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}I_łRIUSZ .IASIŃSKI-, MARCIN GOCH, ZENON ZAKRZEWSKI, .'ERZY MIZERACZYK

Microwave microdischarges of low-power at
atmospheric pressure

Centrc for P]asma and Laser Engineering, The Szewalski lnstitute of Fluid-F]ow Machinery,
Polish Academy of Sciences, Fiszera 14, 80-952 Gdańsk, Po]and

Abstract

r6on and neon at atmospheric pressure. The source consisted of a cheap 2.45 CHz microwave
rygnetron generator and 50 f,) coaxia] line terminated with a simple coaxial plasma applicator.
The new microwave source of microdischarges operated stable in the form of a small piasma
fi6 at absorbed microwave powers of 9-80 W and gas flow rates of 0.5 25 l/min. The length
,nd diameter of plasma jets were 1.5-14 mm and 0,5-1.5 mm, respectively, depending on the

of8as, gas flow rate and microwave power absorbed by the discharge. The temperature of
y'asma jets could be changed from 30"C to 1200"C by changing the gas flow rate or/and

!Ll] -1015 cm-3, depending on the discharge conclitions.

rords: Microwave discharges; Microplasma; Atmospheric pressure microplasma

Introduction

§mt,adays, there is a growing interest in microplasma sources. There are many dif-
fuent factors defining the usefulness of microplasma: economics, portability, easy
to l§e, less operation costs and small size, Microdischarges at atmospheric pres-
nrre, having dimensions in the range from pm to mm, find practical applications
in various fields such as gas cleaning systems, microweldirrg, surface modification
[t|. tight sources (visible [2] and UV sources [3]), atonric spectroscopy system

ilł- 5] They can also find the use in the biomedical applications such as steril-
fuation of rnedical instruments and bio-MEM's [6, 7], high-precision surgery [Ę-

lsgg.

*Corresponding author. E-mail address: mj@imp.gda.pi
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cells treatment and deactivation of bacteria and viruses [9]. There ale few types
of nricroplasma souTces: microhollow cathodes dc discharges [10, 11], dielectric
barrier discharges [12, 13], RF discharges [14], and microwave discharges [15].
N{icrowave excited microplasmas feature long lifetime and simplicity cornpared to
other microplasma systems.

In this paper we present a microwave excited soulce of microdischarges in
argon and neon at atmospheric pressure. The main advantage of the presented
microwave source is its simplicity and low cost. The simplicity of the device and
stability of the microdischarge jet allow for the concludirrg that the microwave
microdischarge source can find practical applications in various fields mentioned
above.

2 Experimental setup

Figure 1 shows the essential components of the experimental setup. It consists of
a microwave magnetron generator Q.a5 GHz), microwave power nreasuring sys-
tem (directional coupler, incident and reflected power rrreters), microwave coaxial
plasma applicator and gas flow control system. The microwave components were
connected with coaxial cables (50 O),

Figure 1. Diagram of the experimental setup.

In our investigations either argon or neon at atmospheric pressure were used
as a working gas. The gas flow rates ranged from 0.5 to 25 l/min, The discharges
were sustained at 2.45 GHz with an absorbed microwave power from 9 to B0 W.
The sketch and photo of the coaxial applicator are shown in Figs, 2a and b. The
structure ofthe applicator was based on the coaxial line and consisted ofa copper
wire (@ : 1 mm) with a sharpened tip confined with a polyamide tube (the inner
diameter ID : 4 mm, the outer diameter OD : 6 mm). The lengths of the
copper wire and the surrounded polyamide tube were the same. The applicator
was connected with a coaxial cable by using N-type connector.
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Apart fi,olrr tlris tnatchilrg. l}o othel itnpedance n]atciling circuits wele used in tire
presettted trriclonave systeu}. Tlre tettlperatllre of tlte plaslna jet wtrs n}easuled
at its ttlp łlv rrsing a tlrernrocouple, Tlre electrcrrr ilerrsity was estirnatecl {i,orrl the
Stark broadelring of tlle Hg etrrissiorr spectral lirie (.186.13 nrn). A snrail anrount of
rłlater vapour (about 0.1 % r,o1.) was aclded to tlre gas flor,v to obtairr a detectable
irrtelrsity of H3 elnission line. This metlrod rvas describecl in details irr [16],

3 Results

The area of stable operation in argon and neon is depictecl in Fig. 4. The nrirlinlurn
absorbed trricrowave powel, ensut,itrg a stable nricroplasnra jets was about 9 W.
Tlre ailsolbed tnicrorval,e powers higłrer tlran B0 w arrd tlre gas flow rates higher
tlran 25 l,,,'rnin seetrr to be useless for tlre generation of tlre nricroplasnras,

Ilrfluence of tlre gas flow rate ort tire refiectiotr coeflicient PRlPI (where P6 is
tlre reflected rrliclowzrve powel alrd P7 is the irrcidetrt rrricrowave power) for argon
and lreon is shovu,n in Fig, 5. We can see tlrat the reflecticlrr coefficierrt is relatively
}o,nł, and alnrost corrstant irr tlte lvide lange of gas florł, rates.

p, ,,,5tj \!,
e,fu
, it{

|l i lł li ?{J :5

Q t 1,1nin3

Figrrre -1. The area of stable microdisclrarge Figure 5. Influerice of the Ar ancl Ne florł.
tlperatiotr in argrin ancl rrecllr. rates Q on the reflection coefficierrt

PalPt,

Figrrles 6a arrd b slrow tlre reflection coefficient Pąf P1 as a function of in-
ciclettt trricrolvave po\\€l, for differerrt Al (a) atrcl Ne (b) flow rates. It is seen
tlrat tlre rel]ectiotr coellicient is aitnost irrdeperrdent on tlre discharge corrditions,
Figrrres 7a arld b sllorł, tlte telrrperattlre on the top of the plasna jet as a furrctiorr of
absor,]lec] ttlicrolt,i]t,e power for diff'erent Ar (a) arrd Ne (b) flou, l,atesl respectively,
TIre plastrta terriperatrtle of argon nricrodisc}rarge is about 1.25 tinres higlrer tlran
the tetlrpelatrtre of lreotr rłricrocliscirarge.
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we can control the plasma temperature by changing the gas flow rate and
ńP absorbed tnicrowave powel. \,Vhen the gas flo.r"-.aie in"ńases andlor the
rbsorbed microwave powel decreases, the plasma temperature decreases, The gas
tmnperature measured on the top of the plasma jet ranged from 30"C to l200oC.
The vride range of microplasma temperature expands the range of microwave
nicroplasma applications.

As shown in the Fig. 8, the microdischarge source can be applied for treatment
of a skin.

The microplasma jet appearance for different gas flow rates are presented in
rigs. 9 and 10. The microplasma iets resemble a candle flame with two distinct
mneS
sions
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: an inner core and an outer shell. According to Figs. 9 and 10, the dimen-
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Microwave microdischarges of low-power at atmospheric pressure

The electron density n" depends on the gas flow rate and microwave power as
shourn in Figs. 11a and b. When the absorbed power increasing, the electron
density increases ranging from 7 . 1014 to 1,1 1015 cm*3 at a'gon and from
3 - 1014 to 5.5 . 1014 cm-3 at neon. With increasing gas flow rate, the level of
detron density increases. The electron density in argon microdischarges is about
tro times higher than in neon.
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\\ e ploposecl a nretlrcld of microplasl]]a gelrel,Ł]tiolr based ol1 l])rrlti-nicrodisclrarg.
>ul1l,ce (Fig, 12) at atrnospireric presstrre, Tlre nrrrlti-rlricrodischarge lr}icrowave
sutll,t,e] consists of a glirss cylirrder, wilich colrtaitts f'ew rreedles and a urovable
lrlł,tal plrrrrger terrrritratecl rvith a glass plate. Figure 1l] arrd 14 preserrt rrricrowave

tltu,lti-ttiicrodisclrarges in at,gon ancl treon, respectivel1,. Iri this case the distance
lletn.een needlcs anci plungel,\Ąras about 1 rrrrrr,

Figure 13. 'lhe plrtito of tiie rrrulti-lrlicrodischarge in Ar. Argorr florv rate Q - 4 ]"min. ailsorbed
nlicrrltł,ave ptxver Ę6' - 20 W.

Frgrrle lJ. Tlre photo of the rnrrlti-rlricroclisclrarge irr Ne. Nąln flolv rate Q : 4 1i'nrin, absorbecl
nlicrolł,ate pt_llver Ę6.. : 20 \V.

,1, Conclusion

Tlre tltict,opltrsrrra solll,ces discussed in this papel are sinrple arrd clreap, Tlre
pal,Ł,tl})etel,s (clirrrensiorrs. tenrperature, electrol] tlensity) of tlre lrricroplastrra jets

catt }le clrarrgecl itr a lvicie la,llge, 'Ihis srrggests that tlte presenter] nricrodischłrrge
soLlt,ces c,att 1itrd practical applicatiorrs in vtrlitlrrs fielcls,

Tlre paper presetrts ovelail charactet,istics of the new nriclowave plasrtta solllce
of tliiclrodic,hal,ges. Detailed irrterpletatiorr rvill follorł, later.

Receivecl 20 \ovenlller 2006
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Abstract
!h streamer observation and LIF detection of the NO molecules and OH radicals were per-
fun€d during the stea,dy-state positive DC corona discharge at atmospheric pressure, The time
ddionship between the regular streamer coronas, laser pulse, LIF signal and laser-induced

was explained for no time synchronization LIF measurement. Using the corona radica]
reactor, two-dinrensional distributions of ground_state NO (X2II) could be observed not

in the discharge zone but also both in the downstream and the upstream regions of the
. The presence of the ground-state OH (X'fI) and excited-state OH (A'r+) radicals

DC streamer discharge was also investigated. Moreover, the effect of electrohydrodynamic
flow on NO profiies in the reactor and ozone interference in OH LIF measurement were
. The obtained results showed that the density of NO molecules decreased not only

t"he plasma region formed by the corona streamers and the downstream region of the reactor
ako in the upstream region of the reactor. On the other hand, the ground-state OH radi
rere generated and stayed mainly in thó region where streamers propagated between the

: Laser-induced fluorescence; NO, OH radical; DC streamer corona discharge

Introduction

discharge induced plasma is one of the
ure non-thermal plasmas used for the treatment

produce streamers pulsed corona discharges have
the moment DC corona discharge was evaluated

most efficient atmospheric-
of many gaseous pollutants.
been used extensively [1, 2|.

to be cost effective and com-
y available technique for producing streamers in larger electrodes gap

*E-mail address: skana@cc,oita-u.ac.jp
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clistance (> 5 crn), Especially corona radical slrower systen] wlrich llses DC
streal]}ers, has been developed arrd its performance evaluated for NO, rernoval

[3,-1],
In a streanrer tłie energetic electrons collide rvith tlre gas nrolecules arrd pro-

duce radicals, resulting ilr tlre en}rancernent of plasrna cłremical reactions, Atrrong
nany radicals, OH radical pia;r5 ur. irnpoltant role irr tlre kinetics of plasrrrą clrenr-

ical process. Tłrerefore, tire relatiorrslrip between tlre streamers and raclicals in
norr-tlrerrrrai plasrrra reactors is of great irrterest as well as the treatlnent process

of lrarirrful gas rnolecules. Recelrtly, in order to understarrd the process occurring
in tire rrotr-tłrernral plastnas, the tilrre- and space-resolved discharge observation

usittg an intensifier-gated charge-couplecl devise (ICCD) cail}era ancl harrnful gas

nrolecrtle and active radical tneasulell}errts by laser-itrcluced fluorescence (LIF)
tecltlticlrte based on tunable pulsed lasers have been applied as the state-of-the-art
optical diagrrostics [1,,2, 5-27l. The LIF measurelnents perforrlred in non-tlrermal
plasrrras for tlie application of pollution control ale suntn]arized in Table L Up
to tlcltt,. various species sttclr as OH ri,rdical, NO rlrolecule. and O atonr have been

lrreasrtred [5-19]. In tlre Ineasulement tsing pulsed disclrarge, tlre measurement
rl-as perforrrrecl after tlre disclrarge irr either t}re sirrgle or tłre low-repetitiorr pulsed
clisclral,ges to avoid tlre ernission fi,orn tlre intensive discliarges,

In this pap€]r, the c}raracteristics of positive DC stleamer colonas and NO
retltor.al process together with OH radical clynarrrics in corona radical injectiorr or

raclical s}rorver system are described. Our investigation was aitned at rneasuring
t]ie \O tnolecuies and OH radicals durirrg t}re stearly-state DC corolla discharge
coltclition, Tlris is an essential difference to the investigatiorrs for pulsed discharges
ilr ri-lriclr the LIF rnolritoring of these species was carriecl ortt after t}re single
t ratrsierrt discharge.

2 Experimental apparatus and methods

Figrrle ] slrows t}re schematic diagrarn of tlre experirrretrtal setup, T}re apparatus
ri-itlt ]aser system and furldarnentals of t}re rrreasuririg tecłrtriques have been de,

sct,iłlecl irr detail elseł,here [10, 17, 18] alrd otrlv a brief descriptiorr is given in tlris
paper. lrr ot,der to observe tlre ground-state NO plofiles in tlre reactor by LIF tech-
tricllte. \O [A2r+(v':0) --X2lI(v":0)] systelrr at 226nnr was used and altnost
full lltllrcl of tlre fluorescerrce sigrral was detected. For rrrotlitoling t}re groltnd-state
OH raclicais. the sclrene with excitation at2B2 nrn [A2E+(v' : 1) *-X2n(v" : 0)]

arrcl clerectiotr at 309 rurr [A2E+(v' : 0) ---X2lI(v" : 0)] was rmed. Tlrese UV lasel
beatrr''s \\-ere gel]elated by a laser systerrr corrsisted of XeF' excilrrer laser (Lzrrnbda
Pirlsik. C'O\IPex 150). dye laser (Lanrbda Plrysik, SCANrnate) and BBO crystal,
LIF siglra1 etttittecl rvas inraged onto a, gated ICCD camel,a (LaVision, Flame Stal
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_X or Arrdor, iStar). For tłre 2-D observation between the electrodes with a 30-
,]_:11 or 50 mrn-gap, a laser slreet (1 mrn-width and 25 mm or 35 nrm-height) was
.ued. In addition to tlrese measurements, in the case of tirrre-resolved oH radical
:-,tection, LIF signal ernitted at 90 degree to tlre laser bea.m was focused onto
-__e errtrance slit of a 25 cm nronoclrrorrlator (Nikorr, P-250) throrrgh a lerrs. The
_lF sigrral detected by a photomultiplier tube (PMT) rvas sent to a digital oscillo-
. _,pe (Osc1) through a preanrplifier. Irr addition, norrrral discharge emission was
',served by using the ICCD camela and ernission spectrurn was measured by tlre

:-- _,lroclrromator system.

Injection Gas
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Reactor system

i plate elcctlode

LIF signal

Nozzle electrode

+DC H.v.
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trigure 1. Schematic diagram of tlre experimenta1 apparatus.
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,Ą sttlirrless-steel pipe witlr a lozzle (1.0 nirn in inner dianreter, 1.5 rnrn in
outer clianreter) rvas Llsecl as tlle stressetl electrode of t}ie raclical injection system.
Tlre gap distance was 30 rrirli. While. a pipe wit}r two nozzles-to-plate electrode
s\-steln. ilaving an electrode gap of 50 rrrnr was used as t}re stressed electrode
of col,orra radical shower s}rstenr, In both disclrargirrg electrodes, an aclditional
gas (argon ol COz - air) cotrld be supplied to tlre ilisclrarge zone througlr the
trozzjes, As a, groutrded electrode. tlre plate eiectrode was used in a reactor systenr
as sltorł,n in Fig, 1(a). Wlrile. the plate electrode (100 rrrrrr itr sqrrare) witlr an

arlay of holes (1.5 rrrtrr in cliarneter) was usecl to allow tire gas exhaust in open air
sl,stent as slrown in F'ig. 1(b). DC lrig}r voltage witlr positive polarity was applied
tlrlougli a 10 MO resistor to tlre stressed electrode arrd the DC positive colona
disclral,ge was ger}erated at roorrr terrrperature utlder atrtrosplret,ic pfesbllle.

Irr tlre case of NO LiF n)easllrelnerrt. NO (1000 pprn)iNz * air nrixtrre flowed

alorrg the lea,ctor rvith a flor,v rate of 3liniirr. COz + air nrixtule was injected into
tlte reactor tlrrouglr tlre nozzles electrode rvitlt a flow late of 0.44 l1rnirr. In tire
case of OH radical lneasurenerrt. irlstead of tłre use of ciry air, tłre łrrrrrrid air
rlas srtpplied tlrrotrglr tlrc water bullbler, Tlre concentratiotr of water aroutrd t}re

elcctrodes rł,as estitrratecl to be irr tlie rattge of 1-2 vo1.7o. Tlre disclrtrr8e culrel]t
pltise rvas rrreasured rtsitrg a currerrt prolle (Pearson Electronics , 2877), Also tlle
potential acloss a lesistor collnected between t}re plarre electrode alrd the ground
\\-as ll}eastlretl. While tlre laser shot u,as nionitored using a PIN photodiode placed
at 2 tlt itr aclvance of the disclrarge zone, A tirlre relationslrip between disclrarge
cttl,retrt and the lascr shot ]^/As t}leasllred bl, anotlrer oscilloscope (Osc2), No tinle
sl.trc}rronizatiorr betu,een tlre disclrarge and laser sltot was nrade. Tlris rlieans
tlrat a laser pulse is irradiated at rarrdonr between tlre disc}rarge current pulses.
\atrlely, a1l measuretlents were carried or_tt cluring the disclrarge. tlrelefbLe \\,e

catr evalrtate tlie NO ol OH dynanlics under tlre steady-state condition which is

sirrlilar to tlre real situation fol itldustrial polltition corttrol. Tlre tirne relationslrip
1letrł,een tlre disclrarge currerrt pulses, laser pulse, arrd LIF sigrral was describecl
in cletail elserł,ltere I22, 23].

3 Experimental results and discussion

3.1 Optical emission of positive DC streamer coronas

Figrrre 2 slrolvs the tirrle integrated streamer colol}a photograp}rs witlr al} exposllre
tirrle of B secotrds. In Fig, 2(a), tlie disclrarge entission from t}te radical irijection
tl.pe electlocle s}rou,s a flalrre like pattern rł,lrich consists of trrore tlran tett tlrou-
sancls of stt,eatrrers. \\rlietr t}ie argon is injectecl througli the nozzle, lrowever, t}ie

disclrarge pattel,tr chatrges to a, fiIarrrent atld etrtission becorne nrclle interrsive as

slrou,lr itr trtr inset of Fig, 2(a). Tlre col,ona ladical slrower generates the differ-
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,"-,]isclrarge patteln due to the electrode configulation as slror,vn in Fig.2(ll).
l__= cltaractelistics of DC strearnel corona such a,s stleamer velocity, its diarrreter.
,::tnt pulse. repetition rate and so ol1 \^€re described in [2a]. Figure 3 shorł,s

- 
.,_-, r_lptical emission spectra of discharges in tlre case of Fig. 2(a) without arrd

r:;,-l] al,gon injection. In both disclrarges generated in opelr air, N2 second positive
,,:l1 (C3fI,r -*B3nq) is nlainly observed in the range 300-400 nnr.'Horvever, it

-: ,rld be noted that the OH enission (A2I+ ---X2fI, 0-0) is observed only in the
l..:iretrtary disclrarge produced by argon injection. In puised corona discllarge,
3 errrission has been observed and the excited state OH (A'r+) radicals de-

:.,:lses exponentia,Ily r,vitlr increasing the oxygen [25]. It is considered t]rat not
i__.. the differerrt discłlarge pattern relating to t}re current derrsity, btrt also t}ie

r ,. lr]ixture existed between the electrodes may be responsible for the presence of
-. excited-state OH (A2r+1 radicals. In the case of DC corona in air, the klwer
,:ient density in the streanrer chatlnel may affect tłre population of OH (A2r+)

, ::cals. Irr addition, OH raclicals in excited-states are rapidly quenched by col-
-__,ns rvith ambient gases such as oxygen [26]. The plesence of tłre ground-state
:{ ,X2n) radicals will be discussed in detail later.

(u) (b)

: .:ure 2. Tinre integrated streanrer colona photograplrs; (a) in open air rł,ithorrt argon injection
(29 kV, 150 pA) and rvith argon injection at 0.3 l/nrin (11 kV, 40 pA) in arr inset and
(b) in the reactor (30 kV, 300 pA).

:3.2 NO distribution under the steady-state DC discharge condi-
tion

-: the LIF measurements. as tlre UV laser ptrlse induces additional streanrers
:,rring stable DC streanrer corolla disc}rarge, the light enlitted b1, the streanrers
alr interfere witlr tlre LIF signal during \IO LIF' measureillent, Fronr tlre resltlts
,i our previous [leasuleil}ents |22,23], Fig. 4 slrows tłre schenratic illrrstratiorł
,f the time relationslrip between the regrrlar streamers, laser pulse, laser,-ilrdrtce<l

13



]l S. Kanazawa

34o 360 380

Wavelength (nm)

Figrrre 3, Optical emissiotr spectra; (a) without argon injection (29 kV, 150 pA) and (b) with
argon injection at 0.3 l/nrin (11 kV, 40 pA).

streamel and LIF signal, TIre LIF signal appeals alnrost irnrrrediately after tlie
laser pulse and lasts ovel about 30-,10 ns. while the laser-induced streamers usuall},
start later (about 35-300 ns after the laser prrlse deperrding on tlre position of the
]aser beatn in t}re gap) and last over about up to 500 ns as shown in Fig. 4. Corr-

seqrtently, an applopl,iate adjusting for the delay and exposure tirne of the ICCD
calnela errabled to capture the LIF signal and laser-inducecl streamer etrrission
ilrdependeritly.

Figure 5 slrows two-dirrrensional ilrrages of lttrO concentratiorr in tlre reactor"
initial NO concentration is abortt 100 pprlr. Tlre itrrages were taken after the NO
cotrcentration in tłre reactor reacłred a steady-state. Each irrrage is an average of

50 captrrred inttrges, The color of tłre irrlages corresporrds to NO spatial corrcentra-
tiotrs. As tłre appliecl voltage increa,ses, NO LIF signal becorrres weakel conrpared
rvitlr that of tlre rro applied voltage, indicating tlte decrease of I\iO concentratiotr,
Irr this case, NO is rrrain}y converted to NO2 via tlre oxidation reactions

NO+O+\,I--+NOz*N,{,

NO F Os -- NOz * Oz.

wiler-e }l is a thirci bodv.
Tlte itrcrease of NOz corrcentration was conflr,nred at t]re reactor outlet by the
neasurelnent using the NOx tnorritor, Figure 6 shows the NO density profiles
alolrg tlre treatrrrerrt gas flow. They correspond to the NO concentration along
the rniddie lirre of NO LIF images shown in Fig. 5. It is seen frorrr the images
ill Fig, 5 arrd spatial NO distribrrtion in F'ig. 6 tlrat NO nrolecule concentration

(R1

(R2

Ę(l:0l Il llli ry,rl,lll *:"
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No molęcules \'r,rut NO concentratiol

Induced skeamer

Time,l '

;'ls-::e ,1. Schematic illustration of the time relationship between laser incidence, NO and OH
LIF signals and laser-induced streamer when the laser beam was irradiated between
the successive streamers during the steadv-state discharge.

thrł,reased not only in the plasma Tegion created by the stleamers but also in
:tr upstleam region of the discharge. In this experiment, the primary gas flow
,+i_,city is 4.2 mmf s. The gas flow in the reactor without the discharge is laminar
lf, Ihe estimation using the Reynolds number (R"), which has been also confirmed
:ą the LIF gas flow visualization using air containing NO [18]. However, the flow
:ri:,ucture during the discharge results from the interaction between the primary
t,_.n-. additional flow through the nozzles and secondary flow due to the ionic wind.
_: s considered that not only energetic electron induced plasma reaction occuls at
- -e streamer head but also produced active radicals play an important role for NO
:.noval in the reactor used in this study. Especially, the EHD flow is responsible
::r the enhanced I\O removal far in the upstream region of the reactoT. The

;,35 ,r, - 500 ns
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Figure 5. Two-dimensional NO concentrations inside the reactor. (a) without discharge and (b)
with discharge at the applied voltage of 28 kV (primary gas: NO(100 ppm)/ dry air,
gas flow rate: 3l/min, injection ga§: COz(9%)ldry air, gas flow rate: 0.44|lmin).
The pipe with nozzles electrode is not shown in real scale.

strong vortexes are folmed in both the upstream and downstream region around
the nozzle electrode as a result of the strong EHD secondary flow I27, 2B1.

The influence of EHD flow can be estimated using an electrohydrodynamic
number E1,6 [29,30] defined by

Ehd:ffi, (1)

where Jo is the current density on the plate electrode, L is a characteristics length
based on the reactor or stressed electrode dimension, p, is the gas density, u is t_

kinematic viscosity of the 1as, Ft is the positive ion mobility. The EHD numb
(E7,a) estimated for the typical operating condition is in the range of 106 - 1d
depending on Jo and tr. While Reynolds number based on the reactor height is 40-

Since the ratio E7r6f R] is much higher than 1, the ionic wind (EHD-induced sec-

ondary flow) becomes dominant [29, 30l. Therefore, the EHD-induced second
flow in the present discharge system significantly influences the flow pattern i
side the reactor (i.e. mixing of the gas occurs in the reactor). Particularly,
molecules produced by the streamer colona discharge in the corona radical
reactor are observed not only in the downstream region but also in the u
region of the reactor [27]. The EHD secondary flow is responsible for the
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vithoui di§chsge

with di§chdgo (2tkv)

ł0_505i0
Horizontal position (cm)

T-gure 6, Spatial NO distributions as in Fig. 5. (primary gas: NO (100 ppm)/dry air, gas flow
rate: 3l/min, injection ga"s: COz(9%)ldry air, gas flow rate: 0.44 llmin).

hansport upstream of the discharge region. These facts are the reason for the
&crease of NO concentration measured in the upstream region of the reactor.

&3 OH radical generation in DC streamer corona discharge

i trecerrtly, several researchers have succeeded in measuring the OH radicals using
j lIF technique in the pulsed corona discharges [5-9] and dielectric-barrier dis-

| 
Óarges [11, 12]. However, there are still no experimentat data of OH radical

i mcentrations in the DC streamer corona discharges except for our report [10]

! ffime. Table I).

I U.ir.g the time-resolved LIF measurement system shown in Fig. 1(b), it is
ihlnd that the similar scheme to NO LIF can be applied for OH radical mea-
l mrement (see, Fig. 4). During the steady-state discharge the ground-state OH
i 
rili§2il) radicals produced in the one streamer is still present in the discharge region

I mtil the next streamers occur. Therefore, the measurement method based on noi_
i fiine synchronization between the streamer arrd laser pulse can be applied to the

Iaaluation of DC streamer corona discharge. If we average the LIF signals, the

I 
meady-state measurernent of OH radicals is also possible.
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Tablc I. Use of LIF teclrrriqr.re 1br the nleasurelnent of reactive species (OH, NO, O, Nz, N) iIr rllct't t'it'it.l rlist'llltt'1',ł'll

(JbSeIv.
Species

'I't,atlsil;icxr
wirvcletrgth

Excitatiorr
(Detection)

,Electrocle systetrr Discharge type lrl i xt,tl tt:s l(r,|

() tI
^'D] 

(v' : t) * X'II (v" _ 0) 28ż rrrn (309 nm) rod-rocl electrode
(gap 3 mln)

pulse<l rlischarge alr [5

Oll ĄzD (v' , 3) -Xztl(v" - 0) 248 lrrn (297 nln) rreedle-plate electrocle pulse<l discharge:
(gap 16 nrtn)

Nl i Flc()
Nz /O: /I{zO
Nz/N()/FIzO

l6i
171

oH Aż| ' (v' : l)-XZ It(V" :0) 282 nm poirrt-plarre electrodes
saD 9 rnrn

prrlsecl discłrarge Al,/l I2() at, l8l

orI 285 rrrn (309 or 314 nm) plate-plalre electrodes
(gap 10 lnnr)

plrlsed dtscnarge 1\2 ltz()
NO/Nz/ llz()

N2/o2lvo(li ll2O

l1,1

OH A'I'(v' l)._X-|l(v" :0) 282 nrn (3O9 nm nozzle-plarre electrodes
(ga,p 30 or 50 rnrn)

dc clischarge lrumid air/()O2
NO/ hurnid air

l()|

Oi{ Alr+ (v'-1)+X'll(v" : 0) 282 nITr DłJl) electrode
(gap 2 rrrm)

silerrt disclrarge LrlOzlHzO ll

o}i A'r| (v' l)_ X'11(v" :0) 282 nln (3l4 llIll) DBD e]ectrode
(gap 2 mrn)

dielectric-barrier
discłrarse

Air7'H2O
Ar/O/HzO

12l

No A,, | (v' - 0). Xżtl(v'' 0) 226 nrn (25J rrrn) n edle-plalre electrocles
(gap /.J lnrn)

pulserl discharge
(negative polarity)

NO(25 pplrl),/air 13l

No Aż:- ' (v' : 0)-_ XZll(v" : 0) 226 nn (248 tltn) plate,plane electrodes
(eap I0 rnln)

pulsed discharge NO(1000 ppm)/ N2 14l

No A'rf (v' :Q)+XZIl(v" - ()) 226 rrm (254 nm) needle-plarre electrodes
(gap 15 nrnr)

pulsed dlSc]iaTge NO(:]0, 1000 pptn)/N2 15l

No 4zy+(v/ - o) .- X,II(v,, :0) 22t: nln poirrt-plarre electrocles
(ga,p 10 lnrn)

pulsed discharge NO(l000 ppm)/Nz
NO(250 ppm)/OzlNz

NO(250 pprn)/H2O/N2; at I.P

16l

No 4z1+(v/ : O)+Xżil(v/, : 0) 226lltll rrozzle-plane electrodes
rnultiple nozzle-plane
(gap 30 or 50 lrlrn)

DC discharge NO(100 pprn)ldry air
NO(200 pprn)ldry air

1 7l

u8]

o("P) 3Pź *2poPz
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Figule 7 shorvs tlre 2-D clisclrarge ell)issioll alrd OH profiles irr tlre l,eactor
,:- ler steady-state filalrtetttary clisclrarges irrrlttceci llv at,gotr irr.jection tlrrough the

zzle t-,lectrode, \ł'et air lvas itrtroclrtce<l t<l tlre reactor at a florv rate of lJ l rrrirl.
--_,irorrgh tlte stt,eattter entissiotr arrcl LIF ittrages taken sepa,rate]y. it catt lle seetr

,_, ,.t OH LlF siglral colrres nrainly fronl tlre stlealner region. Cotrsexluentlv. it is
:.siclerecl that the getteratiotr of OH ra,clica,ls occllrred irrsicle tlre strearner. \Vlrelr

-.,. disclrarge was realized in tlre rea,ctor łlv CO2/air iniectiotl t}rrorrgh tlre trozzle
_-l-tlocle, spreacl strealners \\rere genel,atecl as shor.l,rr in Fig. B(a). In tlris case.

,.\-ever, t}re LIF sigrral is nuch rveaker and it is itrsttfficient for sirrgle-s}rot 2-D
__agitrg of OH radicals. Tlrerefore. to cletect OH radicals ilr streatrrers witlr flarlre
::-.- pattern, tlre laser beatn. rvlriclr was rr<lt expatrded to t]re sheet, rł,as trsed. Itr

: ]tr to irrcrease SN ratio of tlre illrage, tlre irrrage slrorł,tt irt Fig. B(b) is a sltlll
_ i0 captut,ed irlrages. Tlre intensive part of tlre LIF signal corlespottcls to tlre

, .iolr of streanlers, In adclitiorr. OH LIF sigiral was observed orrtside the streatlrer
, liolr. This observatiotl colrld lle possible ottly wlrerr a specia,l filter witlr a higlr
,_-.ltstllittance for LIF signal (i.e... transrttittatrce at2B2 rrtrr alrd 309 rrtrr are less
,_,lr 0.01%, and ca. 90%. respectivelv.) rvas attaclred <lnto the letrs of tlre ICCD
:ttera, Tlre leasoll filr OH LIF signal otttsicle the stt,ea,ttrer regiott rrrał, lle clrte
,]z()lle interference in OH LIF nreasrtretrlelrt explairred in later,.

,.rre 7. (bnrparison of (a) stretrrrrer (gate tinte 1 tlls, stlnl of li inlages) an<l (b) OtI LIF (gate
t.ilrle 50 rls, sltnl of 30 inrages) in tlre reactor durirrg tlre stea<11-51ate positive DC cororla
u,ith Al,injectitln. (V:12 kV. I:200 pA, prirrrary gas: 1vet air, 3l7'rnin., ilrjection gas:
argoll, 0,3 limin,)

-Ąltlrorrglr the plastna clrenrical reaction is trot sinrple. the principal reactiolrs
pr<ldlrcing OH radial are expected as follo,uvs:

H2O + e ----, }{ | OH + e, (R3)

oz *e - o(3p) + o('D) +c, (R])

o('D) ł Hzo--- 2OH. (R5)

Ilr tlre disclitrrge, it is well ktrorvtr tlrat ozotrc is 1lt,oclttcetl throtrgh tlre reactioli

O + Oz t NI--- Or * \I. (R6)

ł!,
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Figrrre l. C'otrrparison of (a) streanrer (gate tinre 1 rrrs. sun of 5 images) and (b) OH LIF (gate

tinre 50 ns, suln of 10 images) in tlre reactor cluring the steady-state positive DC
colona v,itlrorrt Ar injectit;lr. (V: 20 kV, I:50 p,A, prinłary gas: wet air, 3 1/rrrin..

injection gas: CO2, 0.15 l1irnin and air, 0.3 lirrrin.).

Tlre produced OH is also reduced in tlre plasma:

OH+O--,H*Oz, (Ri

OH + OH--. HzO i O, (RE

OH + Og -,- HOz * Oz. (R9

It is rroted that the effects of otlrer reactions slrould be taken into account fol

explaining the OH belraviour, 
i

In anot}rer experitnent on OH LIF ttteasulen}ent, we found t]rat t}re OH LIF i

sigrral was detected after the stop of the disc}iarge. Arrd t}re OH LIF signal becartre

u.eaker as a tinre eiapsed. The detectiotr titlre linrit was alnrost equal to tlre ga..

residence tirne in the reactor. Tlris may suggest that ozone, u,hiclr has a long life
tilrre. is related to tlre fbrnration of OH radical under the UV irradiation (irr this
cŁ]se, probe laser beatr). The UV laser dissociates ozone into O(1D) and Oz.

Os -F ńz() < 310 Irln) _ O('D) * Oz. (Rio l

OH radical is produced by the reaction R5 arrd is also corrtributed to OH LIF
signal. The ozolle,/UV laser process has beelr observed in LIF measurelnent using

tile pulsed corona disclrarge [31], Tlris effect was also obserr.ed in our experirnerrt

during tlre steady-state DC corona disc}rarge corrclition. Although we observecl

the decrease of OH LIF signal wlren tlre NO rnolecules are added into the primar1'

lrurrrid air flow, tłre effect of OH raclials on NO rernova,l in DC strearner corolla

disc}rarge is still in the lirre of researclr.

4 conclusions

The laser-irrcluced fluorescence teclurique lł,as ttsed for irr-situ NO rrrolecule and

OH radical observatiori in DC stl,earnel colona discńarge. Under the steady-state
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* i" corona disclrarge condition, tlre timirrg between tlre streamer discharge pulse.
_iF signal and laser-induced streamer was important for in-situ LIF measurelnerrt.
:_-recially, separate recording of the LIF signal was possible by an appropriate

i"rsting of tlre recording delay and exposure tirne of tlre ICCD calnera, \O
,":__,r-al due to oxidation occurs far frorr tlre discłrarge zone in t}re upstrearu of

L , :eactor, In tlre present reactor at a low prinrar5, gas flow rate, EHD florv

",, lli€s to be dominant, and the flow towards the upstream affects the clecrease
];(-) along tlre prirnary gas florv. While, it is confirrrred that grorrnd-state OH

",,--:_1s were generated in DC strearnel corona, dischalge. By comparirrg tlre
-::;,i:5 betrveen tlte streanrel,colona discharge area, and OH LIF'profile, it is

L:-_.lered tlrat OH radicals were gel]erated in the strearners arrd its difftlsion was
j_u.- ll negligible. A rnore detaiiecl experiment is needed for considering OH radial
, - :. r gas treatment in DC streaner colona discharge.
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