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1 Introduction

Electric spark is commonly used for ignition of flame-based systems, however, unwanted
sparks may cause a major safety concern in combustible environments [1] and in gas
insulated systems [2]. Electric spark discharge occurs when the gap between electrodes
is bridged by some region of ionization path. Well controlled conditions are crucial for
the application of electric spark.

The presence of droplets and particles are reported to disturb the electric field
between the electrodes and alter the breakdown threshold for spark. Free particles have
been found to be more harmful to the dielectric strength of an ionized air gap than the
fixed conductive spheres located on the surface of an electrode [3]. In gas insulated
systems, conducting particles have been shown to trigger spark and cause problems [2,4].
This effect has been simulated computationally, but only for conductive particles [5].
However, for non-conducting materials in the electric field, research has been limited to
studying fibers in SFe gas gap [6]. The effect of non-conductive glycerol aerosol on the
current-voltage curve of spark discharge was studied by Riebel et al. [7], with results
showing that the effect of aerosol on the spark discharge is dependent on the size of the
electrodes. The current-voltage curve was shifted to higher voltages with the
introduction of aerosol for 0.2mm-diameter electrodes; however, the onset voltage for
corona was reduced for 2mm-diameter electrodes. Stommel et al. [8] further investigated
the spark triggered by glycerol droplets and found a thorn of liquid at the tip of an
electrode pointing at the opposite electrode. The strong curvature of the thorn was
claimed to be working as a sharpened electrode and shift the onset voltage to lower
values. Randeberg et al. [1] found that dust itself can initiate electric spark discharge,
causing subsequent dust explosion. Large particles were found to trigger the spark at
lower voltages than do smaller ones. Nevertheless, the governing mechanisms for the
initiation of spark are not well understood.

The fundamental mechanisms involved in electric spark triggered by droplets or
particles need further investigation, for non-conducting fuels and liquids, as well as other
parameters. In this project, the electric spark triggered by the presence of non-conductive
droplets is investigated. Several different modes for triggering of the spark by the
droplets are revealed by high-speed imaging. Computational simulation conducted with
COMSOL also aids in understanding the effects of droplet presence, size, and
composition on spark initiation.



2 Experimental setup:

A schematic of the setup is shown in Fig. 1. High voltage is applied across two 100-pum
diameter tungsten electrodes, and droplets are sprayed in-between them. The tungsten
electrodes are point-to-point, placed with a separation distance of 1 mm. The high
voltage is supplied by a Bertan high voltage power supply, with external resistor and
capacitor to control the spark frequency. For preliminary testing, commercial CRC
Brakleen Brake Parts Cleaner is sprayed in-between the electrodes. The composition
listed for this solution is: methanol (40-50%), toluene (10-20%), acetone (5-15%), 3-
methylhexane (5-10%), carbon dioxide (5-10%), n-heptane (5-10%), methlcyclohexane
(3-5%), naphtha (3-5%), cyclohexane (1-3%), and ethylbenzene (<0.2%).
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Fig. 1. Electrode wire-wire configuration for breakdown testing, with the right figure
showing the high voltage power supply

A high speed camera (Phantom V2011) is employed for visualizing triggering of
the electrical spark. The 12-bit depth high speed camera can go up to 1,000,000 fps, with
resolution of 128x16 pixels, and up to 22,500 fps at full resolution of 1280x800. A
300W Neon Arc lamp is utilized to illuminate the region of interest to provide enough
light for the high speed camera to work at very low exposure time (~1us). The sketch of
the imaging system is shown in Fig. 2.

High-speed Electrodes Lens for Arc
camera collimation lamp

Fig. 2. Electrode wire-wire configuration for breakdown testing




For fundamental understanding of spark triggering by droplets, droplets of single
component with controlled size and concentration are utilized in the research. Water,
methanol, and toluene are tested for their ability to trigger spark discharge. The setup for
droplets generation is shown in Fig. 3. An ultrasonic atomizer (Sono-Tek 8700-120) is
employed to produce droplets from a liquid supply line, which is then controlled by a
peristaltic pump. To better control the droplet concentration and the environment, a
shield tube is aligned around the atomizer and gas flow with controlled flow rate,
delivering a spray of droplets into the test area.

The droplets from the atomizer are first characterized with a CCD camera (SONY
SX90), where the pixel size is 3.75 um, much smaller than the high speed camera (28
pm) to better identify the size information of the droplets. The images captured by the
camera are then processed with Matlab to analyze the size of the droplets generated. Two
examples of the identified droplets are shown in Fig. 4. The white spots on the left-side
figure are the droplets, and red circles on the right-side figure are the droplets identified
by Matlab. The results show good identification of droplet position and size.
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Fig. 3. Setup for droplets generation with controlled size and concentration.
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Fig. 4. Particle size identification with Matlab for two cases. Left: original image.
Right: identified droplets.

The droplet size distribution of the water droplets is then fitted, with the result
shown in Fig.5. The mean diameter of the droplets is 18um.
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Fig. 5. Droplet size distribution from the atomizer.



3 Results and discussions:
3.1 Preliminary test with CRC spray

For the given setup, in air without the presence of droplets, the onset voltage for
continuous spark is above 3,100V, and there is no spark at all at 3,000V. However, upon
spraying the aerosol across the gap between the two electrodes, spark is initiated
immediately, as seen by eye. With the high-speed camera capturing the detailed
information before the spark, it is found that the liquid on the electrode forms a cone-like
thorn on the tip of the ground (right) electrode, similar to that observed by Stommel et al.
[8]. However, in our case, a very fine micro-electrospray (see circled region of Fig. 6)
then emanates from this liquid thorn on the ground (right) electrode, spurting towards the
+3,000V (left) electrode in the high-strength electric field. The spark is triggered soon
after.

ns frame : 179426 3 1S frame : 179576

«

Fig. 6. High-speed images of induced breakdown at 3,000V.
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To isolate the effect of liquid layer from the droplets in between the electrodes,
the ground electrode (left) is pre-wetted with the CRC liquid before the high voltage bias
is applied. At 2,500V, spark is triggered with the liquid layer, as shown in Fig. 7. A
droplet forms from the liquid layer on the ground (right) electrode, and moves leftward,
being pulled by the electric field. A liquid thorn tip on the high-voltage (left) electrode is
formed, and the induced electrospray from the liquid film is circled in the second image
(frame 595500); the same area is circled in the third image (frame 596400) for
comparison. The large droplet on the right electrode actually proceeds to partially bridge
the gap, forming an irregular globular shape. Breakdown occurs in frame 596422,
encompassing liquid globules.
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Fig. 8. Spark at 2,500V, with wetted high voltage wire (left) by electrospray.

To assess the role of polarity, the high voltage electrode (left) is pre-wetted with
the CRC solution to study spark triggering. Upon application of high voltage of 2,500V,
the high-speed camera captures the ensuing events, as shown in Fig. 8. An electrospray
is seem emitting from the active electrode from the deposited liquid layer, as circled in
the second image frame 569391, and the electrospray initiates the spark soon.



3.2 Triggered spark with single component

Droplets with single component and controlled size and concentration are then tested for
a better fundamental understanding of the triggering of the spark. The voltage required to
generate the spark between the two tungsten electrodes without droplets is about 3,100V,
which can be decreased to about 2,300V with water droplets.

Besides the spark triggered by the electrospray, as seen in the CRC spray case,
there are several more modes for droplets to trigger the spark. In one mode, one single
droplet is ejected from one electrode to the other one, triggering the spark as the droplet
gets close to the other electrode, as shown in Fig. 9. In this case, the water droplet
triggers the spark at a voltage of 2,300V. One single droplet is formed (Img# 36900)
from pulling the liquids from the electrode on the left side. As the droplet gets close to
the electrode on the right side, the shape of the droplet changes much, as seen in Img#
36955, and then triggers the spark in the following Img# 36956. The frame rate of the
high-speed camera is 301,075 fps. Thus the time interval between the images is only 3.3

.

Img#: 36700 Rate: 301075 Img#: 36840 Rate: 301075 Img#: 36880 Rate: 301075

Img#: 36900 Rate: 301075 Img#; 36930 Rate: 301075 Img#; 36950 Rate: 301075

Img#: 36955 Rate: 301075 Img#: 36956 Rate: 301075 Img#: 36958 Rate: 301075

Fig. 9. Images of breakdown at 2,300V, with water droplets where one droplet ejects
from an electrode, triggering spark.

In another mode, one small droplet gets close to one electrode, being attracted to
it, but is then ejected away in the form of a fine spray, triggering the spark, as shown in
Fig. 10. In Img# -721735, the small droplet gets close to the electrode. After attachment,
the liquid is ejected from the electrode in Img#-721720, and the spark is triggered
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thereafter in the following image. Since the jet of droplets can have guiding effect on
streamer advancement [9], the ejection of droplets or electrospray can favor streamer
propagation and thus spark across the electrodes.

Imgi#: -721735 Rate: 341463 JIimg#:-721725 Rate: 341463

Imgi#: -721723 Rate: 341463

Imgi#:-721722 Rate: 341463 JIimg#:-721721 Rate: 341463

Imgi#:-721719 Rate: 341463 [ Img#:-721718 Rate: 341463

Img#: -721720 Rate: 341463

Img#:-721717 Rate: 341463

Fig. 10. Images of breakdown at 2,600V, with water droplets where liquid ejection from
an electrode triggers spark.

There are also triggered sparks without the ejection of droplet or liquid when a
droplet is present in the vicinity of an electrode, as shown in Fig. 11. One droplet is
present close to the electrode, as shown in the red circle in Img# -700305. The droplet is
then pulled to the electrode, and the shape of the droplet is changed, as some part of the
droplet is pulled to the electrode, in Img# -700301 to Img#-700298. Then spark is
initiated.



Imgi#: -700305 Rate: 341463 JIimg#:-700303 Rate: 341463 JImg#: -700301 Rate: 341463

Img#: -700299 Rate: 341463 JImg#: -700298 Rate: 341463 JImg#: -700297 Rate: 341463

Imgi#: -700296 Rate: 341463 [ Img#:-700292 Rate: 341463 JImg#: -700286 Rate: 341463

Fig. 11. Images of breakdown at 2,600V, with water droplet presence triggering spark.

3.3 Droplet movement close to the electrodes

The droplet movement is studied as the droplet approaches the electrode to understand
the interaction of the droplet and electrode wire on the initiation of spark.

Img#: 201991 Rate: 341463 Jimg#: 202000 Rate: 341463 [Img#: 202001 Rate: 341463

Imgi#: 202002 Rate: 341463 |Imgi#: 202003 Rate: 341463 JImg#: 202010 Rate: 341463

Fig. 12. Images of droplet movement close to the electrode under 3,000V (Type 1).



Two types of droplet movements are observed as it gets close to the electrodes. In
Type 1, as shown in Fig. 12, as the droplet approaches the electrode, it is attracted by and
attaches to the electrode; however, some part of liquid is then ejected away, asshown in
Img#202002.

On the contrary, in Type 2, as shown in Fig. 13, the droplet is attracted to the
electrode and stays there. It is worth noting that the Type 1 scenario occurs more often
on the high positive voltage electrode (left wire), while Type 2 occurs more often on the
ground wire (right wire).

Img#: 200360 Rate: 341463 Jimg#: 200380 Rate: 341463 [Img#: 200400 Rate: 341463

Img#: 200420 Rate: 341463 | Iimgi#: 200440 Rate: 341463 [Img#: 200460 Rate: 341463

Fig. 13. Images of droplet movement close to electrode under 3,000V (Type 2).

In both types, before their attachment on the electrodes, the droplets are attracted
by and accelerated to the electrode. However, after the deposition on the electrode, the
liquid undergoes a process similar to the electrospray under high voltage [10,11],
producing fine droplets with electrostatic charge. These charged droplets can be
dispersed in between the two electrodes, changing the electric field and initiating spark.

3.4 Triggered spark with different droplets (methanol and toluene)

Other than water droplets, methanol and toluene droplets are also tested to investigate the
effect of different liquids. For the experiments with methanol, the triggering behavior is
similar to that for the water case. However, toluene behaves quite differently than do
water and methanol. As the toluene droplet gets close to the electrode, it also experiences
attraction, and can also be ejected away from the electrode after deposition, but no sparks
are triggered. Two different cases imaging the movement of toluene droplets are shown
in Fig. 13 and Fig. 14, with no sparks ensuing. Moreover, as there are some depositions
of liquids on the wire, as shown in Fig. 14, it is even harder to break down than if there
were air only. There is ejection occurring between the two electrodes, and the liquids are
pulled closer to each other, but no breakdown, at 3600V. Such an event can even last for
a few seconds at 5,000V before a large spark is triggered. This result indicates that spark
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can either be triggered at a lower voltage or hindered at a higher voltage by the presence
of droplets.

Img#: 300330 Rate: 341463 Jimg#: 300340 Rate: 341463  JImg#: 300350 Rate: 341463

Img#: 300360 Rate: 341463  |Img#: 300440 Rate: 341463  JImg#: 300450 Rate: 341463

Fig. 13. Images of toluene droplet ejection after depositing on wire under 3,000V.

Img#: 3930 Rate: 341463 Img#: 3935 Rate: 341463 Img#: 3940 Rate: 341463

Img#: 3941 Rate: 341463 Img#; 3942 Rate; 341463 Img#; 3943 Rate; 341463

Fig. 14. Images of toluene droplet ejection from wire under 3,600V.

3.5 Triggered spark by solid fiber

The shape of the droplet is always changed as it approaches the electrode. For
comparison and better understanding of the initiation of the spark, the effect of a non-
deforming solid material on spark initiation is studied. A 125-um size optical fiber is
inserted in between the two electrodes. The results show that the threshold voltage for
the spark cannot be decreased, no matter where the fiber is located, even when the fiber
touches the electrode.
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Another case is tested to check on the effect of the fiber on the spark. At high
voltage above the threshold for spark, the spark will be continuous generated with the
external high voltage power supply system, and the frequency is controlled by the
external loop with the resistor and the capacitor because of the spark (discharge) and
charging process (to the capacitor). Without the presence of the fiber, the interval
between the sparks is about 160 frames with a 341,463 fps frame rate, leading to a spark
frequency of about 2,100 Hz. However, as the fiber approaches the electrode, the interval
between the sparks is increased, as shown in Fig. 15.

Img#: 140000 Rate

[EY
N
o

Intervals between sparks (frames)
[N
[0}
o

AN
N
o

120000 160000 200000 240000 280000

Frames with spark Img#:

Fig. 15. Sparking in the presence of an optical fiber.

From frame 100000 to frame 180000, the distance between the fiber and the
electrode is decreasing; however, it is more difficult to initiate a spark. Not until the fiber
touches the electrode does spark initiation become easier than if there were no fiber. The
presence of the optical fiber may block the path for initial ions to move from one
electrode to another [12], thus hindering the initiation of spark. This effect may also play
some role for the droplets to some extent.

3.6 COMSOL simulation and discussions

To understand the mechanisms for the triggering process, analysis and simulation are
conducted. COMSOL software is employed to perform the electrostatics simulation of
the potential and electric fields. The effect of the presence of droplet, the distance
between the electrode and droplet, the size of droplet, and properties of the droplet are
studied.

3.6.1 Electric field enhancement with droplet

A 3-dimensional domain of 12-mm diameter area with two 100 pum wire electrodes (high
voltage wire at 3,000V and ground wire at OV) is calculated to understand the effect of
droplet presence. The electric field without droplet is shown in Fig. 16, with maximum
electric field strength of ~ 2.5x107 V/m. However, with a 20 pm water droplet 10 pm
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away from electrode, the maximum electric field strength can be enhanced up to ~5x10°
V/m in between the left electrode and the droplet, as shown in Fig. 16. The maximum
electric field strength on the right side of the droplet is also enhanced to 3.2x10°V/m.
The initiation of the spark by the presence of the droplet is attributed to this enhanced
electric field.

Fig. 16. Electric field without (left) and with 20 um water droplet (right), 10 um away
from electrode.

3.6.2 Enhancement change with distance between droplet and electrode

Electric field change with distance of droplet from the wire is studied, and the maximum
electric field is enhanced more as the 100um-diameter droplet gets closer to the wire (the
mesh are much coarser in this case), with the results are shown in Fig. 17. The maximum
electric field strength is about 3x107V/m when the particle is 50pum away from the wire,
which is close to the case without droplet. At 1um away, the maximum electric field is up
to 4.7x108V/m. Therefore, spark is likely to be triggered as the droplet gets closer to the
electrode.
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Fig. 17. Electric field with 100 pum water droplet 10 pum (left) and 1 um (right) away
from electrode.

3.6.3 Enhancement change with droplet size

The electric field along the axis between electrodes, for droplets of different sizes, is
shown in Fig. 18. The size of the droplet varis from 10 pum to 980 um, with a constant
distance of 10 um between the droplet and the electrode. The max electric field strength
existing in the small gap (from -500 to -490um in the figure) between the electrode and
the droplet increases with droplet size. However, the max electric field strength on the
right side of the droplet decreases as the size of the droplet increases. Furthermore, on
the other side, the initial ions are also blocked by the presence of a large droplet, and the
combined effect determines if a spark will be initiated.
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Fig. 18. Electric field with water droplets of different size.
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3.6.4 Enhancement change with different liquid

The different behaviors with water, methanol, and toluene are also studied with
COMSOL simulation. The dielectric constants are 1, 80, 32.7, and 2.38, for air, water,
methanol, and toluene, respectively. The electric field strengths for all cases are plotted
in Fig. 19. The maximum electric field strengths are 2.5x10°V/m, 7x10°V/m,
6.5x107V/m, and 3.7x107V/m for air, water, methanol, and toluene, respectively. The
enhancement factor of the electric field depends on the dielectric constant of the materials
in-between the electrodes. With high dielectric constant, such as water and methanol, the
electric field is greatly enhanced, and sparks can be triggered with the presence of such
droplets. However, for materials with the low dielectric constant, such as toluene, the
enhancement factor is not large enough. Furthermore, with quenching of the initial ions
on the surface of the droplets, the total effect could actually increase the spark threshold.
The simulation results are consistent with the experiments, giving insight into the
mechanism for triggering of the spark.
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Fig. 19. Electric field around the electrode (a) without droplet, and with a 100 pm
droplet 10 um away from electrode composed of (b) water, (c) methanol, and (d) toluene.

4 Conclusions

In this project, electric breakdown triggered by the presence of non-conductive droplets is
studied with experiment and simulation. The presence of droplets can lower the
threshold for breakdown by a large extent. There are several modes to trigger spark by
the presence of droplets: (1) electrospray from the deposited liquid on the electrode; (2)
single droplet repelled from the deposited liquid moving toward the opposite electrode;
(3) single droplet attracted to an electrode but then forming an electrospray; and (4)
presence of a single droplet very close to an electrode. The mechanism for triggering of
the spark is attributed to electric field enhanced by the presence of high dielectric-
constant liquid. The presence of materials in-between the electrode may also hinder the
spark because of the adhesion of the initial ions onto the surfaces of the droplets or
particles.
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