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Laser visualization of the flow of bubbles in a pulsed
streamer discharge in water

ntre for Plasma and Laser Engineering, The Szewalski Institute of Fluid Flow Machinery.,‘
Fiszera 14, 80-952 Gdansk, Poland

Abstract
pulsed corona discharge in water produces radicals and reactive species, such as O, OH
H>02, which can oxidize organic compounds to H2O and CO,. However, the pulsed corona
harge in water generates also shock waves and numerous bubbles, which contains water
r, oxygen, hydrogen and active species. In this work results of the laser visualization of
« zas bubbles flow in a needle-to-cylinder pulsed corona discharge reactor filled with distilled
‘er are presented.

i

~eyvwords: Pulsed discharge; Visualisation; Bubbles

. Introduction

“izh voltage pulsed discharges in water have been investigated for many years
i to its application [1-4]. The pulsed discharge in water is efficient in formation
- chemically active species such as OH, H, O, HyO5 and O3 (with or without air
© oxygen bubbling), which cause degradation of organic compounds contained
- water. Besides the chemically active species, the discharge generates ultravi-
=t radiation and shock waves, which also contribute fo the organic compound
gradation. The streamer discharge is accompanied with the bubbles formation.
e size and the velocity of the bubbles [5-6], and also rebounds of the bubbles
s a function of hydrostatic pressure, electrical energy and nature of the liquid [7]
1 be measured. Bubbles are filled with the gas, which presumably contains the
seous hydrogen, water vapour and oxygen.

“Corresponding author. E-mail: metel@imp.gda.pl
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The aim of our investigation was to show streamers and gas bubbles formatio
as well as motion of bubbles under the influence of electric field formed in th
streamer discharge (point-to-cylinder electrode system) in the reactor with 1 an
3 needles in distilled water. The gas bubbles were used as tracers for the lase
visualization of their flow.

2 Experimental setup

The experimental setup consisted of a reactor, DC power supply with a rotatin
spark gap switch, CuBr laser, optics for the laser beam formation, a CCD vide
camera for laser visualization of the bubbles and their flow and a photo-camer
for visualization of the streamers (Fig. 1).

CCD camera

Laser sheet Rotating

spark gap

CuBr laser

Telescope

C’v
T 00 power supply

£
Feactor

Figure 1. Experimental setup.
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Figure 2. Observation planes in the reactors (36 mm wide, 144 mm long and 120 mm high) wit
1 or 3 needles.
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“he pulsed positive discharge was generated between a stressed stainless steel
¢ electrode(s) and a grounded brass cylinder electrode (Figs. 1 and 2). Two

f needle arrangements were used: the first was equipped with one needle

wwirode, and the second — with three needle electrodes. The non-active part of

edle was covered with an insulator. The needle-cylinder spacing was 45 mm.

“lectrodes were placed in a glass parallel piped reactor (36 mm wide, 144 mm

¢ and 120 mm high), which was filled with distilled water. The conductivity

ter was 4 pS/cm.

sitive high voltage pulses were applied to the needle electrode(s) from a dis-

"ze capacitor Cy(2 nF) - Fig. 1. The capacitor was charged from a DC power

olv through a resistor R (10 k) and a capacitor Cy (22 nF). The amplitudes

‘tage and current pulse were up to 31 kV and 3 A respectively, with a pulse

2 up to 800 ws. Typical waveforms of voltage and current pulses recorded

2 the experiment are shown in Figs. 3 and 4. The pulse repetition rate of
“z was determined by the rotation velocity of a rotating spark gap switch.

1 needle

Voltage (kV)

3 needies

L

0 150 300 450 600 750 900
Time (us)

e 3. Typical waveforms of pulse voltage for pulsed streamer discharge at discharge voltage
of 25 kV.

A CuBr laser with yellow (578.2 nm) and green (511.6 nm) lines of an average
wer 1.5 W and repetition rate of 18 kHz was used for visualization of the flow in

reactor. The laser beam emitted by the CuBr laser was transferred into a laser
st by a cylindrical telescope. Images of the bubbles moving in the water were
corded by a CCD camera in the form of movies (Tab. 1). Visualization of the
ibbles flow in the water was performed in a few horizontal and vertical positions
¢ the laser sheet, crossing the reactor as shown in Fig. 2. For visualization of
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R OO

Figure 4. Typical waveforms of discharge current for pulsed streamer discharge at discharge

voltage of 25 kV.

100 200

300 400 500 600 700 800 900

Time (ps)

Table 1. List of movies.

| Lp. ] Movie

J

Laser sheet position

VerticalAlong1_ 3needles.avi
VerticalAlong2_ 3needles.avi
VerticalAcross1 _ 3needles.avi
VerticalAcross2_ 3needles.avi
Vertical Across3_ 3needles.avi
VerticalAcross4 _ 3needles.avi
Horizontall — 3needels.avi
Horizontal2_ 3needels.avi
Horizontal3_ 3needels.avi

10. | VerticalAlong_ Ineedle.avi
11. | VerticalAcross_ Ineedle.avi
12. | Horizontall _ Ineedle.avi

13. | Horizontal2_ lneedle.avi

14. | Horizontal3_ 1needle.avi

SOl A ST

passing through the needles

3 mm from the back wall

passing through the central needle

the middle of the needle-needle spacing
passing through the side needle

7 mm from the side wall

under the cylindrical electrode

the middle of the needle-cylinder spacing
passing through the needles

passing through the needle

passing through the needle

under the cylindrical electrode

the middle of the needle-cylinder spacing

passing through the needle

the streamers a CMOS photo-camera (Canon EOS 20D) with an aperture value

of 5.6 and a different exposure times was used.

3 Results

Typical images of the streamer discharge in water for 1 and 3 needle electrodes ar
presented in Figs. 6a—6¢ and Fig. 7, respectively. Figures 6a—6¢ show images takes

|
|
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‘th the photo-camera at the same voltage (28 kV) but with different exposure
nes. One can observe that the length of the streamers is similar in all cases.

“e number of pulses registered by photo-camera (Figs. 6a—6c) depends on the
posure time (Fig. 5): at the exposure time of 8 ms — one pulse (Fig. 6a) is
zistered, at the exposure time of 25 ms — one or two pulses (Fig. 6b) and at
= exposure time of 67 ms — three or four pulses (Fig. 6c) are registered. The
ameter of the streamer channel is about 0.5 mm (Figs. 6-7). Similar diameter
4-0.7 mm) values on the images of the pulsed streamer discharge in water
tained with the OH bandpass filter were recorded by Sun et al. [8].

E'y
one or more pulses catched
06-08ms on the image of the streamer
&ms e ot 2
25ms . x
- b
: » “
87 ms : o
T
0 20 40 &0 0 ms

zure 5. The number of discharge pulses registered by photo-camera at different exposure times.

During the discharge in water the gas bubbles were formed. According to
r results the bubbles contain gaseous hydrogen, and presumably oxygen and
ter vapor. The bubbles were produced near the needle electrode(s) and due to
vant and electrohydrodynamic forces the bubbles were moved upward towards
cylindrical electrode. Initiation of the bubbles production was observed at the
‘tage of 18 kV (for 1 and 3 needles).
The movement of the bubbles, easily seen with the naked eye, was recorded
ith the video camera. The movies showing the bubble flow in the water are listed
Tab. 1. It was found that in the streamer discharge with either 1 or 3 needles
¢ Increase in the current causes higher production of the bubbles upwards the
indrical electrode (VerticalAlong2_3needles.avi movie recorded for the plane 2
wn in Fig. 2e; VerticalAlong_ Ineedle.avi movie recorded for the plane shown
Fig. 2b) and a widening discharge region. When the current was decreased a
wer bubble production was observed. After turning the applied voltage off the
ibble production stopped.
The movies VerticalAlongl_3needles.avi and Horizontal3_ 3needels.avi (recorded
r the planes 1 and 3 shown in Figs. 2e and 2d. respectively) show that the dis-
iarge inception in the reactor with 3 needles is not simultaneous. It can be
used by a non-uniform charge distribution on the plate connecting all needles
d a breakdown through the covered insulator.
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Exposure time 8 ms

Exposure time 25 ms

Exposure time 67 ms

Figure 6. Streamer discharge in the water with 1 needle at voltage 28 kV with the dischars
current up to 3 A. Needle-cylinder spacing 45> mm: (a) the exposure time 8 ms:
the exposure time 25 ms; (¢) the exposure time 67 ms.
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Exposure lime 67 ms

cure 7. Streamer discharge in water with 3 needles at-voltage 30 kV with the discharge current

up to 3 A. Distance between the needles: 49 mm. Needle-cylinder spacing 45 mm.
Exposure time: 67 ms.

In this paper we present selected single images of the bubble positions during
lischarge in the water, extracted from the corresponding movies, with the
hes of the bubble flow trajectories deduced from the observation of the full

vie (Figs. 8-15). Each arrow represents the direction of the bubbles motion.

vies were recorded at the discharge voltage up to 31 kV, with the pulse current
to 3 A.

cure 8. Trajectories of the flow of bubbles in vertical plane along the reactor with 1 needle
deduced from the video movie VerticalAlong Ineedle.avi. The laser sheet passing
through the needle (Fig. 2b). The discharge voltage up to 31 kV, the discharge current
up to 3 A.

Figure 8 (based on VerticalAlong_Ineedle.avi movie) shows the bubble flow
jectories in the vertical plane along the reactor passing through 1 needle
z. 2b). It is seen that the bubbles flow stream was flowing from the needle
mity to the grounded electrode, and then at the left and the right side it started
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to circulate, forming bubble flow vortices. The vortices cause the water mixing in
the reactor volume and transport the bubbles back towards the discharge region.
Above the cylindrical electrode small vortices were observed.

Figure 9. The bubbles flow trajectories in the vertical plane 1 along the reactor with 3 needles
deduced from the video movie VerticalAlongl_3needles.avi. The laser sheet passing
through the needles (Fig. 2e). The discharge voltage up to 31 kV, the discharge current
up to 3 A.

Trajectories of the flow of bubbles in the reactor with 3 needles in vertical
plane along the reactor passing through the needles (plane 1 in Fig. 2e) are shown
in Fig. 9 (based on VerticalAlongl 3needles.avi movie). It is seen that flow pat-
terns of three bubble streams corresponding to each needle electrode were formed
The streams of bubbles moving from the needle electrode to the cylindrical elec-
trode were relatively strong. After coming to the cylindrical electrode the bubble
stream turned downwards, forming vortices on both sides of each discharge. The
downward bubble streams were weaker compared to the upward bubble stream
The vortices were smaller than in the reactor with 1 needle. It could be caused by
different currents (the discharge current of 0.2 and 0.4 A for 1 and 3 needles at
voltage of 25 kV, respectively) and a small spacing between the needle electrodes
They cause a relatively strong mixing of the water in the whole reactor volume.

In vertical plane along the reactor behind the needles (plane 2 in Fig. 2e
motion of the bubbles in the discharge direction was slow (Fig. 10, based o=
VerticalAlong2 3needles.avi movie). It is worth noting that the bubbles motios
between the streams directed downward was stronger than in the plane passing
through the needles (plane 1 in Fig. 2e).

The movement of bubbles in the vertical plane across the reactor with 1 needk
(Fig. 2c) is shown in Fig. 11 (based on VerticalAcross 1needle.avi). One may ses
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o5

zure 10. The trajectories of the flow of bubbles in vertical plane 2 along the reactor with 3
needles deduced from the video movie VerticalAlong2_ 3needles.avi. The laser sheet
3 mm from the back wall (Fig. 2¢). The discharge voltage up to 31 kV, the discharge
current up to 3 A.

¢ the bubbles moved in the relatively wide streamn upward, then they passed
rough a narrow gap between the reactor wall and the cylindrical electrode,
sming small vortices above it, and then they faded.

In the reactor with 3 needles the vertical observation plane across the re-
r was located in four places (Fig. 2f). Two of the planes were passing
rough the needles, the middle (plane 1 in Fig. 2f) and the side one (plane 3
Fig. 2f). The motion of the bubbles towards the cylindrical electrode (Fig. 12a,
tracted from VerticalAcrossl 3needles.avi movie; Fig. 12b, extracted from Ver-
alAcross3_ 3needles.avi movie) was similar to that in the reactor with 1 needle
“ig. 11), however there were vortices formed right next to the side walls under
«© cylindrical electrode. In the plane between the needles (plane 2 in Fig. 2f ) the
ibbles moved downward and from the regions near the side walls to the reac-
r center (Fig. 13a, based on VerticalAcross2 3needles.avi movie). In the plane
‘aced near the side wall (plane 4 in Fig. 2f) the bubbles also flowed downward,
wever a higher velocity than in the plane 2 between the needles was obtained
Fig. 13b, based on VerticalAcross4 3needles.avi movie).

In the horizontal plane close the cylindrical electrode in the 1-needle reactor
plane 1 in Fig. 2a) the bubbles pushed up from the needle electrode were dispersed
svmmetrically to the reactor walls (Fig. 14a. based on Horizontall _Ineedle.avi
novie). In the corners of the reactor small horizontal vortices were observed. For
-needle reactor the horizontal movement of the bubbles around each needle elec-
‘rode in the plane 1 (Fig. 2d) looks similarly to that of 1-needle reactor (Fig. 15a,
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Figure 11. The trajectories of the flow of bubbles in vertical plane across of the reactor =i
1 needle deduced from the video movie VerticalAcross_ Ineedle.avi. The laser st
passing through the needle (Fig. 2c). The discharge voltage up to 31 kV, the dischasas
current up to 3 A.

Figure 12. The trajectories of the flow of bubbles in vertical planes across the reactor with =
needles (Fig. 2f): (a) the laser sheet passing through the central needle, plane ?
(extracted from the video movie VerticalAcrossl 3needles.avi); (b) the laser sheet
passing through the side needle, plane 3 (extracted from the video movie Verti-
calAcross3 _3needles.avi);. The discharge voltage up to 31 kV, the discharge current
up to 3 A.
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cure 13. The trajectories of the flow of bubbles in vertical plane across the reactor with 3
needles (Fig. 2f): (a) the laser sheet between the needles, plane 2 (extracted from
the video movie VerticalAcross2_3needles.avi); (b) the laser sheet 7 mm from the
side wall, plane 4 (extracted from the video movie VerticalAcrossd _3needles.avi).
The discharge voltage up to 31 kV, the discharge current up to 3 A.

zure 14. The trajectories of the flow of bubbles in horizontal plane of the reactor with 1 nee-
dle (Fig. 2a): (a) the laser sheet under the cylindrical electrode, plane 1 (extracted
from the video movie Horizontall 1Ineedle.avi); (b) the laser sheet in the middle
of the needle-cylinder spacing, plane 2 (extracted from the video movie Horizon-
tal2_ Ineedle.avi); (c) the laser sheet passing through the needle, plane 3 (extracted
from the video movie Horizontal3 _Ineedle.avi). The discharge voltage up to 31 kV,
the discharge current up to 3 A.
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based on Horizontall _3needels.avi movie).

Regardless of the number of needles in the reactor, in both horizontal plane:
the apparent difference occurs in the middle between needle electrodes, i.e. placec
in the middle of the reactor (planes 2, Fig. 2a and 2d) and placed close to th
needle tip(s) (planes 3, Fig. 2a and 2d) the bubbles moved in the needle direc
tion. No vortices were observed in the planes 2 (Fig. 2d) and 3 (Fig. 2a an
2d) close to the needle tip(s) (Fig. 14c, based on Horizontal3 1needle.avi movie
Fig. 15b. based on Horizontal2 3needels.avi movie; Fig. 15¢, based on Horizon
tal3_3needels.avi movie). Only in the corners of the plane 2 in Fig. 14b (base
on Horizontal2 1needle.avi movie) small vortices were observed.

Figure 15. The trajectories of the flow of bubbles in horizontal plane of the reactor with
needles (Fig. 2d): (a) the laser sheet under the cylindrical electrode, plane 1 (&
tracted from the video movie Horizontall 3needels.avi); (b) the laser sheet in &%
middle of the needle-cylinder spacing, plane 2 (extracted from the video movie H&
izontal2 3needels.avi); (c) the laser sheet above the needles plane 3 (extracted frow
the video movie Horizontal3 3needels.avi). The discharge voltage up to 31 kV, &%
discharge current up to 3 A.
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£ Conclusions

‘he experiment was focused on the formation and movement of the bubbles in
= streamer discharge in the reactor filled with distilled water.

We observed that the bubble flow from the needle tip towards the cylindrical
<trode is the stronger stream. Under the cylindrical electrode vortices appear,
ich transport scattered bubbles back towards the discharge region(s) and they
se mixing the water in the whole reactor volume (Fig. 16). During the dis-
irge the whole reactor volume is filled with the bubbles and some of them was
ng out to the water surface.

e 16. The sketch of the 3-dimensional movement of the bubbles in the reactor with one
needle.

We found that the bubbles production and the stréamer size increased with
reasing applied voltage, regardless of the needle electrode numbers. However,
-needle reactor more gas bubbles were produced than in the reactor with single
e probably due to higher currents (0.4 A and 0.2 A for 3 and 1 needle(s) at
voltage of 25 kV, respectively) and higher number of the generated streamers.

ved 10 November 2006
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