapes that look like bubbles
could in fact be gaps in between Taylor cones. It is considered, however, more likely
that these features'arerbubbles because the 'Taylor cones’ are more pronounced at the
lower applied veltage of =160 V and it would be expected that they would be more
pronounced at=300 V. where the electric fields are higher. Whether formed by bubbles
or as Taylor/cones it may.be that droplets or ions are injected into the vapour from the
edges or corners of these features that point towards the powered electrode.
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Appendix A. Vapour Conductivity and Electric Field Estimation

The method used to estimate the vapour conductivity and electric field in the vapous
layer from fast framing camera images is described here and shown diagrammatically in
figure Al.

Frames from the video files acquired with the Fast Framing Camera {FFC) were
converted with Matlab to binary black and white images so thatsboundaries could be
seen clearly. At time zero the boundary between the liquid and thé €lectrode tip can
be seen. After time zero the boundary between the liquid and the vapour can be seen.
Figure A1 (i) and (ii) show two representative raw images; (i) wasitaken at time zero and
(i) was taken at 280 us; the red dotted lines indicate theleylindrical axis of symmetry.
Figure A1 (iii) shows the same image at 280 us as image(ii), but the left-hand side has
been processed to black and white. Furthermore, ghe left-hand side of figure A1 (iii)
also has calculated boundaries superimposed on theleft=hand side; the red boundary is
the liquid vapour boundary calculated from the left-hand®%side of this image at 280 us
and the blue line indicates the boundarysbetween [the electrode and the vapour, which
was determined from image (i) at time zero.

The Cartesian (z,y) coordinates of the boundaries were stored individually for each
frame with an extra independent variable s as\two parametric datasets, y(s) and z(s).
COMSOL made a B-spline fit to theseidata points to generate continuous boundaries.
The continuous boundaries were used in the,model as interfaces between the electrode
and the vapour and between thewapour and the liquid. In fitting the boundary of
the electrode tip the minimuim relative, tolerance was set to 1072 and for the liquid-
vapour boundaries the relative\tolerance was set to 1073, These tolerances were found
to give good representations of the boundaries observed in the experiment and did not
give abnormalities in the fitting procedure that would have caused disturbances in the
electric potential and electric field calculations.

A cylinder, orr@a box inyeylindrical symmetry, was used as the outer boundary for
the model. The cylinder dimensions were radius 0.85 mm and height 1.7 mm. The
full 40 mm fromseléctrode to ground plate was not simulated in order to minimize the
mesh elements computed and thus decrease the computational time needed to run the
simulation. ‘Am electrical path to ground was provided by a resistor connected to the
bottom/and sides of the cylindrical box. This resistor simulated the effect of the liquid
not considered in the simulation and its resistance was calculated from experimental
data at time'zero as described above.

To estimate the conductivity of the vapour it was assumed that the vapour
conductivity was uniform. Different trial values of the conductivity were tested in the
meodel to find the conductivity that gave the best ‘impedance fit’. The impedance
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of the vapour and liquid was known experimentally for each frame from the electrical
measurements of current and electrical potential (voltage) on the electrode. The solution
time to test an individual conductivity for a single frame depended on the boundaries
imported and varied from 5 s to 40 s.

The mesh selected for the calculation was a general physics calibrated mesh with a
minimum element size of 4.19 x 10~% m for the tungsten carbide tip and 6.28 x 10~ m. for
the rest of the geometry. Initially, a stationary direct MUMPS solver with a parametrie
sweep was used to run through all the imported boundaries for a fixed electric potential
value.

Thus, as described above and in Section 3.4, the conductivity of the yapour layer
was determined. With this vapour conductivity the finite elementanodel could be used to
determine the electrical potential, ®, at all positions in the vapourdéyer. The potential
on the powered electrode was measured and known when each fast framing image was
taken. Therefore, the electrical potential could be estimated with the model by applying
the experimental potential to the powered electrode and caleulating the current through
the vapour layer and liquid layer using the calculated’conductivity of the vapour layer,
the known conductivity of the liquid, 1.61 S/m as neted in Section 3.5 and the resistance
between the outside of the model area and ground'to simulate the liquid not considered
in the model. y

The electric field, E, can, of course, be calculated from the potential with

E=-Vd (A.1)

which using cylindrical polar coordinates can be written as
0P 109 . 0d
E=—|—1+-—— —Z A2
(8rr+ra¢ +8zz) (8.2)

or
E = E,i + E,¢+ E.2 (A.3)

where F,, Ey and E, are the Coaponents of the electric field in the unit vector directions
, ¢ and Zz. The magnitude of the electric field, |E|, can be calculated, of course, with

E| = /B2 + E? + E2 (A4)

In cylindrical symmetry, of course, the component of Electric field in the direction qAS,
Ey4 will be equal.to zero.

The left-hand siderof Figure Al(iv) shows the mesh used in the finite element
calculation and‘the right-hand side shows the magnitude of the electric field determined.

For'one set of data, shown in Figure 6, the procedure to find the electric field had
to be slightly modified. The images recorded with the fast framing camera in Figure
6 did not cover the whole of the powered electrode so it was not possible to determine
the conductance of the vapour layer in the normal way. In this case a typical value for
the vapour conductivity just before discharge was taken. The experimentally measured
potential was applied to the powered electrode in the simulation as described above to
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calculate the electrical potential distribution and then the electric field magnitude in

the vapour region.
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Figure Al. Outline of the procedure that was followed to calculate conductivity and
elgetric fields imside the vapour layer. (i) Image taken at time zero, which shows the
position of the electrode tip with no vapour layer. (ii) Image taken at 280 us at -300
V; a typical frame with vapour around the tip. Note the variation between the left
and right side of the image. (iii) On the left side the liquid vapour boundary is shown
in red and the edge of the electrode tip position is blue; the right-hand side shows the
liquid, vapour and electrode regions. (iv) The left-hand side shows the mesh that was
used for this geometry and the right-hand side shows a map of calculated electric field
strengths. The dotted red vertical lines indicate the axes of cylindrical symmetry.
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