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:iLI_Ą NItrTEL-, ,]ANUSZ PODLIŃSKI, NIIROSŁAW DoRS antl JERZY NIIZERACZYK

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

,:.':re for Plasma arrd Laser Engineering, The Szer,valski Irrstitirte of Flrri<] Florł- lIachinerv,
Fiszera 14, 80-952 Gdańsk, Pola,nd

Abstract' 
" Prrlsed Corona clisclrarge in water produces radicals arx] reactive species, such as O, OH
: H2O2, w'lrich can oxiclize organic cornpourrds to HuO and COz. Ho.1vever, the pulsed corona

,. liarge in water generates also shock waves arid numerolls brrbbles, wlric}r contains rvater
:,-,I. oxygen, liydrogen and active species, In tlris work results of t}re 1aser visualizatiorr of
* _:as bubbles flow irr a needle-to-cylinder pulsed corona discharge reactor filled with distilled

, :::r are PreSented.

,.ęr,words: Prrlsed dischargel Visualisation: Bubbles

Introduction
--.:ir voltage pulsed disclrarges in water have beetr investigated for nrany years
, "t to its application [1-aj. Tlre pulsed disclrarge in water is efficient in fornration
_ ,llrelnically active species suclr as OH, H, O, H2O2 and 03 (with or witlrout air
; oxł-gen brrbbling). wlriclr cause degradation of organic conrpounds corrtained
, rvater. Besides tlre clrenrically active species. the discharge generates ultravi-
,:t radiation atrd shock \Ą,aves. which also contribute To the organic compound
'gradation. Tlre streamer discharge is acconrpł,rrriecl rvitlr the brrbbles forma,tion.

-:re size and tlre velocity of tlre btrbbies [5-6], and also reboutrds of tlre brrbbles
. a function of lrydrostatic pressure. electlical enelg_y and nature of tłre liquid [7]
-tr be nreasured. Brrbbles are filled u,itlr tlre gas. rviriclr presutnably contains the
lS€oUS hydrogen, water vapoul and oxr-gen,

-Corresponding author. E-nrail: rrietel@inrp.gda.p1
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Tlre ailrr of otrr irn-estigatioll \\:as to slrow streamers and gas brrbbles forrnatio
as rr-ell a,s rnotion of birbbles rrrrder the irrflrrence of electric lield forrrred in th
stlearller disclrarge (poirrt-to-cylirrder electrode systenr) in the reactor witlr 1 an

3 rreedies ilr distilled water. The gas bubbles were used as tracers for the lase

r-isrta]izatiorr of tlreir flow.

2 Experimental setup

Tlre experinrental setup consisted of a reactor, DC power supply rvith a rotatin
spark gap switch, CuBr laser, optics for the laser beam forlnation, a CCD vide

can]era for laser visrralization of tłre bubbles and their flow and a photo-camer

for visualization of the streanrers (Fig, 1).

B* p$w€r §uppi}

Figure 1, Experimental setup,
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Figure 2. Observation planes in tlre reactors i36 nurr rvide. 144 rnrrr long and 120 mnr lriglr) wil
1 or 3 needles.
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Laser visualization the flow of bubbles in a pulsed streamer discharge in water

The Pulsed positive discharge v/as generated between a stressed stainless steel
electrode(s) and a grounded brass cylinder e]ectrode (Figs. 1 and 2). Two

of needle arrangements wele used: the first was equipped with one need,le
and the second - with three needle electrodes, The non-active part of
was covered with an insulator, The needle-cylinder spacing was 45 mm.

dectrodes 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

was 4 pńlcm.
hsitive high voltage pulses were applied to the needle electrode(s) from a dis-

capacitor C1(2 nF) - Fig. 1. The capacitor was charged from a DC power
through a resistor R (10 kf)) and a capacitor C2 (22 nF). The amplitudes

and current pulse were up to 31 kv and 3 A respectively, with a pulse
up to 800 ps. Typical waveforms of voltage and current pulses recorded
the experiment are shown in Figs. 3 and 4. The pulse repetition rate of

Dz was determined by the rotation velocity of a rotating spark gap switch.

3. TYPicaI waveforms of pulse voltage for pulsed streamer discharge at discharge voltage
ol25 kV.

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

reactor. The laser beam emitted by the CuBr laser was transferred into a laser
by a cylindrical telescope. Images of the bubbles moving in the water were

by a CCD camera in the form of movies (Tab. 1). Visualization of the
flow in the water was performed in a few horizontal and vertical positions

9y
o
cD
(§

9

the laser sheet, crossing the reactor as shown in Fig. 2. For visualization of
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Figure 4. Typical waveforms of discharge current for pulsed streamer discharge at d
voltage of 25 kV.

Table 1. List of movies.

Lp. Movie Laser sheet position

1.

2,

4.
5.

6.
7.

8.

9.

10.
11.

L2.
13.

14.

VerticalAlong 1 _ 3need]es.avi
VerticalAlong2_ 3needles.avi
Vert icalAcross1 - 3need les.avi
VerticalAcross2 _ 3needles.avi
VerticalAcross3 - 3needles. avi
Vertical Across4 _ 3need les.avi
Horizontal1_ 3needels.avi
Horizontal2* 3needels,avi
Horizontal3_ 3needels.avi
VerticalAlong- 1needle.avi
Vertica] Across _ lneed le,avi
Horizontal1- 1needle,avi
Horizonta l2_ 1 needle.avi
Horizontal3_ l needIe.avi

passing through the needles
3 mm from the back wall
passing throrrgh the central nećdle
the middle of the needle-needle spacing
passing through the side needle
7 mm from the side wa]l
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 tlre needle-cylinder spacing
passing through the needle

the streamers a CMOS pŁoto-camera (Canon EOS 20D) with an aperture
of 5.6 and a different exposure times was used.

3 Results

Tvpical images of the stleamel discharge in łrrater for 1 and 3 needle electrodes

3
o
9
5

(.)

Tirrr(p)

presented in Figs. 6a-6c and Fig. 7, respectively. Figures 6a-6c show images
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l'--ir the Plroto-camera at the same voltage (2B kV) but witlr different exposure
--.lS. One can observe that the lerrgtlr of the streamers is similar in all cases.*._;j 

llulnber of pulses registered by photo-camera (Figs. 6a 6c) clepends orr the
"-:l,JsLlIe tinre (Fig. 5): at tlre exposure time of B rns, one pttlse (Fig. 6a) is
,._stered. at tlre exposure tirne of 25 ms - one or two pulses (Fig. 6b) atrcl at
--, exposure time of 67 ms tlrree or four pulses (Fig, 6c) are registered. Tlre
-.:treter of the streamer cha,nnel is about 0.5 mm (Figs. 6-7). Similar diarrreter
= 0.7 mm) values on tlre images of t}ie pulsed streamer disclrarge in water
-aitred witlr the OH barrdpass filter were recordecl by Surr et al. [B].

.'::e Ó. Tlre rrurrrber of discharge pulses registered by photo-camela at clifferent exposure tinres.

Dtrring the disclrarge irr wa,ter the gas bubbles were formed. According to
_- resrtlts t}re bubbles contain ga,seous hydrogen, and presunrably oxygen ancl

] ,-'f vaPof. The bubbles rvere produced near tłre needle electrode(s) arrcl due to
. ',-atrt and electro}rydrodynarnic forces the bubbles were moved upward torvards

crlirrdrical electrode. Irritiation of tlre brrbb]es production was observecl at tlre
.:age of 18 kV (for 1 arrd 3 rieedles).
Tlre nrovemerrt of tlre bubbles, easily seen witłr t}re rraked eye. was recorded

l l-:l tlre video camera. The rrrovies slrowirrg the bubble flow itr the wa,ter are listecl
l: Tab. 1, It was founcl that irr the streatrter discharge u,ith eitłrer 1or 3 neeclles
l,-- increase in the currerrt causes lriglrer production of the bubbles upwards the
,-rrdrical electrode (VerticalAlorrg2-3needles.avi nrovie recordecl for the plarre 2

,..rr iri Fig. 2e; VerticalAlorrg-lneedle.avi tnovie recorded for tlre plane shown
L, Fig. 2b) and a widening discharge region, \,Vherr tlre current was clecreased a
r;er bubble production was observed. After turning the appliecl voltage off tłre
:ilble productiorr stopped.

Tlre nlovies \retrticalAlong1-3rreedles.avi and Holizonta13_3needels,avi (recorcled
: the planes 1 arrd 3 s]rown irr Figs. 2e and 2d. respectivel.y) slrow that tlre clis-

,-lrge inception in the reactor witlr 3 needles is trot sirrrultatreous. It carr be
'lrsed by a non-uniform cliarge clistribution on tlte plate connectirrg all needles

,:_,1 a breakdorvn throug}r the covered insr_tlator,

0n* sr lfiOre pill§*§ calćhefl
on łh€ im§s€ Bf thę §tr€am8r
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Streanrer discharge in tlre water rł.ith 1 needle at voltage 28 kV with t}re disc
current up to 3 A. Needle-c),lirrder spacirrg .l5 mnr: (a) the exposrrre time 8 ms: i

tlre exposure tinre 25 ms; (c) the exposrtre tinre 67 rns.

F'igure 6.



Laser visrralizatiorr the flow of bubbles in a prrlsec1 strearner <iisc]

,:e 7, Streamer discharge in water with 3 rreeclles at,voltage 30 kV r,l,iih the discharge crrrrent
uP to 3 A. Distance betrł'een the needles: ,19 nrrrr. Needle-cvlirrder spacing .tr5 mlrr.
Exposure tinle: 67 ms,

-:i tlris PaPer we Presel]t selected single images of tłre bubble positions during
ii,ccllarge in the water. extractecl fi,om tlre conesponding rnovies, witlr the-'hes of the łlrrbble {low trajectories decluced fronl tite observatiorr of the frrll

-t (Figs, B-15). Each arrow repl,eserrts the direction of the łlrrbbles ntotion,' 
'es rvere recordecl at the discltalge voltage rrp to 31 kV, r,vith the pulse current-,3A.

^:e 8, Trajectories of the florł' of brrbbles in vertical plane along the reactcrr rvit}r 1 needle
cleduced fronr tlre video nrovie VerticalAklng_ 1rreeclle.avi. Tlre laser sheet passing
througlr the needle (r'ig. 2b). The discłralge voltage rrp to 31 kV, the disclrarge current
upto3A.

Figrrre B (based otl VerticalAlorlg- llree.clle.avi rrrovie) slrows tlre bu|lble florv
'ectories irr tlre verticaI plarle alorrg tlre reactot, passit}g tlrrouglr l rreeclle
. 2b). It is seen that t}re brrbbles florr. stteattr rr.as flolł,itrg from the rreedle
:iitY to tlre grorrnclecl electrocle, and tlrel] at tlre left anc1 tlre riglrt sicle it startexl



E. l\Ietel, J. Podliński. \L Dors and .I. \Iizeraczvk

to cilcrt]ate. forming bLrbb]e flow vortices, Tlre voltices cause tl]e water mixing in

tłre reactor volun}e and transport the brrbbles back towards tlre discharge region.

_Ąllove tlre cylindrical electrocle smali vot,tices were obselved.

Figrrre 9. T}re 'brrbbles flow trajectories in the vertica1 plane 1 along tlre reaćtol rł,ith 3 needle:

decluced fl,r_lrn the video rnovie VerticalAlorrgl-3rreedles.avi. T'ire laser slreet passin:
tlrrorrgh the needles (Fig. 2e). Tlie discllarge voltage rrp to 31 kV, the discharge cllllelr:
upto3A.

Tra,jectories of the flow of bubbles in the l,eactor with 3 neeclles in vertica_

piane along the reactor passing tlrrougłr tire needles (plane 1 in Fig, 2e) ale slrorrr
irr Fig. 9 (based on VerticaiAbng1_3rreedles,avi movie). It is seen that florv pat-

terlls of tlrree brrbble streams correspondirrg to each needle electrode were formec
Tlre streans of bubbles nroving frottr tlre needle electl,ode to tlre cylilrdrical elec-

trode ił,ele relatively strong. After cornirlg ttl the cylindrical eiectrode the bubb].
stl,eal}r tltrned downwards, forrrrirrg vortices on both sides of eaclr disclrarge. Tli.
clorr-rrrł,ard bubble strearl}s were \Ąreaker conrpared to tire upward bubble streal]_

Tlte voltices \^reTe smaller than in tlre reactor witlr 1 needle. It could be caused l.,'.

cliffererrt crtrrerrts (the disclrarge ct.rrrerrt of 0.2 arrd 0,4 A for 1 and 3 neeclles a:

voltzrge of 25 kV, respectively) and a sn]ail spacing between the rreed]e electrode.
Tlre1,- cause a lelatively strolrg rrrixirrg of tlre watel irr the whole reactol vo]ulrre.

In vertical plane along the reactor behind the needles (plane 2 in F'ig. 2e

l}lotioll of t}re brrbbles in the discharge direction \Ą/as slow (trig. 10, based o:
Yel,ticaIAIong2*3rreedles,avi lrrovie) , It is rvortlr rroting tlrat tlre llubbles n}otit,:_

lletlr-eerr tlre streanrs directed dowtrwald r,vas strotrger thatr in t}re plane passit:.
tlrrouglr the rleedles (plane 1 irr Fig. 2e).

Tlre moverrrent of brrbbles irr tłre l.ertical platre across tlre reactor with 1 lreedj.

(Fig. 2c) is slrown in Fig. i1 (based on \-erticalAcross_lneedie.avi). One nray se
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- -:e 10. The trajectories of the Ilolv of llrrbbles in vertical plane 2 along the reactor rvitti 3
needles cledrrced frorrr the vicleo nrovie VerticalAlong2_3lreeclles.ar.i. The laser slreet
3 mnr from the }lack wall (Fig. 2e). The clischarge r.,oltage rrp to l31 kV, the discharge
cttrrent rrp to 3 A.

- the butlbles nrovecl irr tlre relatively r,vide streatn Llpward, therr tlre1, passed
- ,llgh a narTow gap between tlre reactor wall ancl tlre cylirrclrical electrocle,
]::]il]g srnall vortices a,bove it, arrd thelr tlrey facled.

in tlre reac]tor with 3 tleedles tlre vertical observation plalre across tlre re-
-,l,\yas located in four places (Fig. 2f). Two of the planes rł,ere pa,ssitlg
- ,Llgh the needles, the middle (plane 1 in Fig. 2f) and the sicle one (plarre 3
Fig. 2f). Tlre nlotiori of the brrbbles towards tlre cvlindrical electrocle (Fig. 12a,

.-:'trcted fronr VerticalAcross1_3needles.avi rnovie; F'ig. 12b. extractecl frorrr Verr
'.]-\cross3_3rreedles.avi novie) rvas similar to t}rat in tlre reactor with 1 neeclle

-,,,]. 11). lrorvever there rłlere vortices forulecl riglrt next to t}re sic_le r,valls uncler
cl'lirrdrical electrode. In the plane betweetl the needles (plane 2 irr Fig. 2f) the

.-,l;ies rrroved downward anc1 fronr t}re legiotrs near tlre sicle walls to tlre r.eac-
: cetiter (F'ig. li}a, based on VerticalAcross2_3needles.avi rllovie), In tlre plane
1CeCl near tlre sicle wall (plarre ;1 in Fig, 2f) tłre bubbtes also flowed clowrru,arcl,
-,\'e\rel a irigher velocity than in the plane 2 betweerr the needles was obtained

: _g. 13b, based orr VerticalAcross.l*3lreedles.avi lnovie).
lrr the łrorizontal plane close t}re c1,|it16|1ica,1 electrode irr tlre l-needle reactor

,iane 1 irr Fig. 2a) the bubbles puslrecl itp frcltrt tlle needle electrode were disilersecl
,-trrrrretrically to tlre reactor walis (Fig. 1-1a. łlasecl on Hclriz<lntal1_lneedle.avi
--llyie). In the corners of tłre reactor srrrall irolizotlta1 r,cu,tices \Ą€le observet1. For
-rleed]e reactor tlie lrorizontal rtroverrlent of t]re łllrll}lles arortrrcl eaclt neeclle elec-
:,lc'le in tlre plarre 1 (Fig. 2d) looks sinilar]r,to tlrat of 1-rreeclle reactor (Fig. 15a,
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Figrrre 11 . The trajectories of the flo,1v of bubbles in vertical plane across of the leactol
1needle dedlrced iiorrr tlre vidco niovie VerticalAcross_lneeclle.avi. 'I1re laser:
passirig tlrrough tlre rleedle (Fig, 2c). Tlre disclrarge voltage rrp to 131 kV, tlre disci-

culrel}t up to 3 A.

Figrrre 12. The trajectories clf the flow of bubllles irr vertical planes across tłre reactor lvitlr l,

needles (F'ig. 2l): (a) the ]aser slreet passirlg tlrrotrgh tlre cerrtra] needle, piarie _

(extracted fronr tlre video rriovie Yertical_\closs1 3needles.avi); (b) tlre laser slree;

passing tlirorrgłr tlre side lieetlle. plane.3 (extracted frorrt the vicleo rnovie Vert:-
calAcross3 3lreedles.avi);. Tlre disclraree vc,lttrge up to 31 kV, tlre clischarge cltrrer1]

upto3A.
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The tra.jectories of t]re flow of bublrles in vertical plalte across tlre reactor with l]
rreeclles (Fig. 2f): (a) the la,ser sheet betrveerr tlre neetlles, plane 2 (extracte<1 frorrr
the videtl movie VerticalAcross2_3needles.avi); (l;) the 1aser slreet 7lrrnr fronl the
sicle rł'a11, Plane 4 (extracted fronł tłre video rnovie VerticalAcross,] 3neec_lles.avi).
The discharge voltage rrp to 31 kV, the discharge clirrerrt rrp to 3 A.

'i: 1 ł, Tlle tra.iectorir:s of the flow of brrbbles in hclrizorital plalre of tlre reactor with 1 lree-
dle (Fig, 2a): (a) t}ie laser sheet rtricler the c.vlin<lrical electrtrcle, plane 1 (extracl,ecl
1'rorlr tlre vicleo rrrovie Iltlrizorltal1 lncedle.ar.i); (b) tIle laser shelet irr tlte nriclt]le
of 1,lie lleedle-c.i'lilldel'sPacing, pLarrc, 2 (extracte<l lir,lrri tlre vicleo lnovie Iltlrizon_
tal2-1lreetl]e.avi); (c) tlre laser sheet passirlg thlortgll tlre rrcedle, plane 3 (extractecl
frorn the vicleo ni<lvie llorizontall3 llieeclle.avi). 'l'lic <lis<:lrarge r,oltage rrp to 31 kV,
1lla tlisclrarge current rr1l to 3 ,\.

13.
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based on Horizontall 3needels.avi movie).

R,egardless of the nuillbel, of needles irr tire leactort in both horizontal planel

the apparent difference occurs irr tlre rrriddle between needle electrodes, i.e. placec

irr tire middle of tlre reactor (planes 2. Fig. 2a and 2d) and placed close to tlrł
lreedle tip(s) (planes 3, Fig. 2a and 2d) the bubbles moved in tlre needle direc

tion. No vortices were observed in the planes 2 (Fig. 2d) and 3 (trig. 2a anc

2c1) close to the needle tip(s) (Fig. 14c, based on Horizontal3_1rreedle.avi ntor.ie

Fig. 15b. based on Horizontal2_3needels.avi movie; Fig, 15c, 
-based 

on Horizoll
tal3_3needels,avi movie). Olrly in tlre corners of the plane 2 in Fig. 14b (ba_*a

on Horizontal2_1needle.avi nrovie) snrall vortices were observed.

Figure 15, The trajectories of the flow of bubbles in horizorrtal plane of the reactor with i

needles (Fig.2d): (a) tlre laser sheet under tlre cylirrdrical electrode, plane 1itn
tracted fronr the video movie Horizontal1_3needels.avi); (b) tlre laser slreet in ttl
nliddle clf the rreedle-cylinder spacing, plane 2 (extracted froru tlre video movie H,_m

izontal2_3rreedels.avi); (c) the laser slreet abor-e the rreedles plane 3 (extracted frim

the vicleo tnovie llorizonta13_3needels.avi), Ilre discharge voltage up to 31 k\l. tm

discharge currerrt rrp to 3 A.



streamer discharge in water

conclusions

, experiment was focused on the formation and movement of the bubbles in
streamer discharge in the reactor filled with distilled ;r;;;
lve obser,ed that the bubble flow from the needle tip towards the cylindrical
trode is the stronger 

:tre?m. Under the cylindri"* 
"j""iroa" 

vortices appear,
transport scattered bubbles back towards the discharge region(s) urrd-th"y
mixing the water in the whole reactor volume (Fig. 16). buring the dis-
the whole reactor volume is filled with the bubbles and some of them was

out to the water surface.

16, The sketch of the S-dimensional movement of the bubbles in the reactor with oneneed]e,

)edle reactor more gas bubbles were produced than in tlre reactor with single
, probably due to higher:Tr"nl: (0 4 A and 0.2 A for 3 and 1 needle(s) atmltage of 25 kV, respectively) and hĘher number 

"f 
th" 8;;;;;.;Jil;fi:
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