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SEIJI KANAZAWA*

Laser diagnostics of NO molecules and OH radicals
in DC positive streamer corona discharges

Dept. of Electrical and Electronic Engineering, Oita University,
700 Dannoharu, Oita, 870-1192 Japan

Abstract
streamer observation and LIF detection of the NO molecules and OH radicals were per-
wed during the steady-state positive DC corona discharge at atmospheric pressure. The time
tionship between the regular streamer coronas, laser pulse, LIF signal and laser-induced
mer was explained for no time synchronization LIF measurement. Using the corona radical
er reactor, two-dimensional distributions of ground-state NO (X?II) 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 OI (X?IT) and excited-state OH (A?%Y) radicals
" streamer discharge was also investigated. Moreover, the effect of electrohydrodynamic
flow on NO profiles in the reactor and ozone interference in OH LIF measurement were
wussed. The obtained results showed that the density of NO molecules decreased not only
= plasma region formed by the corona streamers and the downstream region of the reactor
:1so in the upstream region of the reactor. On the other hand, the ground-state OH radi-
were generated and stayed mainly in the region where streamers propagated between the
rodes.

" =vwords: Laser-induced fluorescence; NO, OH radical; DC streamer corona discharge
. Introduction

~reamer discharge induced plasma is one of the most efficient atmospheric-
wwssure non-thermal plasmas used for the treatment of many gaseous pollutants.
produce streamers pulsed corona discharges have been used extensively [1, 2].

r the moment DC corona discharge was evaluated to be cost effective and com-
ercially available technique for producing streamers in larger electrodes gap

“E-mail address: skana@cc.oita-u.ac.jp



40 S. Kanazawa

distance (> 5 cm). Especially corona radical shower system which uses DC
streamers, has been developed and its performance evaluated for NO, removal
3, 4].

In a streamer the energetic electrons collide with the gas molecules and pro-
duce radicals, resulting in the enhancement of plasma chemical reactions. Among
many radicals, OH radical plays an important role in the kinetics of plasma chem-
ical process. Therefore, the relationship between the streamers and radicals in
non-thermal plasma reactors is of great interest as well as the treatment process
of harmful gas molecules. Recently, in order to understand the process occurring
in the non-thermal plasmas, the time- and space-resolved discharge observation
using an intensifier-gated charge-coupled devise (ICCD) camera and harmful gas
molecule and active radical measurements by laser-induced fluorescence (LIF)
technique based on tunable pulsed lasers have been applied as the state-of-the-art
optical diagnostics [1, 2, 5-21]. The LIF measurements performed in non-thermal
plasmas for the application of pollution control are summarized in Table I. Up
to now, various species such as OH radical, NO molecule, and O atom have been
measured [5-19]. In the measurement using pulsed discharge, the measurement
was performed after the discharge in either the single or the low-repetition pulsed
discharges to avoid the emission from the intensive discharges.

In this paper, the characteristics of positive DC streamer coronas and NO
removal process together with OH radical dynamics in corona radical injection or
radical shower system are described. Our investigation was aimed at measuring
the NO molecules and OH radicals during the steady-state DC corona discharge
condition. This is an essential difference to the investigations for pulsed discharges
in which the LIF monitoring of these species was carried out after the single
transient discharge.

2 Experimental apparatus and methods

Figure 1 shows the schematic diagram of the experimental setup. The apparatus
with laser system and fundamentals of the measuring techniques have been de-
scribed in detail elsewhere [10, 17, 18] and only a brief description is given in this
paper. In order to observe the ground-state NO profiles in the reactor by LIF tech-
nique, NO [A2XF(v/ = 0) »X?II(v" = 0)] system at 226nm was used and almost
full band of the fluorescence signal was detected. For monitoring the ground-state
OH radicals, the scheme with excitation at 282 nm [A?EH (v = 1) «X2I(v" = 0)]
and detection at 309 nm [A2X+(v/ = 0) —=X2II(v" = 0)] was used. These UV laser
beams were generated by a laser system consisted of XeF excimer laser (Lambda
Physik, COMPex 150), dye laser (Lambda Physik, SCANmate) and BBO crystal

LIF signal emitted was imaged onto a gated ICCD camera (LaVision, Flame Star
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I or Andor, iStar). For the 2-D observation between the electrodes with a 30-
mm or 50 mm-gap, a laser sheet (1 mm-width and 25 mm or 35 mm-height) was
sed. In addition to these measurements, in the case of time-resolved OH radical
=tection, LIF signal emitted at 90 degree to the laser beam was focused onto
he entrance slit of a 25 cm monochromator (Nikon, P-250) through a lens. The
_IF signal detected by a photomultiplier tube (PMT) was sent to a digital oscillo-
pe (Oscl) through a preamplifier. In addition, normal discharge emission was
served by using the ICCD camera and emission spectrum was measured by the
mochromator system.

b +DC H.V.
Injection Gas
Gas exhaust or Pipe with nozzle electrode
A Nozzle electrode
= el
A 2 B [ Primary Gas
! ~Beam dumper
Pr0b6§1221§g;m NTP Reactor . Plate electrode & Gas straightener
- LIF signal
a) Reactor system
. y TDCH.V.
Nozzle electrode Beam dumper

. T\

§ Current 5 ===x s = Perforated
. b it late electrode
2 2820m  probe XI| B exhaust 5
i -
: Monochromator
PIN
SHG| Joee s
photodiode ! Filter,
564 nm l]—:[l |
Dye ! |
laser ' ICCD|
1 1
[ 351mm | VY FR |
X¢F Osc2 PreAMP
excimer]
laser \i to Computer
*1 Oscl
(b) Open air system

Figure 1. Schematic diagram of the experimental apparatus.
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A stainless-steel pipe with a nozzle (1.0 mm in inner diameter, 1.5 mm in
outer diameter) was used as the stressed electrode of the radical injection system.
The gap distance was 30 mm. While, a pipe with two nozzles-to-plate electrode
system, having an electrode gap of 50 mm was used as the stressed electrode
of corona radical shower system. In both discharging electrodes, an additional
gas (argon or COy + air) could be supplied to the discharge zone through the
nozzles. As a grounded electrode, the plate electrode was used in a reactor system
as shown in Fig. 1(a). While, the plate electrode (100 mm in square) with an
array of holes (1.5 mm in diameter) was used to allow the gas exhaust in open air
system as shown in Fig. 1(b). DC high voltage with positive polarity was applied
through a 10 M) resistor to the stressed electrode and the DC positive corona
discharge was generated at room temperature under atmospheric pressure.

In the case of NO LIF measurement, NO (1000 ppm)/Ng + air mixture flowed
along the reactor with a flow rate of 31/min. COy + air mixture was injected into
the reactor through the nozzles electrode with a flow rate of 0.44 1/min. In the
case of OH radical measurement, instead of the use of dry air, the humid air
was supplied through the water bubbler. The concentration of water around the
electrodes was estimated to be in the range of 1-2 vol.%. The discharge current
pulse was measured using a current probe (Pearson Electronics, 2877). Also the
potential across a resistor connected between the plane electrode and the ground
was measured. While the laser shot was monitored using a PIN photodiode placed
at 2 m in advance of the discharge zone. A time relationship between discharge
current and the laser shot was measured by another oscilloscope (Osc2). No time
synchronization between the discharge and laser shot was made. This means
that a laser pulse is irradiated at random between the discharge current pulses.
Namely, all measurements were carried out during the discharge, therefore we
can evaluate the NO or OH dynamics under the steady-state condition which is
similar to the real situation for industrial pollution control. The time relationship
between the discharge current pulses, laser pulse, and LIF signal was described
in detail elsewhere [22, 23].

3 Experimental results and discussion

3.1 Optical emission of positive DC streamer coronas

Figure 2 shows the time integrated streamer corona photographs with an exposure
time of 8 seconds. In Fig. 2(a), the discharge emission from the radical injection
type electrode shows a flame like pattern which consists of more than ten thou-
sands of streamers. When the argon is injected through the nozzle, however, the
discharge pattern changes to a filament and emission become more intensive as
shown in an inset of Fig. 2(a). The corona radical shower generates the differ-
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lischarge pattern due to the electrode configuration as shown in Fig. 2(b).
.= characteristics of DC streamer corona such as streamer velocity, its diameter.
rrent pulse, repetition rate and so on were described in [24]. Figure 3 shows
ptical emission spectra of discharges in the case of Fig. 2(a) without and
h argon injection. In both discharges generated in open air, Ny second positive
nd (C3II, ——>B3Hg) is mainly observed in the range 300-400 nm. However, it
uld be noted that the OH emission (A2X+ —X2I1, 0-0) is observed only in the
smentary discharge produced by argon injection. In pulsed corona discharge,
1 emission has been observed and the excited state OH (A%2¥T) radicals de-
-ases exponentially with increasing the oxygen [25]. It is considered that not
v the different discharge pattern relating to the current density, but also the
< mixture existed between the electrodes may be responsible for the presence of
excited-state OH (A%2X1) radicals. In the case of DC corona in air, the lower
rrent density in the streamer channel may affect the population of OH (A%2%1)
Geals. In addition, OH radicals in excited-states are rapidly quenched by col-
ns with ambient gases such as oxygen [26]. The presence of the ground-state
4 (X?M) radicals will be discussed in detail later.

(a) (b)

zure 2. Time integrated streamer corona photographs; (a) in open air without argon injection
(29 kV, 150 pA) and with argon injection at 0.3 1/min (11 kV, 40 p#A) in an inset and
(b) in the reactor (30 kV, 300 uA).

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

n the LIF measurements, as the UV laser pulse induces additional streamers
uring stable DC streamer corona discharge, the light emitted by the streamers
an interfere with the LIF signal during NO LIF measurement. From the results
f our previous measurements [22, 23|, Fig. 4 shows the schematic illustration
f the time relationship between the regular streamers, laser pulse, laser-induced
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Figure 3. Optical emission spectra; (a) without argon injection (29 kV, 150 pA) and (b) with
argon injection at 0.3 1/min (11 kV, 40 pA).

streamer and LIF signal. The LIF signal appears almost immediately after the
laser pulse and lasts over about 30-40 ns, while the laser-induced streamers usually
start later (about 35-300 ns after the laser pulse depending on the position of the
laser beam in the gap) and last over about up to 500 ns as shown in Fig. 4. Con-
sequently, an appropriate adjusting for the delay and exposure time of the ICCD
camera enabled to capture the LIF signal and laser-induced streamer emission
independently.

Figure 5 shows two-dimensional images of NO concentration in the reactor.
Initial NO concentration is about 100 ppm. The images were taken after the NO
concentration in the reactor reached a steady-state. Each image is an average of
50 captured images. The color of the images corresponds to NO spatial concentra-
tions. As the applied voltage increases, NO LIF signal becomes weaker compared
with that of the no applied voltage, indicating the decrease of NO concentration.
In this case, NO is mainly converted to NOq via the oxidation reactions

NO + O + M — NO2 + M, (R1

NO + O3 — NOg + Os. (RQ

where M is a third body.

The increase of NOy concentration was confirmed at the reactor outlet by the
measurement using the NOx monitor. Figure 6 shows the NO density profiles
along the treatment gas flow. They correspond to the NO concentration along
the middle line of NO LIF images shown in Fig. 5. It is seen from the images
in Fig. 5 and spatial NO distribution in Fig. 6 that NO molecule concentration
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cure 4. 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 steady-state discharge.

~wreased not only in the plasma region created by the streamers but also in
= upstream region of the discharge. In this experiment, the primary gas flow
“locity is 4.2 mm/s. The gas flow in the reactor without the discharge is laminar
v the estimation using the Reynolds number (R, ), which has been also confirmed
v the LIF gas flow visualization using air containing NO [18]. However, the flow
rructure during the discharge results from the interaction between the primary

w, additional flow through the nozzles and secondary flow due to the ionic wind.
© is considered that not only energetic electron induced plasma reaction occurs at
e streamer head but also produced active radicals play an important role for NO
~=moval in the reactor used in this study. Especially, the EHD flow is responsible
or the enhanced NO removal far in the upstream region of the reactor. The
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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: 3 1/min, injection gas: CO2(9%)/dry air, gas flow rate: 0.44 1/min).
The pipe with nozzles electrode is not shown in real scale.

strong vortexes are formed in both the upstream and downstream region around
the nozzle electrode as a result of the strong EHD secondary flow [27, 28].

The influence of EHD flow can be estimated using an electrohydrodynamie
number Epg [29, 30] defined by

S (1

where J, 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, v is the
kinematic viscosity of the gas, p; is the positive ion mobility. The EHD number
(Epq) estimated for the typical operating condition is in the range of 106 — 10°
depending on J, and L. While Reynolds number based on the reactor height is 40
Since the ratio Epq/R? is much higher than 1, the ionic wind (EHD-induced sec-
ondary flow) becomes dominant [29, 30]. Therefore, the EHD-induced secondary
flow in the present discharge system significantly influences the flow pattern in-
side the reactor (i.e. mixing of the gas occurs in the reactor). Particularly, ozone
molecules produced by the streamer corona discharge in the corona radical showes
reactor are observed not only in the downstream region but also in the upstream
region of the reactor [27]. The EHD secondary flow is responsible for the ozons
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“‘zure 6. Spatial NO distributions as in Fig. 5. (primary gas: NO (100 ppm)/dry air, gas flow
rate: 3 1/min, injection gas: CO2(9%)/dry air, gas flow rate: 0.44 1/min).

-ansport upstream of the discharge region. These facts are the reason for the
wcrease of NO concentration measured in the upstream region of the reactor.

*.3 OH radical generation in DC streamer corona discharge

cently, several researchers have succeeded in measuring the OH radicals using
‘& technique in the pulsed corona discharges [5-9] and dielectric-barrier dis-
irges [11, 12]. However, there are still no experimental data of OH radical
ncentrations in the DC streamer corona discharges except for our report [10]

see. Table I).

Using the time-resolved LIF measurement system shown in Fig. 1(b). it is
mnd that the similar scheme to NO LIF can be applied for OH radical mea-
rement (see, Fig. 4). During the steady-state discharge the ground-state OH

°TI) radicals produced in the one streamer is still present in the discharge region
itil the next streamers occur. Therefore, the measurement method based on no
me synchronization between the streamer and laser pulse can be applied to the
valuation of DC streamer corona discharge. If we average the LIF signals, the
weady-state measurement of OH radicals is also possible.



Table I. Use of LIF technique for the measurement of reactive species (OH, NO, O, Ny, N) in clectrical dischargoes

Observ. Transition Excitation Electrode system Discharge type Gas mixtures Rel
Species wavelength (Detection)
OH AT TV =1) « X?II (V' = 0) 282 nm (309 nm) rod-rod electrode pulsed discharge air 15]
(gap 3 mm)
OH AR =3 X2V i= 1) 248 nm (297 nm) needle-plate electrode | pulsed discharge N2 /H20 16]
(gap 16 mm) N2 /O2/H20 [7]
N /NO/H,0
OH AZEF (v = 1)—X?II(v" =0) 282 nm point-plane electrodes | pulsed discharge Ar/H20 at L.P. [8]
gap 9 mm
OH AZST(V = 1)—XZI(v7 = 0) |285 nm (309 or 314 nm)| plate-plane electrodes |pulsed discharge N2 H20O 19]
(gap 10 mm) NO/N2/H20
NQ///OZ/’/V()(‘/,/llz()
OH AZRT (vV=1)—X?TI(v" = 0) 282 nm (309 nm) nozzle-plane electrodes dc discharge humid air/CO» [10]
(gap 30 or 50 mm) NO/ humid air
OH AZET(V=1)—X2II(v" = 0) 282 nm DBD electrode silent discharge Ar/O2/H20 [11]
(gap 2 mm)
OH A?rt (v=1)—X°TI(v" = 0) 282 nm (314 nm) DBD electrode dielectric-barrier Air/H20 [12]
(gap 2 mm) discharge Ar/O/H20
NO Ay (v = 0)« X1 = 0) 226 nm (253 nm) needle-plane electrodes| pulsed discharge NO(25 ppm)/air [13]
(gap 7.3 mm) (negative polarity)
NO AT T (v = 0)—X?II(v" = 0) 226 nm (248 nm) plate-plane electrodes | pulsed discharge NO(1000 ppm)/ N2 |14]
(gap 10 mm)
NO APY T = 0)—X2II(v" = 0) 226 nm (254 nm) needle-plane electrodes| pulsed discharge NO(30, 1000 ppm) /N2 [15]
(gap 15 mm)
NO AT (v =0) — X°II(v" =0) 226 nm point-plane electrodes | pulsed discharge NO(1000 ppm)/N2 |16]
(gap 10 mm) NO(250 ppm)/O2 /N2
NO(250 ppm)/H20/Ny; at 1.P.
NO AZST (v = 0)—X?II(v" = 0) 226nm nozzle-plane electrodes DC discharge NO(100 ppm)/dry air [17]
multiple nozzle-plane NO(200 ppm)/dry air [18]
(gap 30 or 50 mmn)
O(°P) 3p3 —2p°Ps 226nm (two photon) DBD electrode pulsed discharge N2 /O3 [19]
TALIF (845 nm) (gap 7Tmm)
N2 (A3Y) 310, B3I, AR 688, 350nm point plane electrode | pulsed discharge LE. [20]
OODR-LIF (gap < 2 mm)
N(* S) 3})38313/2 —3p3gSP 207 nm (two photon) pin-plate electrode pulsed discharge N2; N2/O2 |21]
(745 nm)
Abbrev.: I.P. — intermediate pressure; TALIF — two-photon absorption laser-induced fluorescence; OODR-LIF optical-optical double resonance-LIF.

vMBZRURY 'S
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Figure 7 shows the 2-D discharge emission and OH profiles in the reactor
nder steady-state filamentary discharges induced by argon injection through the
zzle electrode. Wet air was introduced to the reactor at a flow rate of 3 1/min.
“though the streamer emission and LIF images taken separately, it can be seen
hat OH LIF signal comes mainly from the streamer region. Consequently, it is
nsidered that the generation of OH radicals occurred inside the streamer. When
“he discharge was realized in the reactor by COs/air injection through the nozzle
ectrode, spread streamers were generated as shown in Fig. 8(a). In this case,
wever, the LIF signal is much weaker and it is insufficient for single-shot 2-D
naging of OH radicals. Therefore, to detect OH radicals in streamers with flame
e pattern, the laser beam, which was not expanded to the sheet, was used. In
rder to increase SN ratio of the image, the image shown in Fig. 8(b) is a sum
£ 10 captured images. The intensive part of the LIF signal corresponds to the
zion of streamers. In addition, OH LIF signal was observed outside the streamer
wzion. This observation could be possible only when a special filter with a high
ransmittance for LIF signal (i.e., transmittance at 282 nm and 309 nm are less
san 0.01% and ca. 90%, respectively.) was attached onto the lens of the ICCD
mera. The reason for OH LIF signal outside the streamer region may be due
ozone interference in OH LIF measurement explained in later.

zure 7. Comparison of (a) streamer (gate time 1 ms, sum of 5 images) and (b) OH LIF (gate
time 50 ns, sum of 30 images) in the reactor during the steady-state positive DC corona
with Ar injection. (V=12 kV, I=200 pA, primary gas: wet air, 3 l/min., injection gas:
argon, 0.3 1/min.)

Although the plasma chemical reaction is not simple, the principal reactions
r producing OH radial are expected as follows:

HyO +e —H + OH + ¢, (R3)
O34 e— OCP)+0CD) +e, (R4)
O('D) + H,0 — 20H. (R5)

In the discharge, it is well known that ozone is produced through the reaction

O+ O3+ M— O3+ M. (R6)
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Laser beam

Figure 8. Comparison of (a) streamer (gate time 1 ms, sum of 5 images) and (b) OH LIF (gate
time 50 ns, sum of 10 images) in the reactor during the steady-state positive DC
corona without Ar injection. (V= 20 kV, I=50 uA, primary gas: wet air, 3 1/min..
injection gas: COg2, 0.15 1/min and air, 0.3 1/min.).

The produced OH is also reduced in the plasma:

OH 0 O (RT
OH + OH — H,0 + O, (RS

It is noted that the effects of other reactions should be taken into account for
explaining the OH behaviour.

In another experiment on OH LIF measurement, we found that the OH LIF
signal was detected after the stop of the discharge. And the OH LIF signal became
weaker as a time elapsed. The detection time limit was almost equal to the gas
residence time in the reactor. This may suggest that ozone, which has a long life
time, is related to the formation of OH radical under the UV irradiation (in this
case, probe laser beam). The UV laser dissociates ozone into O(*D) and Os.

O3 + hv(X < 310 nm) — O(*D) + Os. (R10

OH radical is produced by the reaction R5 and is also contributed to OH LIF
signal. The ozone/UV laser process has been observed in LIF measurement using
the pulsed corona discharge [31]. This effect was also observed in our experiment
during the steady-state DC corona discharge condition. Although we observed
the decrease of OH LIF signal when the NO molecules are added into the primary
humid air flow, the effect of OH radials on NO removal in DC streamer corona
discharge is still in the line of research.

4 Conclusions

The laser-induced fluorescence technique was used for in-situ NO molecule and
OH radical observation in DC streamer corona discharge. Under the steady-state
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2 corona discharge condition, the timing between the streamer discharge pulse.
_IF signal and laser-induced streamer was important for in-situ LIF measurement.
“specially, separate recording of the LIF signal was possible by an appropriate
Justing of the recording delay and exposure time of the ICCD camera. NO
wval due to oxidation occurs far from the discharge zone in the upstream of
reactor. In the present reactor at a low primary gas flow rate, EHD flow
mes to be dominant, and the flow towards the upstream affects the decrease
‘0 along the primary gas flow. While, it is confirmed that ground-state OH
:Is were generated in DC streamer corona discharge. By comparing the
wzes between the streamer corona discharge area and OH LIF profile, it is
<idered that OH radicals were generated in the streamers and its diffusion was
~=t negligible. A more detailed experiment is needed for considering OH radial

‘or gas treatment in DC streamer corona discharge.
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