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Abstract

Diagnostics for the study of pulsed atmospheric discharges are discussed. To obtain parameters for describing
conversion processes of pollutants into harmless products many diagnostic techniques are in use and under
development. In this contribution electrical, optical and chemical diagnostics used in air and wastewater
remediation are reviewed.

1 I ntroduction

Pulsed atmospheric discharges create abundant numbers of radicals. In the last decade many applications of non-
thermal atmospheric discharges have been investigated for application in pollution control [1]. Streamer like
discharges like pulsed corona and dielectric barrier discharges as well as atmospheric glow discharges has been
used. In all cases atransition to the spark regime or arc regime is prevented to keep the energy input limited to
(fast) electronsin stead of to neutral gas heating. To understand the discharge generation, radical production,
chemical reaction kinetics and energy or conversion efficiency many questions must be answered (fig 1).
Diagnostic information can deliver parameters for model s describing the cleaning processes and for scaling laws
of chemical reactors. In this review we discus the diagnostics used in cleaning of flue gas containing NO, SO,
and in the conversion of phenol dissolved in water.

2 Conversion processes (gas and water cleaning)

Flue gas from combustion contains, among others, NO and SO, which form acidsin moist air leading to so
called “acid rain”. With gas discharges an oxidative environment can be created in the flue gas stream in which
NO and SO, are converted to nitric acid and sulphuric acid. If ammoniaisinjected in the gas stream solid
products like ammonia nitrate and -sul phate will be formed which can be removed from the gas stream in e.g. an
electrostatic precipitator. The creation of OH and O radicals as well as Ozone (O3) has been studied by many
groups [1]. The pulsed discharges can also be used to oxidise organic pollutantsin water. An example isthe
conversion of phenol to di- and trihydoxybenzenes. Further oxidation leads to ring opening and the formation of
aldehydes and acids. To describe these processes many theoretical calculations and experimental investigations
have been performed. Electrical, optical and chemical diagnostics (fig 2) used in experiments and for verification
of numerical calculations are discussed.

3 Electrical and plasma parameters

Energy dissipation and the rise time, magnitude and duration of the high voltage pulse are important electrical
parameters. High voltage dividers and fast current probes can be used to measure the input power and energy of
pulsed discharges like pulsed corona (fig 3, [2,16]). For dielectric barrier discharges produced with an ac power
source the energy dissipated during one cycle can also be calculated from a plot of charge versus voltage (Fig 4,
[4] ). The energy input can than be calculated in Joule/m®. The efficiency of the cleaning processis usually given
in units such as eV per removed molecule, the number of molecules per 100 eV (the so-called G value), in
o/kWh or Joule/m?* /ppm pollutant.



4 Optical diagnostics

The structure of streamer dischargesisinvestigated from numerical calculations aswell as from experiments.
From the calculations in inhomogeneous fiel ds (point plate geometry) and homogeneous field it is known that
streamers are thin filaments with a diameter of lessthan one mm (Fig 5, [5] ) propagating at very high speed of
the order of 1 mm/nanosec. Thisimplies that the time and space resolution of diagnostics must be very high.
Micro dischargesin adielectric barrier discharge (DBD) are much shorter in length (up to several mm only) but
have comparable diameter and propagation velocity. Moreover a surface discharge is formed on the dielectric
layer covering the electrode. We start with various optical diagnostics used to better understand these discharges.

4.1 Photography

With fast photography the streamer discharges can be made visible. In air most light emitted is from the second
positive system of Nitrogen which isinthe UV. With a CCD camera and a gated image intensifier a spatial
resolution of 30 um. and atime resolution of 1 nanosecond can be obtained [6]. In fig. 6 the exposure timeis 100
nswhich islonger than the time the streamer needs to cross the gap of 2.5 cm length. It is clear that alarge
volume s filled when using the point-plate configuration and there is alot of branching. In the point-wire
configuration and observation direction along the wire the filling factor is much less (Figure 6). The streamer
diameter isin this case 150 pm which is less than often obtained in numerical calculations.

When the time resolution is decreased to 1 nanosecond a number of small light spotsis observed (Fig. 7). This
shows that the lightsis mostly emitted by the fast propagating streamer head and not from the streamer channel
were the electron energy is much lower. With proper time synchronisation, which is not easy because of jitter
problems, the streamer velocity can be calculated. On average 0.5 mm/nsis obtained.

The streamer density distribution can also be determined by observing the hot gas channels left behind after the
discharge is extinguished. With Schlieren photography the hot gas channels can be made visible (see Fig. 8 taken
from[2] ), in this case 200 usec after extinction. The number of hot gas channelsis 5-7 per cmwirein awire-
plate configuration. The density perturbation in the gasis small proving that the heat dissipation by the streamer
dischargeis small. The energy dissipation is higher in a small part near the anode. Thisis due to the so-called
secondary streamer occurring after the primary streamer has crossed the entire gap. The density of micro-
dischargesin a DBD is usually higher but the length is limited to the gap distance of several mm.

4.2 Interferometry

Interferometry isawidely used technique to measure the electron density and sometimes also the neutral density
in arc discharges. Up to now it has not been used for the thin streamer channels but high spatial resolution was
demonstrated recently on atmospheric microhollow cathode discharges [7]. A Mach-Zehnder heterodyne
interferometer operating at a wavelength of A = 10.6 um was used. One beam passes through the discharge and
the second beam is frequency shifted by means of a 40 MHz acousto-optic modulator. The resolution of the
interferometer is 0.01 degree corresponding to alineintegral electron density of 6.10** cm™ To separate the
contribution from the electrons and neutral s the discharge is switched on and off in a repetitive mode. The fast
generation of electronsin a pre-ionised filament was measured at several lateral and radial positions. After Abel
inversion the radial density profile of the discharge is obtained (Fig 9) as well as the neutral density or gas
temperature profile with aradial resolution of 100 um and a temporal resolution of 50 nsec.

43 Spectroscopy

Emission spectroscopy with high time resolution is used in [8] to measure the hot gas temperature in a self-
repetitive streamer discharge in air at atmospheric pressure (repetition rate of 70 psec. and energy per pulse of 14
pJoule). The variation in the rotational temperature was determined from the spectrum of the nitrogen band at
337 nm. It shows an increase to 380 K during the primary streamer and to 400 K during the secondary streamer
30 nanoseconds later (Fig. 10). The temperature then drops rapidly due to cooling. The effect of gas heating can
also be measured from the rotational temperature of OH. A temperature increase of only 30-50 degrees was
found [9] for aDBD in argon water gas mixtures.

Absorption spectroscopy is a useful diagnostic for in-situ measurements of pollutantsin a gas stream. In [10] the
concentration of NO, SO, and NH3; was measured in-situ in flue gas in a pipe of 20 cm diameter. Injecting the
gases separately with injection from gas bottles (Fig 12) performed the calibration. The same technique was




applied in aDBD reactor (see Fig 13 from [11]) using a xenon lamp or deuterium continuum lamp and detection
with a spectrograph supplied with a CCD camera. Special attention was paid to take background absorption,
probably caused by ozone, into account.

Ozone absorption measurements are arelatively easy diagnostic for O concentration measurements. As an
exampl e the measured concentration from absorption above water when streamer coronais madeintheair ina
closed volume gives the ozone production rate [3]. When phenal is dissolved in the water the measured O3
concentration is lower. From the decrease in rise time of the ozone concentration build-up the reaction rate of
ozone with dissolved phenol can be estimated.

Concentration and temperature from NO can also be measured in-situ from laser absorption spectroscopy. This
was demonstrated in a DBD [12] from the observation of the NOy(0,0) band. Because the intensity ratio of some
lines within this rotational band have a clear temperature dependence the gas temperature can also be cal cul ated
from arelative intensity ratio (see Fig 11). It proves that the temperature rise is not more than 50K.

Finally two dimensional absorption distributions[13] can give information on the concentration during
destruction and production of NO in areductive or oxidative environment. This also shows the reaction kinetics
during the expansion phase of the streamer.

4.4 Laser Induced Fluorescence

Images of NO distributions in streamer discharges have also been obtained from Laser Induced Fluorescence
(LIF) [14]. The laser system generates 226 nm radiation (fourth harmonic of Nd YAG laser) ina7 ns pulse. The
beam is focused to a sheet. NO fluorescence is measured at 253 nm to determine the destruction of NO by
negative corona discharge with high spatial and temporal resolution. Also in water cleaning LIF diagnostic isa
powerful in-situ diagnostic. In [15] destruction of phenol by positive corona discharge above the water was
followed with time inside the water by measuring fluorescence at 300 nm. Fluorescence at longer wavelength
can be used to follow the build up and destruction of oxidation products (Fig 14).

To identify the OH radical in corona exposed water a fluorescent molecular probe was used in [3]. If the probe
molecule CCA (coumarin-3-carboxylic acid) absorbs a hydroxyl radical it becomes strongly fluorescent. In fig
17 the fluorescence spectrum of a1 mMol CCA solution is shown after different corona-exposure times (10-40
minutes at 100 Hz rep rate). The excitation wavelength is 396 nm. The increase of the fluorescence is amost
linear with time. Thisimplies that the production rate of the hydroxyl radicals is about constant.

4.5 Other techniques

Cavity-ringdown spectroscopy can be applied for detection of low concentration radicals. Measurement of the
E-field in streamer discharges at atmospheric pressure is difficult. Stark broadening is hampered by pressure
broadening. May be the intensity of so-called forbidden lines can be used for estimation of high electric fieldsin
streamer discharges. FTIR spectroscopy is often used for the measurement of the composition of hydrocarbons
and other reaction products

5 Chemical diagnostics (Conversion products)

It isin general not sufficient in a study of destruction of VOC's in air or organic molecules in water to measure
the reduction in the primary component only because intermediate or final reaction products can be toxic. Gas
chromatography and HPLC (high performance liquid chromatography) is often used to determine the
composition of pollutants in a treated gas or water stream. As an example in fig 15 were the concentrations of
two conversion products are shown as function of time if a0.27 mMol (25 mg/l) phenol solution is oxidised by a
pulsed corona discharge [3]. The concentrations are measured by reverse-phase HPLC using a UV absorption
detector. These intermediate products are further oxidised into acids which have been qualitatively identified by
Capillary Zone Electroforeses. Ring cleavage products can be separated from polyhydroxybenzenes by lon-
exclusion-chromatography. This is shown in the chromatogram in figure 16 [3,16] in which phenal,
polyhydroxybenzenes and acids are clearly separated.



6 Summary and future needs

Pulsed atmospheric discharges are difficult to describe. They consist of two phases: streamer creation and
propagation of athin filament creating exited states, radicals and meta-stable states and a second phase with
expansion, cooling and further chemical reactions. Because of the fast time scale and required high spatial
resolution diagnosis of these plasmas is very demanding. Electrical, optical and chemical diagnostics have

given awealth of information but e.g. branching of the filaments, concentrations of reaction products and scaling
are still difficult to predict. So thereis afurther need for better diagnostics for the measurement of e.g. E-field
and distributions of radicals and reaction products. Also in-situ monitoring for process control and verification of
environmental regulations should be further developed (see Fig 18 for some challenges in the diagnostic field).

References

[1] a) B. Penetrante and S.E. Schultheis (editors), Non-thermal Plasma Techniques for Pollution Control
part A and B, NATO ASI SeriesVol. 34, Springer Verlag, Berlin 1993, ISBN 3-540-57174-4
b) E.M. van Veldhuizen (editor), Electrical Discharges for Environmental Purposes: Fundamental s and
Applications, Nova Science Publishers, New York, 1999, ISBN 1-56072-743-8
¢) R. Hacham and H Akiyama, Air Pollution Control by Electrical Discharge. IEEE Trans. on Diel. and
Electr. Insul. 7 (2000) 654-683

[2] Y .L.M. Creyghton, Pulsed Positive Corona Discharges: Fundamental Study and Application to Flue
Gas Treatment , PhD Thesis Eindhoven University of Technology, 1994

[3] W.F.L.M. Hoeben, Pulsed corona-induced degradation of organic materialsin water, PhD Thesis
Eindhoven University of Technology, 2000

[4] L.A. Rosochaand R.A. Korzekwa, Removal of Volatile Organic Compounds by Atmospheric-Pressure
Dielectric-Barrier and Pulsed-Corona Electrical Discharges. Ref 1b, p 245-278

[5] a)A.A. Kulikovsky, The mechanism of positive streamer acceleration and expansion in air in a strong
external field. J. Phys. D: Appl. Phys. 30 (1997) 1515-1522
b)R. Morrow and J.J. Lowke. Streamer propagation in air. J. Phys. D: Appl. Phys. 30 (1997) 614-627

[6] E.M. van Veldhuizen et al., Fast imaging of streamer propagation, this conference

[7] F. Leipold et al., Electron density measurements in an atmospheric pressure air plasma by means of
infrared heterodyne interferometry. J.Phys. D: Appl. Phys. 33 (2000) 2268-2273
[8] E. Marode et al., Time Resolved Temperature Measurements and Computation of Streamer Air

Discharge and Diffusion Controled Chemistry. J. Adv. Oxid. Technol. 4 (1999) 305-311

[9] O. Motret et al., Rotational temperature measurements in atmospheric pulsed dielectric barrier
discharge-gas temperature and molecular fraction effects. J. Phys. D: Appl. Phys. 33 (2000) 1493-1498

[10] E.M. van Veldhuizen et al., UV absorption to determine SO, NO and NHj3 in flue gas cleaning by
pulsed corona. Proc. HAKONE V, Brno (1996) 107-111

[17] | Stefanovic and K. Wiesemann, Thermally Induced Changes in the DBD Refractive Index and Their
Influence on Absorption Spectroscopy Measurements. Proc 14" |SCP, Prague (1999) 1039-1044

[12] M. Spaan et al., Dielectric barrier discharges with steep voltage rise: laser absorption spectroscopy of
NO concentrations and temperatures. Plasma Sources Sci. Technol. 9 (2000) 146-151

[13] F. Tochikubo and T. Watanabe, Two-dimensional measurement of emission intensity and NO density in
pulsed corona discharge. Proc. HAKONE VI, Greifswald, September 1999, p. 219

[14] G.J. Roth and M.A. Gundersen, Laser-Induced Fluorescence Images of NO Distribution After Needle-
Plane Pulsed Negative Corona Discharge. |EEE Trans. Plasma Sci. 27 (1999) 28-29

[15] D. Hayashi et al. , LIF diagnostic for pulsed-corona-induced degradation of phenol in aqueous solution,
J. Appl. Phys. , 33 (2000) 1484-1486

[16] W.F.L.M. Hoeben et al., The degradation of aqueous phenol solutions by pulsed positive corona
discharges, Plasma Sources Sci. Technal., 9 (2000) 361-369

Acknowledgement
A.H.F.M.Baede, Y.L.M. Creyghton, D. Hayashi and W.F.L.M. Hoeben delivered important contributions to the
experimental work and diagnostic development.



QUESTIONS

= Emogy elficiency, filling fsctor
+ Removal mie (conversion cfficiency)

DIAGNOSTICS

v Flereral e, Viahags P, ans. oo T
= Time scale chem. kietics. residems ume + Oyl (st} Phoingraphy  Dischergs sinuct
= Comversion prodects (intermedisie, fimal) STy HT;“:H
+ Addsiives to mmprove convenaon eifiesoncy e e “I":‘:_m
* Surfhce resction to improve efl. and selectivity o - Chuisisiol m-HPLC, ICE . + Bl e
& Theoreseal lsmai, HI- laws m‘l"{[t'h.mﬂ? Ch.ﬂ.ﬂ.hﬂl "‘H'm
* {osis {Invesiment, operation, manicnance) : mm 4
- TASK:  FIND PROPER DIAGNOSTICS i o i i s e
AND INDICATORS Fog 2
Fig |
ELECTRICAL MEASUREMENTS ELECTRICAL MEASUREMENTS
* Fast risetime ' - = 8
10°1 iy I, 0O A0 volage asd charge
=CdVili ¥, TV VI -
= Ll T
= [ower dissipation in "."-—-
loule!l or | o Charge |
JonibeVppen of poll L P r—
* Energy comversian _["" = Energy per cycle
i e imolecube Sa - .
Fig 3 Bk ook £ s Yoy (] p Fig4
STREAMER DISCHARGE Fast photogra h
Calculation Fh _P y
CCD cwmera; exposure time 100 nseg
point-plate pom-wire
)
Prsni-plair | appet | aid plane-plite (loser) @
oA Mkl | P 19 gt Plass, L, T (420 Fig. & E bl v Vel The wsfre Fig &

75




Fast photography
CCD camera; exposure tme 0.8 nage

h‘-‘ r:. i :" . L o
L . .
Ll
.o
D, s Vil lorm, This sealivsmty Fig. 7
Interferometry
Migpohollow cathode discharye
= I ——
== = Tir——

P - Citemm oo )
L o1 i, | Py [ gy, Py 10 iy 138-T Fig®

Spectroscopy
Laser absorption spectroscopy of MO

EM AT EPEETN IFREE FEE o ee RN
e LI
ol o o o Pl Samarvms: S Tt (TN |0 Fig. 11

Schlieren photography
Wire-plate configueration, deluy 200 jus

¥ Ll Crpygius, Pl Thesi, Wimiiervom Linis. o Tickm Fig 8

Spectroscopy
Repetitive filamentary streamer discharge

Spectram 335-337 am, dA=0.1 nm

e 1w . Vr—
® -

P - 5
1 el gl Rl T T, o 199 0 Fag. 19

UV -absorplion measurements

flue gas
2 S "‘il |
vo [5l son LAY ]
:-i- T :'“'_"'_'1___':"
T —— ST
?.H...-I....:! _! !._';rl - f‘.r
L || CaL !*_-E;ﬁ =1
:‘;; E".'-...-.-'" L
W g Wk, P Diakans Y | T (BT I"l:

T6




UV Absorption NO
Flue gas treatment in dielectric barrier reactor
05 NO, = 1000 ppm
0.4
a 03
02
0.1

00 o 1% %0 2ip 230 230 240 25
Afnm

IN-SITU MEASUREMENT OF
PHENOL AND DHB by LIF

i
& Prancl
©  Owdalon producs
3
1] 3
B y
%
5 )
a0
o 50 100 150
Tirea ]

Stefamonic, Wiesemann, Proc 14 [SPC, Praque, p 1079 Fig 13 D Hayashi, J. Plys. D: Appl Phys. 33 (2000} 1484 Fig 14
CHEMICAL DIAGNOSTICS CHEMICAL DIAGNOSTICS
Phenols and ring cleavage products
Reversed phase HPLC . -
from ion-exclusion chromatography
I0E04 T
[ 180 preser
E 20E-04 o
H ER - o oL
i 1DED4 "E —
g E o i i
e O B0 120 180 240 300 0 LJ'-‘J'-JL —A
Tieme {mini s . 19 " 20 a8 1] " a0
W.EL M Hocben, PhD Thesis (2000), Eindhoven Un. of Technol Fig 15 B Fig 16
OH RADICALS IN WATER CHALLENGES
in- lic aci lecul b L
Coumaria-3-carboxylic Acid moleculir probe » Radical concentrations from cavity ring-
25 - 20 min down spectroscopy
3 * Plasma parameters in micro-discharges
§ s 50 from Thomson scattering and interferometry
R T > — + Decomposition products on-line from
-E 5 }f//‘%@f\\\\ LC-MS and in-situ from LIF imaging
o » E-field from ? in streamer head and channel
400 450 500 550 B00

wavelangih (nmi

Fig 17

On-line Dioxins and VOC's
Fig 18

77




	Abstract
	Introduction
	References
	Acknowledgement

