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On the generation of ozone by surface discharges

V. Gibalov , G. Pietsch, R. Richter and A. Saveliev

Grundgebiete der Elektrotechnik und Gasentladungstechnik,

Aachen University of Technology, D 52056 Aachen, Germany

Chemical Department, Moscow State University, 119899 Moscow, Russia

Introduction

Surface discharges on a dielectric appear when the field strength component paral-

lel to the surface reaches breakdown value. The knowledge of the discharge characteris-

tics is necessary for the understanding of the insulation properties of high voltage equip-

ment and plasma chemical processes like e. g. ozone production. Ozone generators

working with surface discharges are now commercial available, however, up to now

there exists no systematic investigations on the physical mechanisms leading to ozone.

Experimental set-up

In order to investigate the ozone synthesis with surface discharges several dis-

charge cells have been constructed. All of them consist of a dielectric plate with a

grounded plane electrode on one side of the plate and high voltage wires or stripes on

the reverse side. The charge distributions on the dielectric surface has been investigated

electrically, with the powder method (Lichtenberg figures), and with the help of a Pockels

cell [1]. The ozone concentration has been measured with UV light. The experiments

were carried out in air and oxygen.

Results

There are some specialties of the surface discharge which are different from those

of barrier discharges. The polarity of the high voltage electrodes determines the mecha-



nism of the discharge development on the surface. At negative polarity the uniformly dis-

charged region rises practically with voltage. There are no channels or other traces of

contraction detectable [1]. On the other hand, at positive polarity of the surface elec-

trodes the discharge develops within distinct small discharge channels, which propagate

perpendicular to the electrodes [1]. There is some evidence that at positive polarity each

set of discharges takes place in new channels [2].

e ne rg y,
m J

250-1 c h a r g e

nC

2 0 0 -

150-

100 -

5 0 -

0 -
0

Fig. 1: Transferred charge a) and energy b) from one period of the applied ac voltage

(glass thickness 2 mm, electrode length 6 cm, oxygen of 1bar)

The absolute value of the transferred charge as function of the applied voltage is

presented in Fig. 1a). With increasing voltage the value of the transferred charge rises. In

contrary to barrier discharges in gas gaps this dependency is not linear. In the case of

surface discharges the discharged area increases proportionally to the applied voltage,

the discharged region spreads over the surface and by this enlarges the capacity of the

dielectric which is involved in the discharge process.

The size of the discharged region is not only affected by the applied voltage but

on its "history", too. For clean, uncharged surfaces this value is several times larger for



first discharge generations at positive polarity than for those with opposite polarity. For

ac voltages these values are between those for uncharged surfaces (Fig. 2).
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Fig. 2: Lengths of discharge channels at positive (1) and negative (3) voltage pulses

on uncharged surfaces [3] and and those for ac voltage (2)

If the discharge arrangement is fed by alternative current, positive charges accu-

mulate on the dielectric surface [1] and influence the further development of the discharge.

The adsorbed positive charges "pull" the negatively discharged region a bit more far

from the electrodes and "hinder" on the other hand the subsequent positive channels

development. As a result at ac voltage there is hardly a difference in the value of the dis-

charged area between negative and positive polarity, however, in the outer region of the

discharged area the dielectric surface is continuously positively charged [1].

The nonlinear dependence of the transferred charge from the voltage defines the

shape of the energy-voltage curve of surface discharges (Fig. 1b). For surface discharg-

es this curve does not consist of linear parts, it is fully nonlinear because of the strongly

nonlinear transferred charge-voltage behaviour. The energy values (without reactive

part) were obtained from charge-voltage curves. In contrary to barrier discharges the

charge-voltage dependence of surface discharges is much more complicated resulting

from back-discharges.
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Fig. 3: Ozone concentration in a surface discharge cell fed by air and oxygen

The kinetic curves of ozone synthesis from surface discharges and barrier dis-

charges are similar. At comparable low ozone concentrations there is a linear dependen-

cy between concentration and energy density (Fig. 3). At high energy densities a sat-

uration ozone concentration exists. From the linear part of the curve for oxygen an effi-

ciency of up to 16 Wh per gram ozone follows (Fig. 4). This value is practically identical

with that for barrier discharge devices.
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Fig. 4: Ozone synthesis efficiency against ozone concentration in air and oxygen from

a model ozonizer operating with surface discharges



The ozone synthesis efficiency of surface discharge devices fed by air is signifi-

cantly lower than those fed by oxygen (Fig. 3), it drops approximately five times. How-

ever, at overpressure conditions the efficiency was found to be higher and closer to that

of barrier discharge arrangements (Fig. 4).

Conclusions

Surface discharge ozonisers have similar properties as those operating with barrier

discharges. At oxygen supply there exist a linear dependency between ozone concen-

tration and energy consumption and saturation levels as well. The efficiencies of ozone

synthesis as well as the absolute value of the ozone concentration are comparable.

At air supply the situation changes. For surface discharge ozonizers operating at

normal pressure there is a significant drop in ozone concentration and efficiency in com-

parison to oxygen. This effect is several times more pronounced than for barrier dis-

charge ozonizers. With rising pressure the differences are smaller.

Acknowledgement - The authors gratefully acknowledge the financial support of the
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Investigation of the steady-state axial-flow dc glow discharge in air as an ozone source

R. S. Galeev

Kazan State University, Research. Institute of Mathematics and Mechanics.

Kazan, Tatarstan, Russia, 420008

ABSTRACT

The ozone producing process in the dc glow discharge in the axial flow of the air

is investigated numerically. The mathematical model is based on the one-dimensional

steady-state glow discharge equations, the gas dynamic equations, the chemical-kinetic

and vibrational relaxation equations. The discharge equations include the continuity ones

for the electrons, the positive and negative ions and Poisson's equation for the electric

field. The investigations of the dependence of the efficiency of the ozone producing on the

gas velocity, the gas pressure and the discharge current axe carried out.

1. INTRODUCTION

In the last years there has been a great interest in a glow discharge in the air for freeing

the fouling. In the recent works [1-3] a possibility of obtaining of a stable steady-state

transverse-flow glow discharge in the air under the atmospheric pressure was demonstrated

experimentally. A comprehensive analysis of a processes occurring at the discharge plasma

in the air as well as the calculation of various species in the transverse flow discharge were

presented in [4,F>]

The usual approach [6] to the mathematical modeling of the plasma-chemical kinetics

is based on integration of the plasma-chemical kinetic equations under assumption that

the specific electric field strength E/N is constant along the flow and has been known a

priori.

The purpose of the present, work is to develop a mathematical model of the axial flow

glow discharge in air based on self-consistent solving of the discharge equations and the

vibrationally non-equilibrium, gas dynamic equations wilh chemical kinetic ones, as well

as the investigations of the efficiency of the ozone producing.

2. MATHEMATICAL MODEL

An axial flow dc ;.ras discharge is supposed to be described by the steady-svate oue-

dimerisional coupled equations for glow discharge and ones for the vibratioiially non-

equilibrium gas flow and the chemical kinetics. Diffusion effects are assumed io be
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negligible. The mathematical model of the glow discharge is given by the continuity

equations for electrons, positive ions and two kinds of the negative ions (0~ and combined

OJ and 0^) (in a similar manner as in [7]) and Poisson's equation for the electric field

The rate coefficients for ionization, dissociative attachment and electron drift velocity

are functions of the local value of the ratio electric field/gas number density (E/N).

They are determinated by employing the electron energy distribution function which is

calculated by numerical integration of the isotropic steady-state Boltzmann equation. The

remaining coefficients are identical to ones from [7].

The gas flow is described by the one-dimensional inviscid gas dynamics equations. The

two-temperature vibrational relaxation model in N2-O2 gas mixture is applied.

The following species: e, 0 , 0 3 , N, NO, N20, N02, N03, N2(A3£), N2(esum),

02(a :A), O2(612), 0(1Z?), 0 J , OJ, N2(»t&r), O2(tn6r), M+ are taken into account. We

mean similarly as in [5] that N2(esum) is the pooled excited electron states with the

energetic levels above N2(A3E). The various positive ions are not treated in detail and

they are denoted by M+. Mathematical model of the chemical reactions in plasma deals

with the kinetic equations for the neutral species only while the electric field distribution

as well as the densities of electrons and ions are taken from the solution of the discharge

equations. A set of the chemical reactions and the rate coefficients are borrowed from [5].

For solving the discharge equations the method described in [8] is used. The kinetic

equations for the neutral species are solved by employing the Gear's method.

3. NUMERICAL RESULTS

The dc axial flow discharge in the air has been calculated. The pure gas mixture

N2:O2=4:1 is considered. The gas flow direction is from the cathode to the anode.

The rate coefficients for ionization and attachment and ones for the excitation of the

electron states obtained from the solution of the Boltzmann equation [9] are shown in

Fig.l. Dependencies of the voltage U with the electric current density j for the various

electrode separations L are shown on Fig.2. One can note that the voltage is decreasing

for all electrode separations. Fig.3 shows the distributions of the electron, positive ion and

negative ion densities as well as electric field distribution. One can see that the electric

field is non-uniform everywhere for the discharge current density and electrode separation.

So, there is no a quasineutral region in the discharge gap. As it has been seen the negative

ion density n_2 corresponding to combined ions OJ and 0 "̂ is order greater than the

density of electrons. As can be seen in Fig.4 the ozone density ranges up 1016cm~3 at

the outlet. This value is nearly two order greater than the density of N20. It should be

noted in advance that the results in Fig.4 corresponds to an optimum conditions resulting

a maximum efficiency of the ozone producing. By the efficiency of the ozone producing is
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meant a number of the ozone molecules produced per unit of the input energy.

K,

10"

10"

10""

10

10""

10

10

1

U, kV

20

10

10 100
E/Nx101s,V/cm2

Fig.l. Ionization (fc,), detachment

(fcoi), electron state excitation

(N2(A
3E - 1, N2(esum) - 2,

3, 02(^2) - 4) rate coefficients.

L-1.5 cm

0.01 0T02

j . A/cm4

Fig.2. Dependencies of voltage U with

the electric current density j for various

electrode separations L. p=700 Torr.

u=10 m/s.

E/Nx10", Vxcm2 "i cm" lg(n), cm"

x, cm

Fig.3. Distributions of electron (nc),

positive ion (n+) and negative ion (n_i

and n_i) densities and electric field

(E). p=700 Torr. e=10m/s.

Fig.4. Distributions of neutral

particles. p=700 Torr. v=10 m/s.



The gas heating is not significant and it does not exceed 30 K even with the current density

0.02 A/cm2 and the electrode separation 1.5 cm. The similar we can confirm about the

gas velocity.

Fig.5 and 6 show that the efficiency ranges up the maximum under the electrode

separation about 0.2 cm and the. discharge current density 0.01 A/cm2. The efficiency is

somewhat higher for the flow direction from the anode to the cathode.

rw/W, 10'"
0.5 -i

0.4 -

0.46 r

0.44 -I

0.42

•'am 0.2

j , A /cm 2

575
L, cm

Fig.5. Efficiency of ozone producing

as a function of current density for

various electrode separations. p=700

Torr. p=10 m/s. W = jU.

Fig.6. Dependencies of efficiency of

ozone producing on electrode

separations for flow direction from

cathode to anode (solid line) and

for opposite direction (brokeH line).

;j=700 Torr, t-=10 m/s, >=0.01 A/cm2.

From Fig.7 it is notable that the efficiency of ozone producing has a maximum under

the pressure which is close to the atmospheric one.

4. CONCLUSIONS

A mathematical model for numerical simulation of the axial flow dc discharge in air

has been presented. The model includes the one-dimension a] glow discharge equations and

ones for vibrationally non-equilibrium gas flow coupled with chemical kinetic equations.

The dependence of the ozone producing efficiency has been investigated. It has been

deduced that the maximum efficiency is attained under nearly atmospheric pressure for

the electrode separation about 0.2 cm.
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rw/W, 101*/J

700

rw/W, 10 lB/J
0.5 r

0.+

0.3

0.2 •

L=0.2 crn

1.6

20 +0 B£T BO TOO.

v, cm/sj , A/cm2

Fig.7. Dependencies of efficiency of Fig.8. Dependencies of efficiency of

ozone producing on the current density ozone producing on the gas velocity

for the various pressure. u=10 m/s, for the various electrode separations.

1=0.2 cm. p=700 Torr.
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Ozone Generation System by Superimposing

Discharge Method Using Three Phase Electric Source

T.Ito, M.Sasaki, Y.Ehara and H.Kishida

Dep. Electrical & Electronic Engineering

Musashi Institute of Technology

1-28-1 Tamazutsumi Setagaya-ku Tokyo 158 Japan

[Abstract]

A new ozone generation system is proposed in this paper. New ozonizer system is

constructed by three kind of electrodes- Three phase high voltage is applied among three

electrodes. In this system, three kind of discharges are superimposed in same space. The

ozone concentration was achieved more higher at the discharge superimposition system than

at the individual discharge system.

[Introduction]

The ozone is widely used to many field- Therefore the needs of ozone become extend

day by day. Under such a background, the ozonizer are demanded the high efficiency of

ozone generation and the miniaturization of ozonizer for more spread of ozone utilization.

Usually, the silent discharge or the surface discharge are used to ozone synthesis for

ozonizer-

The object of this research is to improve the energy efficiency of the ozonizer and to

miniaturize ozonizer. In this paper, a new type of ozone generation system is proposed.

[Experimental Apparatus and Method]

The new ozonizer was designed as shown in Fig. 1. The discharge tube was made
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coaxially by hard glass. The aluminum foil was rolled on the surface of outer tube as an

outside electrode ® . The Ni wire was rolled spirally as a surface electrode @. The inner

tube was filled by NaCl saturated electrolyte as a central electrode (3). The oxygen gas of

atmospheric pressure flew through between the inner and outer tube at flow rale of 1. 5

5 /min

The high voltage were applied between two electrodes or among three electrodes. The

former method is called the individual discharge method, and the latter is called the

superimposing discharge method.

hard glass N i

tffitffl:
gap

180mm

32 mm

Fig. 1 A schematic of diagram of electrode construction

11 Exhaust

Fig. 2 The schematic of diagram of experimental system
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(Potential Difference >

(Discharge Period)

electrode

(D-(D
electrode

electrode

Fig- 3 The potential difference and the discharge period by means of three phase voltage

In individual discharge method, single phase & 50Hz high voltage was applied

between the electrode ® - ( D , © - © or ( D - ® - These high voltage between the

electrode ® - © , (2) - (3) or ® - ® generate a silent discharge, a surface discharge, a

silent discharge respectively-

In superimposing discharge method, 3 phase high voltage was applied among three

electrodes as shown in Fig- 2. In this experimental condition, the silent discharge and the

surface discharge generate in the gap in the sequence as shown in Fig- 3- These discharges

mode were superposed doubly or triply in time-

[Experimental Results and Discussion]

The ozone generation characteristic is shown as a function of applied voltage in Fig- 4-

The ozone concentration increased with applied voltage. In the case of 3 4> superimposing

condition, the ozone concentration is more higher value than in the case of the individually
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voltage application condition at same applied voltage.

The ozone yield is shown as a function of applied voltage in Fig. 5- The ozone yield

decreased gradually with applied voltage. In individual discharge condition, the ozone yield

is higher value at lower ozone concentration (correspond to high voltage applied between

• 30 superimpose • voltage ® - (
o voltage ©-(3) o voltage © - (

4 6
Applied voltage [kV]

Fig. 4 Ozone generation as a function of applied voltage

• 3 0 superimpose • voltage®-*
o voltage©-© o voltage®-*

200-

4 6 8
Applied voltage [kV]

Fig- 5 Ozone yield as a function of applied voltage
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• 30 superimpose • voltage ®-
o voltage©-® n voltage ®-

) 2 4 6
discharge power [W]

Fig- 6 Ozone yield as a function of discharge power

® - (D ) than at higher ozone concentration (correspond to high voltage applied between

® - (1) ). On the other hand, the ozone yield is higher value in sprite of the high ozone

concentration in the case of 3 0 superimposing condition.

The ozone yield is shown as a function of the discharge power in Fig- 6. In 3 0

superimposing condition, the ozone yield is higher than the individual discharge mode at

same discharge power-

[Conclusions]

In this paper, the new type ozonizer was proposed. The new ozonizer was

constructed by double coaxialy composition. The ozonizer had three kind of electrodes, and

was work at 3 phase electric source. The results were as follows-

The new ozonizer is able to generate higher ozone concentration than individual

discharge mode. The ozone yield by the new ozonizer became higher value at low applied

voltage- These result is confirmed by three phase system to improve the efficiency ozonizer

without using high frequency electric source.
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OZONE SYNTHESIS IN A TORCH DISCHARGE

V.M.Lelevkin, A.V.Tokarev, V.A.Yudanov

Kyrgyz-Russian Slavic University, 720000, Bishkek, Kyrgyzstan; 44 Kievskaya str.

ABSTRACT

An experimental installation for synthesis of ozone on the basis of an abnormal
version of a positive corona of a torch discharge has been developed [1]. Power parameters
of synthesis of ozone from the atmospheric air in this discharge are considered at various
parameters of the discharge contour.

INTRODUCTION

Technological application of a corona discharge as antismoke filters, charge
neutralizes of flying apparatus for conduction of plasmochemical reaction [ 2 ] is known. By
its power characteristics the torch discharge considerably surpasses an ordinary positive
crown.

EXPERIMENT

The experimental installation, fig. 1, consists of a laboratory autotransformer 1,
connected to the mains power supply, a wattmeter 2, a high-voltage direct current source 3, a
kilovoltmeter 4. The positive electrode of a high-voltage power sourse is connected to the
corona-forming electrode 5, and the negative electrode is connected to the grid 6. Under the
action of electrical wind arising during the corona discharge the ozone-air mixture is carried
out of the charge through the grid 6 and falls on to the vane anemometer 7.

220V l

n i

8
7

Fig. 1. The circuit of the experimental installation.
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The ozone analyzer 8 registers the concentration of ozone in the ozone-air mixture
behind the anemometer. Knowing the value of the ozone concentration, the velocity of the
ozone-air mixture and the section 9 the ozonator productivity and specific power comsumed by
the ozone synthesis are calculated. The experiments were conducted in the air with
atmospheric pressure at the temperature of 26 °C. Copper foil plates 50 mkm thick and
stainless steel foil plates 100 mkm thick were used as corona-forming electrodes. In the process
of the experiment the high voltage volue and the distance from the corona-forming electrodes
to the grid were changed. With the purpose of comparison of parameters of the corona
discharge with various thickness of electrodes the distances from the copper corona-forming
electrodes to the grid and from the stainless steel electrodes to the grid was set the same.

The experiments with a single torch and a group of discharges have shown that the
single discharge burns unsteadily and the parameters of its burning are badly reproduced in
different periods of time. The group of corona discharges burns more steadily, probablly,
due to the mutual influence through the mechanism of photoionization of the environment by
ultraviolet radiation originating in the zone of the discharge. The specific power consumed by
the synthesis of ozone from the atmospheric air are considerably reduced with the increase of
the number of corona-forming electrodes.

It has been established that on thick corona-forming electrodes of stainless steel all
the curves of the electric wind velocity versus voltage fig. 2 and of the productivity of the
ozonator versus voltage fig. 3 have a greater inclination, than these curves on thin copper
electrodes. The voltage at which the torch discharge starts and ozone appeares is less on the
copper 50 mkm - thick electrodes than on iron electrodes (the size of the discharge interval d is
the same), and this difference grows with the increase of d to 3 kV, and the voltage of the
transition of the corona discharge into a spark discharge is 1.5 kV higher on thinner electrodes
than on 100 mkm steel electrodes.

At the voltage up to 21 kV the velocity of the electric wind from the thin electrodes
exceeds this velocity from the thick electrodes fig. 2. But at the voltage higher than 21 kV a
reverse picture is observed: the velocity of the electric wind from thick electrodes exceeds this
velocity from thinner electrodes.

Measurements of the dependence of specific power consumed by the synthesis of
ozone from the atmospheric air on the voltage and the thickness of the corona-forming
electrodes fig. 4 are carried out. The common feature of the obtained curves is that the
specific energy expenditures pass the minimum when the voltage increases from the corona
discharge firing voltage, left curve boundary, to the voltage of the transition of the corona
discharge to a spark discharge, right curve boundary. For each thickness of the corona-forming
plate, depending on the distance from the electrode to the grid, there is its own optimal voltage
at which the minimum specific power required for the ozone synthesis is reached. The
comparison of these curves shows that on thick corona-forming electrodes with the corona
discharge firing voltage the specific power required for ozone synthesis is very high, then it
falls sharply to the minimum and then rises again smoothly. For thinner corona-forming
electrodes these curves are expressed more smoothly. Comparatively high power expenses on
the ozone synthesis with the voltage close to that of the corona discharge firing can be
explained by the fact that with low voltage the electron energy in the discharge is not high
enough yet for the ozone synthesis and is spent mainly on gas heating. The increase of the
specific energy expenditure after their passing the minimum is probably connected with the
fact that under the indicated conditions the electric wind velocity is not high enought to carry
all the produced ozone out of the discharge zone, so part of it is destroyed in the
discharge. The comporison of specific energy expenditures on the ozone synthesis shows
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fig. 4 that at the voltage up to 14 kV thin corona-forming electrodes have an advantage,
and the "torch" charge from the thick electrodes does not burn at all and goes over to a
spark discharge at once. The specific energy expenditures on the thin and thick electrodes
are almost equal when the distance betwen the corona-forming electrodes and the goid is 33
mm and the voltage is 15-16 kV, and when the voltage is over 18 kV , thicker electrodes
have an advantage.

Fig. 5 illustrates the dependence of specific energy expenditure on the productivity
of the ozonator. It should be noted that it is not favourable economically to have big
intervals between the electrodes, because of low productivity and high specific energy
expenditures. The maximum production of ozone on thin electrodes with the used power
sourse and the average distance (20 mm.), but there are relatively high specific energy
expenditures: up to 48 kWh/kg of ozone. When the distance is smaller (d~15 mm.) the
production of ozone on thin electrodes is high enough (4 g per hour), and the energy
expenditures are quite reasonable: about 32 kWh/kg of ozone.

If we compare the specific energy expenditures of industrial ozonators lying in the
interval between 18 and 35 kWh/kg of ozone with the obtained results we can draw a
conclusion that an ozonator based on the "torch" type of discharge satisfie economic
requirements to ozonators, but because of the absence of a dielectric barrier (a traditional
method of ozone production ) the ozonator based on a torch discharge has a simpler
construction and its work is more reliable.

It has been found out experimentally that the increase of the number of the places
of burning of a corona discharge promotes the reduction of specific energy expenditures.
Going over to industrial ozonators with bigger capacity than that of laboratory ozonators
will contribute to the improvement of economic parameters of ozonators based on the
"torch" type of discharge.
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IMPROVING OF THE OZONE PRODUCTION BY CORONA DISCHARGE,

IN A WIRE-TO-CYLINDER DEVICE, USING A CLOSED-CIRCUIT GAS FLOW.

APPLICATIONS.

C. MONGE, R. PEYROUS, B. HELD

C.U.R.S.-Laboratoire L.E.G.P.-Universite de PAU, Avenue de l'Universite-64000 PAU (France)

Introduction

Commercial Ozone generators generally used in industrial applications are based on A.C.

electrical silent discharges in interelectrode gaps of tubular concentric (or plate-type) capacitors

of which one electrode, at least, is insulated by a special glass. The production of Ozone by DC.

corona discharges in a wire-to-cylinder geometry used in electrostatic precipitators to reduce dust,

ash industrial emissions or in environmental applications to remove NOX can give good Ozone

concentration and yield production. If the physical mechanism of the discharge itself is fairly well

known, it is nevertheless difficult to predetermine the best dimensions for a wire-to-cylinder

Ozone generator. Technological parameters (dimensions and nature of the electrodes), gas

parameters (nature of the gas, flow rate and transit time), and electrical parameters (wire polarity,

total mean current), are interactive and greatly influence Ozone production. As Ozone is used in

various application fields, from water treatment up to clinical applications, it can be necessary to

dispose of a small-sized Ozone generator (-200 mm long), using natural Air, to produce cheaply

Ozone with high concentration.

We will recall some results obtained [1,2] and the experiments which led us to a new

device using wire-to-cylinder tubes in parallel. A gas closed-loop system was developped with a

view to decontaminate medical and paramedical wastes.

Experimental results obtained with a Wire-to-Cylinder Ozone Generator Device

From the results obtained by systematic studies on the various technological parameters

acting on the production of Ozone in a D.C. corona discharge we choose at first a wire-to-

cylinder device, with a 200 mm long duralinox tube, an axial copper wire, (diameter 0.7 mm) and

a 60 //h constant flow of cylinder Oxygen (O2MI]. Experiments pointed out that the production

yield 17 (mg 03/Wh) and Ozone concentration C (ppmV) are very dependent on the polarity
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applied to the wire. Modifications on the inner diameter D of the tube (12mm instead of 16mm)

and wire diameter d (from 0.2mm up to 0.7mm) act strongly on the electric field through the D/d

ratio (E « 1/ Log (D/d)) but slightly on the residence time of the gas in the ozonizer.

The metal of the cylinder (Copper or Duralinox) apparently has not a very important

effect on the functioning of the wire-to-cylinder systems, in agreement with other works [3],

when the nature of the wire has a more important effect for negative than for positive polarity [ 1 ].

In positive polarity, Ni-Cu or Ni-Cr alloys permit to reach a more important discharge current

before transiting to spark. "Sparkover voltage decreases with increasing (wire) temperature

regardless of wire size" [4]. The heating of the wire can introduce a local destruction of Ozone

near it [5]. Ozone concentration measurements, by UV absorbtion at 253.7 nm, showed that,

inside the cylinder, the radial O3 concentration distribution, in the ground state, presents two

minimal values, close to the wire and in the middle part of the gap [2,6].

For a constant flow rate (Q=60 //h) in O2, in spite of the interdependence of the various

parameters, and if we consider the [Ozone concentration C] * [production yield ij] product

criterion as representative of the best compromise for Ozone production, we can reach the same

C x ij values with different geometries, various lengths of the tube, cylinder and wire diameters

and, by using positive or negative polarity [7]. The choice of the polarity applied to the wire will

be dependent on the need for best production yield or maximal Ozone concentration :

i) Positive polarity gives best production yield but its use is limited by a rapid transition to spark,

ii) Negative polarity, by its extended current range without sparking, allows to obtain high

concentration values but with lower yields. In fact, in the current range studied, concentration is

directly related (quasi proportional) to the total mean current of the discharge[5,8].

From the results obtained we fixed the electrode dimensions (L = 200 mm, D = 12mm,

d = 0.2mm, D/d = 60) and nature of the electrodes (Duralinox cylinder, Monel 400 wire). The

results are reported in the following table I, as a function of the polarity applied to the wire.

Table I

positive D.C. voltage

V max= 85mg OV Wh equiv. to 12 Wh/g

Cmax= 0.3% equiv. to 6.42 mg//

negative DC. voltage

V max= 5 5 mS OyWh equiv. to 18 Wh/g

Cmax= 1 % equiv. to 21.4 mg//

They are in agreement with other works made in a similar wire-to-cylinder device, with negative

polarity [8].

T> = 12.6 mg O3/Wh C=1.6% equiv. to 34.2 mgO3// [8].
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They must also be compared with the present best industrial compromise :

17=100 gO3/kWh equiv. to 10 Wli/g and C= 0.5% equiv. to 10.7 mgO3// [9].

The role played by the gas parameters, nature of the gas (Air, O2) and contact time with

the discharge (or residence time in the tube), was studied by varying flow rate in a tube with a

constant length or by modifying the tube length for a constant gas flow rate. Acting on this latter

Qv, for a constant power P delivered by the D.C. supply, the total mean energy theoritically

homogeneously provided, to the reactive medium is changed : /?= P/Qv , where /S is the so-called

Becker parameter [2,10]. However, with negative polarity, an observation of the discharge shows

regularly separated luminous spots on the wire electrode. With the experimental set-up reported

in [7], the results obtained in the wire-to-cylinder Ozone generator, using adjustable DC.

negative power supply, in relation with the nature of the gas (Air or O2), for a constant gas flow

rate 10//h, show the variation of the Ozone concentration as a function of the total mean current:

- in Oxygen . -i) for I <lmA, C is roughly proportionnal to the mean current value [5J.

ii) in the 0.8-1.5mA range, a saturation zone appears, explained by : a) the formation of Ozone

negative ions to the detriment of the neutrals, b) the temperature increase in the reaction zone,

near the wire, c) O3-O3 or O3-O2 reactions favourizing Ozone destruction.

iii) in the 1.3-2mA range, a decreasing concentration zone corresponds to the discharge volume

development in the gap, with a local temperature increase leading to the dissociation of O3.

iiii) above 2mA the transition to spark occurs with the total destruction of Ozone.

- in dried Air. Ozone concentration increases in relation with current intensity up to 35OOppmV

without a following decrease in the 0-2mA range.

Using Becker relation, we note that, in Air, C increases in relation with /3 as follows.

C - [03] - aK fff
[O2] l + ( K f + K d ) / 3

a being the Ozone to gas ratio, Kf and Kj respectively representing the global formation and

destruction rate coefficients. In our experimental conditions we obtained the following values :

K f= (4.9 + 0.1) lO-2/.Wh'1 and Kj = (3±1) /.Wh"1.

Kf decreases when gas flow increases and Kj remains roughly constant in the 5-40 //h

flow rate range [2,11]. It is necessary to reduce the gas flow rate to increase the residence time

and then Ozone concentration as reported in [7] in accordance with other author's results.

The Bes economical criterion y (energy by molecule of O3 on the ozone concentration in

the gas)[ 10], related to the Becker parameter, is equivalent to the reverse of our [C x rj] criterion.

To obtain the best Ozone concentrations and for easier using and applications, we limited our

study to the optimization of the ozonizer functionning from dried ambient Air, with negative

polarity. Then, a device with tubes in parallel and a gas closed-loop system was developped.



Increasing residence time in the discharge, and then Ozone concentration, by reducing gas

flow, can also be obtained by using a static regime, gas pulsing or, for a constant gas flow rate,

by successive passings through the cylinder. This leads to a closed loop gas flow system as in the

experimental set-up reported in figure I.

OZOMZER

-HV

3 WAYS TAP

3 WAYS TAP

O DESTRUCTION

DEVICE

PUMP

o
VESSEL TREATMENT

PERISTALTIC PUMP
OUTPUT

DRYER FLASK

Figure 1 : Experimental set-up

To have an available O3 storage, an accumulation vessel was added in serie with the ozonizer in

the closed loop system. The mean energy supplied to the reactive medium being fixed, /3 constant,

the ozonized gas passes several times through the cylinder with a maximal 20 //h gas flow. The

experiments were made in the 300-600/AA current range, a rapid transition to spark taking place

for I > 600 jtA. The more appropriate accumulation time was determined from the curves

obtained for the same power density. Applied voltage remaining quasi constant, power is nearly

proportionnal to current (/S=P/Q « I/Q). Then, to reduce the accumulation time, gas flow must

be increased if constant power density is maintained by increasing current intensity. To improve

the functionning of the device two ozonizers were put in parallel (gas flow and electrical supply).

A maximal concentration plateau of about 1.2%, measured at the exit of the ozonizer, is observed

after about 1 hour, 5.5 times higher than the one obtained with a single tube for the same power

density with an open circuit. Then, in the 2.5/ accumulation vessel, Air containing ~ 64.2 mgO^

is obtained. After 5 hours running the production decreases[7]. This process permits applications

to medical and paramedical wastes treatment in a special container followed by a destruction

device of the residual O3 [7]. The biological results reported in [12] show that "a one hour

treatment is sufficient to eradicate most of the strains...in the gaseous phase" and that "Ozone is

an interesting disinfection agent and is effective on various pathogens in a reasonable time (2

hours)."
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Conclusion
From previous systematic studies on a non "standard" wire-to-cylinder Ozone generator,

we have determined the main parameters acting on the production of Ozone. They are linked with

the geometry (length, diameter of the electrodes, D/d ratio, nature of the wire), the gas (nature

and residence time) and the power supply (polarity and total mean current). All these parameters

are interactive. For an easy using, we fixed a reduced ozonizer geometry (200mm in length,

12mm in diameter, 0.2mm in diameter wire supplied by DC. negative voltage). With a view to

obtain the best Ozone concentration from dried ambient Air at atmospheric pressure, we have

pointed out the main role played by the electrical power density (Becker parameter), current

density and residence time of the gas inside the tube. The best results were obtained by using a

closed loop gas flow system with an accumulation vessel and ozonizer cells in parallel. In these

conditions we can supply a 2.5/ container with an Ozone concentration of about 1.2%. or 64.2mg

O 3 in one hour. This device can be used to general oxidation application processes and

particularly to decontamination treatments of medical or paramedical wastes. Some experiments

were made to evaluate the microbicidal and virucidal efficiency on various bacteria , virus and

fungus species. All the tests effected were positive and permit to determine a treatment process.
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A study of ozone formation by single pulse discharge
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1. INTRODUCTION

The chemical reaction in the discharge in an ozonizer is not a simple

situation. There are some pulse discharges in each half cycle of applied

voltage ; formed ozone is accumulated for many pulses while gas is flowing

out. Then , the ozone concentration in the flowing gas gives us the"ozone

formation energy efficiency" or current efficiency. But the reaction velocity or

kinetic constant are not .given by usual experiments.

The observation of ozone concentration over some microseconds after a

single pulse discharge can give us an effective result for ozone formation

velocity. Already the single pulse method was applied to ozone formation in

pure oxygen [1,2], but it is not measured in air with SFg . This air with an

extremely small amount of SFg gave [3] 30 % larger efficiency than that in a

pure air ozonizer for a 50 Hz source. This SFg / air experiment did confirm

the existence of the ozone formation reaction betweenO2 and radicals as N 2*-

Young [4] explains that a nitrogen dissociation value of nitrogen with SFg in

plasma increased to 60 times the dissociation in nitrogen which did not

include SFg . In a corona discharge, the condition which shows the highest

N2 *(A) concentration was estimated to be the condition when the ozone

formation efficiency showed the maximum value [5]. These experiments are

not direct confirmations for the existence of O2 .N^ reaction in the air ozonizer.

Why can SFg (or some electro-negative material) addition increase

active nitrogen molecules' concentration in a plasma? The reason is not yet
clear. In this paper, the direct measurement of reaction velocity will show
whether SFg addition is a catalyser action or not.
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2. THE SINGLE PULSE DISCHARGE METHOD

To measure extremely small concentrations of ozone which form by

single pulse discharge, a very long plate type ozonizer ( 197 cm long with

volume 39.4 cm, gap distance 2 mm) was developed.

Ozone concentration depending on the time was measured by

absorption (254 nm) of a Hg lamp. A single pulse was applied from direct

voltage in a capacitor. An example of an ozone absorption curve is shown in

Fig. 1. We can calculate reaction velocity from the slope of the curve and

efficiency from the height of the saturated line. Of course, only from a curve,

we can't obtain an absolute value, so the relation of UV absorption - ozone

concentration must be measured in advance.Radical concentration is very low

in a single pulse discharge, so radical - radical and radical - ozone reactions

can be neglected. Then the ozone formation reaction can be solved in the

pseudo-first-order reaction form. An important reaction in air, N2 *-O2

reaction finished at 0.04 micro seconds J6J, so we can neglect the effect due

to N2 * formation velocity in the ozone formation reaction in Fig. 1.

3. RESULTS & DISCUSSION

3-1) REACTION KINETICS OF OZONE FORMATION

Ozone formation is explained mainly by reaction (2) in pure oxygen or

by reactions (2'and 2) in air; .kinetic constants of reaction (2) are already

measured by many researchers.

Recently we proposed[3,5] other reactions which form ozone from

activated nitrogen moleculus !N2*J as reactions (4J - (12). For some kinds of

N2*(A3, B^,C^) radicals, there were many studies and discussions [7 - 12]

about the reaction between N2*(A3£u,6.2 e.V.) and O2at low pressure region.

The authors concluded that reactions (9), (10) and (11) can be neglected.

This conclusion has also been supported by our experiment [3].

O 2 —e > O 2 * > 20 (1)

O + O 2 + O 2 > O 3 + O 2 (2)

O + O 2 + N 2 > O 3 + N 2 &')



0 + o-
N2—-e > N2

* (A3 Iu , B37rg, C3TTU)

(A3£u, B3:rg)

2N

02

>N20

O 3 + O (3)

(4)

(5)

20 (6)

>No*(X1Lg) + 02» (7)

(8)0(3P)

0

N,

->N 2 0

->2N0

->N02

NO

N(4S)

O

N 2 *

(9)

(10)

(ID

(12)

(13)

(14)

(15)K(6- 8) [OjJ » K(14)

As shown in Figure 1, the time needed to arrive to an equilibrium

concentration is about 30 microseconds in 0 2 but 50 microseconds in air.

The pseudo-flrst-order reaction constant K* = K JO J JMJ for atomic oxygen

0 40 //tsec
j I

Fig. 1 Time dependence of

the 254 nm light after the

single pulse discharges in

O2 and air (atmospheric

pressure).

radical in air was 0.75 x 10"5 s ' l in this experiment. In the kinetic constant

value in the literature, when only reactions (2) and (21) were considered, K =

0.76 x 10"5 s ' 1 which was identical with our experimental result. Before, we

proposed! 1,2] reaction (3) for ozone formation reaction in pure oxygen
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because our experimental results by the single pulse method did not give the

same value as that calculated from reaction (2) and the K from the

literature. But in the experimental result in air, reaction (3J was not

necessary. So it is reasonable that in air reaction (13) shall occur due to

the existence of many nitrogen molecules. Also we must consider reaction

(14), but already the reaction kinetics of reaction (14) was analysed! 14] with

reactions (6-8) [13], and relation (15) is deduced, so the reactions (6~ 8) shall

advance with no problems.

The 1 % addition of SF6 in air caused no change in the ozone

formation velocity.

3-2) OZONE FORMATION EFFICIENCIES

Fig. 2 The relation of applied

voltage and ozone current

efficiencies due to

the single pulse application.
2 3

§ 2
6
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•
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In Figure 2, the parameter is % of SF6 added. In the single pulse

experiment, discharge energy measurement such a continuous discharge

experiment is difficult, but charge current can be measured. Also, in

continuous ozone formation experiments including SF in 50 Hz discharge ,
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maintaining voltage and energy efficiencies in the ozonizer showed some

abnormal values, but ozone formation showed directly a linear relation with

the discharge current valueI3J. Then in this experiment for pulse discharge ,

the current efficiencies were used.

In Figure 2 the addition of SF6 to pure oxygen did not change the

ozone efficiencies. But in air ozonizer, the effect was greater than the results

in 50 Hz discharge,namely 1 % addition of SF6 increased 2.6 times of

efficiency. At 5% SFg addition, the effect is down from the maximum effect

point. This is explained by some 3rd body action which is energy absorption

by SIg .namely O2 * concentration in reaction (3) decreases by deexcitation in

pure oxygen: in air, N2* concentration also decreases by deexcitation.

In any case, an extremely small amount of SFg addition in air did not

exert any effect on the ozone formation reaction rate, while it increased

current efficiency. These small amounts of SF6 are not catalysers where the

SFg contributes to active nitrogen formation, because in an oxygen ozonizer

SF6 does not contribute.
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ANALYSIS OF ENERGY DISTRIBUTION IN AN OZONIZER

Janusz OZONEK and Iwo POLLO
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Technical University of Lublin, PL - 20-618 Lublin 189, Poland

INTRODUCTION

Investigations into the process of ozone synthesis that have been carried out in university and
industrial laboratories during recent years make an essential development towards recognizing the
process of the change of diatomic oxygen into triatomic ozone. An exceptionally important stage
of the investigations was obtaining knowledge about elementary processes occurring in a
discharge characteristic for silent discharge. From the technological point of view it is essential to
reduce unit energy consumption that gets the more important the greater is the scale of the ozone
production process.

The performed analyses (Kogelschatz 1992, Eliasson et al., 1987,1991, Samoilovitch et al.,
1989) prove that the very process of ozone synthesis from the energy point of view needs to be
considered with reference to the mechanism of ozone synthesis.

For the reaction (Rl) 3O2 <=>2O3 the change of enthalpy is 144.4 KJ/mole O3. If one takes
into account the change of free energy in the process it shows up that energy demand grows up to
165 KJ/mole O3. Kogelschatz (1988) pointed to the fact that the only efficient channel for ozone
synthesis is a cycle of processes where dissociation of oxygen into atoms occurs:
(R2) O2 + e - > O + O + e.

Ozone forms as a result of atomic oxygen reacting with molecular oxygen according to the
formula: (R3) O2 + O + M —> O3 + M. It means that energy consumption for ozone formation
relates with the formation of atomic oxygen that requires energy of 2.5 eV («240kJ/mol O). An
analysis of this kind is purposeful from the viewpoint of establishing minimal theoretically
possible energy quantity indispensable for ozone formation. It is evident that the synthesis process
is also accompanied by phenomena connected with the decomposition of this oxidizer and among
others atomic oxygen effects destructively the formed ozone according to the formula:
(R4) O3 +0 -> O2 +O2 In practical realization of the process synthesis consumes only the
energy that is connected to the values AH and AG of the reaction (Rl) and the remaining part of
energy gets dissipated into heat taking into account that (R3) and (R4) reactions are exothermic.
Aside with the energy losses following from the very chemism of the synthesis reaction there are
also losses related to the flow of current through gas, incomplete utilization of electron flux,
rearrangement of atoms, and in the case of the application of air to the synthesis, also to the
interaction of electrons with nitrogen and other air components apart from oxygen.

The present paper aims at presenting the distribution of energy fluxes in an ozonizer from
the viewpoint of the process engineering for to point at possible additional sources of losses that
could be reduced by a change of technological assumptions. It is essential to reduce energy losses



not only in the ozonizer but also in the whole installation that includes such processes as gas
preparation, electrical feeding or cooling of the discharge zone.

ENERGY IN THE OZONE SYNTHESIS PROCESS

Energy analysis of the ozone synthesis process is a complex task and till recently there have
been very few works discussing the problem. However, it is a very essential question when the
design and operation of ozonizers are concerned.

One of the reasons of the complex character of the problem is that essential data for solving
the heat flow problem are missing and in particular that the mean real temperature of gas in the

discharge zone is not
measurable. Instantaneous
values of temperature vary very
much and in the course of
discharge, in the micro-
discharge channel the
temperature is much higher than
the one of the surrounding gas.
In the discharge gap energy
transfer occurs whose
mechanism is not fully
recognized yet.

A discharge gap of an
ozonizer is a kind of plasma-
chemical rector (fig. 1) where
chemical processes together with

physical ones coupled with them
occur due to electrical silent
discharges in substrate gas (air
or oxygen) (Kogelschatz et al.,
1988, Eliasson et al., 1991,
Ozonek et al., 1993). Silent
discharges result from the
presence of electrical field of
adequately high intensity that
surrounds the reaction zone.

Research domains and the
scope of the most essential
problems concerning
contemporary investigations into
the processes of ozone generation
in plasma-chemical reactors can
be systematized on the basis of
literature data as in Fig 2.

In-depth analysis of ozone
generation in the course of silent
discharges in an ozonizer needs
the consideration of

Fig. 1 Arrangement of areas of the most significant
phenomena accompanying the ozone synthesis
process in ozonizer's discharge gap.

Research into processes
of ionization. excitation, i
and decomposition of oxyge

Research into optimal
course of ozonization process
in technical conditions

Research into energy processes

accompanying ozone production

- research into the processes of energy conversion
in the course of ozone synthesis including thermal

- research into energy processes accompanying ozone
production process including thermal processes

- research into electrical-energy
\ related to ozone production

Fig. 2 Essential research fields concerning methods of
industrial generation and processing of ozone

thermodynamic phenomena as well as of thermal ones that accompany the process. It gets even
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I
Generation
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Close
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Thermal
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Fig. 3 Diagram of interrelations of processes occurring in
the reaction gap

in a channel induced by external forcing through and the
penetration into gas in the state of forced flow.

The interrelations between the processes are shown in

more important when one gets
into account that the intensity of
ozone formation depends
significantly on the substrate
gas thermal state and a great
part of discharge energy is
changes to heat in internal
sources that can essentially
change the mentioned thermal
state.

Results of experimental
tests (Polio et al., 1985, Braun et
al., 1988, Samoilovitch et al.,
1989), indicate that elevated
temperature of substrate gas or
temperature increase in the
reaction zone essentially reduce
ozone synthesis advancement.
Hence, it is necessary to
maintain adequate thermal state
of substrate gas introduced to
the reaction zone as well as to
cool the zone intensively enough.

The process of gas motion
is a laminar flow of viscous gas

process of heat flow consists in heat

Fig 3.

EXAMPLE ENERGY BALANCES FOR AN OZONIZER AND AN OZONE GENERATION

INSTALLATION.

The whole installation for ozone generation can be treated as a system composed of four
energetically independent parts (Ozonek et al., 1993a,b):
1. Gas preparation subsystem
2. Electrical energy supply
3. Ozonizer
4. Cooling subsystem

The best way to make a balance of energy distribution is to make it separately for each of
the subsystems. Ozone generation subsystem plays the decisive role in the system. Three basic
processes take place there: ozone synthesis, heating of the generated gas and the tail gas, and
cooling. All the mentioned processes occur almost simultaneously and permeate one another.

On the basis of technological data of a typical ozone generating installation, literature data,
and experimental data obtained by the authors an energetical model of the process has been
elaborated (Ozonek et al., 1993a,b, Samoilovitch et al., 1989, Eliasson et al., 1987). The model
makes possible to estimate energy fluxes interchanged among the individual subsystems and
inside them taking into account all the most essential process parameters i.e. gas temperature,
intensity of gas flow, gas viscosity, temperature of water cooling the discharge zone. Figs 4 and 5



present the effect of chosen parameters on unit energy consumption for an installation of the yield
of 5 kgO3/Ti. The quantity of energy supplied to the air preparation subsystem depends
significantly on the compression degree n = pt/po which in the case of wet gas should be big
(ca 6) as it facilitates drying process and reduces its cost. Reduction of the temperature of fluid
cooling the discharge zone can bring about 10% increase of the installation efficiency. In the
ozone generation subsystem the quantity of supplied electrical energy depends on geometric
parameters of the discharge zone and the intensity of substrate gas flow.

Fig. 5. Effect of cooling water temperature on relative energy consumption in the course of ozone
synthesis process (es) and the process of discharge gap cooling (eq) in the function of
discharge gap size (d).
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CONCLUSIONS

The presented analysis of the problem indicates that such factors as design solutions for an
ozonizer, kind of discharges, discharge density on the surface of electrodes, and the conditions of
gas flow through an ozonizer influence fluxes of interchanged energy and total energy balance of
the whole ozone generating installation.

The major part of supplied energy gets consumed in the ozonizer's subsystem, changed into
heat, and transferred into the cooling water. Hence, processes taking place in the discharge gap
are the most important ones as far as the problem of energetic efficiency of ozone production is
concerned. From this point of view studies on micro-discharges and the conditions of the course
of chemical and physical-chemical processes involved in ozone synthesis seem to be very
purposeful.
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Ozone generation with a volume glow discharge produced
by a double discharge method

Chobei YAMABE, Kazunon HAKIAl, Satoshi 1HARA and Saburoh SATOH

Saga University, School of Science and Engineering,
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1 Honjyo-machi, Saga-shi 840, Japan

1. Introduction

A double discharge method has been applied for ozone generation at low
repetition rate of discharge and fundamental characteristics have been measured.
[1] [2] In this method, the control of series gap spacing which is effective on
obtaining uniform glow discharge is very important for ozone generation. In
this experiments, the repetition rate of discharge is changed from lHz to 70Hz.

2. Experimental apparatus and procedure

The experimental apparatus and the configuration of the cathode are shown in
Fig. ]. The electrical circuit, has a series gap Gm which is connected with the
main electrodes as shown in the figure. The series gap is consisted with the
spherical electrode and the plane electrode and its spacing is variable. The
pressure in the gap Gm is operated at atmospheric pressure in air. The
process of operation of the electrical circuit is as follows. The process from the
firing of the Thyratron to the rising up of voltage on the capacitor C2 is the same
one in case of without Gm. But although the voltage on capacitor C2 builds up
with time and the trigger current (i.e. pre-discharge) starts to flow, the voltage is
not applied on the main electrodes before the firing of Gm(though only the voltage
induced by capacitive coupling is applied). After the firing of Gm, rapidly
changed voltage appears across the main electrodes. That is, the steepness of
the rise time of the applied voltage and the delay time between the pre-discharge
and the main discharge are controlled with changing the gap spacing of series gap
Gm. This is the character of this circuit. The gap spacing of main electrodes
is 4mm and the length of main electrodes is 1 lcm. Two trigger electrodes of
copper wire with a diameter of Imm covered with glass tubes(3.5mm 0) are set in
the grooves on the cathode and connected together with the capacitor Cs. The
capacitance Cl is usually 300pF. The applied voltage on Cl is 18-36kV. The
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dry air is flowed at atmospheric pressure from tank. The generated ozone is

measured by the ozone monitor(Ebara Jitsugyo : EG-2001D) which uses a uv

absorption method.

3. Experimental results
3.1 Operation with repetition rate of lHz

The effect of series gap spacing Gm on the ozone concentration, glow-to-arc
transition and input energy into discharge(i.e. deposited energy) is measured in dry
air at the gas flow rate of 1.0£/min. Typical results obtained at the applied
voltage Vl=27kV on the capacitor Cl are shown in Figs. 2~4. Changing the
gap spacing Gm, the transition rate decreases(i.e. the discharge condition becomes
better) and the ozone concentration increases up to Gm<=0.4mm as shown in Fig.2.
At Gm=0.4-1.0mm, the ozone concentration is roughly constant and decreases with
Gm after having a peak at Gm= 1.2mm. The ozone concentration with the
deposited energy is also measured in the relatively stable region for different
groups of applied voltage VI in dry air at lHz(Fig.4) and the efficiency of ozone
generation of about 451gO3/kwh is obtained, even though the ozone concentration
is very low.

3.2 Operation of discharge with variable repetion rate

Typical measured waveforms of voltage and current at repetition rate of 24Hz
in dry air at atmospheric pressure are shown in Fig.5(Vl=21kV). In the figure,
the voltage V, V2 and Vg mean the applied voltage including both main discharge
gap and series gap, only main discharge gap and only series gap respectively.
The current 12 is the main discharge current and has a pulse duration of about
50ns(FWHM). The ozone concentration as a function of repetition frequency at.
Vl=:24kV is shown in Fig.6. In this experiment, the series gap spacing Gm is
controlled to maintain the discharge condition relatively glow. The ozone
concentration increases with the repetition frequency up to 35Hz, but the
concentration decreases due to the appearance of glow-to-arc transition at higher
frequency of 35Hz. According to the results of ozone concentration with the
deposited power which is changed by the frequency, the. efficiency of ozone
generation of about. lO5g()3/kwh is obtained at Vl=24kV as shown in Fig.7. On
the other hand, when the applied voltage VI is changed to vary the deposited
power at constant frequency of lOHz and 20Hz, the efficiency of about 95gO3/kwh
is obtained as shown in Fig.8. The ozone concentration saturates at larger
deposited power oi' about lW( = 0.2W/cm3) as shown in the figure. When the
capacitance Cl is decreased from 300pF to 180 and 135pF to
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increase the repetition frequency, it is possible to increase up to 75Hz and the
stable glow discharge is observed until around 55Hz. In this case, the obtained
efficiency of ozone generation is about 110gO3/kwh.

4. Conclusions
(l)The stable glow discharge in dry air at atmospheric pressure has been obtained

up to the repetition frequency of 55Hz using double discharge method.
(2)The critical input power density for the appearance of glow-to-arc transition in

dry air is about. 0.2W/cm3 without forced cooling.
(3)The efficiency of ozone generation is 100-110gO3/kwh for the change of various

parameters.
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Plasma assisted destruction of H2S and CH3SH

A. Czernichowski, A. Ranaivosoloarimanana, P. Czernichowski

University of Orleans, Faculty of Sciences, 45067 ORLEANS cedex 2, France

Since almost ten years the first author is involved in a plasma-chemical processing of

some sulfur compounds in order to destroy or to transform them into valuable or non-

toxic products [1]. Total or partial valorization of H2S and SO2 was already reported :

full recovery of Sulfur and Hydrogen from concentrated H2S [2],

recovery of Sulfur from less concentrated "acid" (H2S + CO2) gases [3, 4],

reduction of concentrated SO2 into Sulfur [5].

When a concentration of the H2S or mercaptans is too low for Hydrogen and/or Sulfur

recovery then a destruction of such compounds is considered. Both pollutants are not

only toxic but they also smelt bad at ppb level. The product of their oxidation is SO2,

which is also toxic, but SO2 is detected by smell at ppm level so that at least the odor

problem can be avoided. However, the lower flammability limit for H2S (20°C, 1atm) in

air is about 4 % by volume so that one needs to add a fuel in order to burn this

compound when too much diluted in air. A direct injection of an active electric energy

let us avoid the problem. We have already reported a preliminary study [6] of the total

oxidation of very diluted CH3SH or H2S in air. A systematic study on such a

destruction of even more diluted (5-170 ppm) H2S in air in so-called gliding electrical

discharges (GlidArc) at one-stage bench reactor (1.7 kW of the dissipated electrical

power at up to 11 m3(n)/h air flow rate) will be presented in [7]. The present paper

describes some larger tests when a GlidArc four-stage reactor at almost 70 m3(n)/h of

polluted air flow-rate is used for the H2S or CH3SH oxidative destruction at initial

concentrations of H2S or CH3SH up to 1 or 0.1 vol. %, respectively. The tests were

done at atmospheric pressure.

Powerful GlidArc discharges produce a highly active non-thermal plasma. The

progress of a single discharge is depicted in Fig. 1. The arc path is determined by the

geometry of the electrodes, the conditions of flow, and the characteristics of the

power supply.
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gas gas gas

Fig. 1. GlidArc generates an electric charge that arcs across a fast, turbulent gas flow
between at least two diverging knife-shaped electrodes. The arc forms at the
closest point (A), spreads as it glides along (B), and dissipates as it clears the
electrodes (C). Another discharge immediately reforms at the initial spot.

The discharges perform their own maintenance on the electrodes, preventing

chemical corrosion and erosion. The electrodes do not need to be cooled; the

electrical energy is therefore directly and totally transferred to the processed gas. The

voltages are as high as 20 kV for currents from 0.1 to 5 A per discharge. Any gas or

vapor can be directly processed. Droplets, mists or powders can be present. A gas of

any initial temperature can be accepted. Several gases have already been

successfully tested at pressures from 0.05 to 12 atm (and the pressure drop in the

reactor is negligible). In terms of capital and operating costs, the GlidArc-based

processes are inexpensive. Several applications were already proposed, see [8].

70 m3(n)/h
Present experiments are performed using a

four-stage serial reactor shown on Fig. 2.

Each stage of the reactor contains three

main electrodes (2 mm thick steel) as well

as one thin central ignition electrode con-

nected to a 50/150 Hz, 2/12 kV, 3-phase

power supply [9]. Four independent power

supplies are used, each for one stage.

Electrodes are put inside a glass tube

(O = 80/5 mm, h = 50 cm). The total net

electric power dissipated in whole reactor

is measured by an electric counter con- Fig 2. Schematic view of the reactor.



43

nected to the mains (all transfer losses taken into account). A stream of ambient air

(66 - 72 % of relative humidity) is polluted with a controlled flow of pure H2S or a

CH3SH-N2 mixture and then injected to the reactor by a large nozzle. In such a way a

Specific Energy Input (SEI, in kWh per 1 m3(n) of the gas mixture) can be determined

for each run. The exit gas temperature is measured, too. Air flow-rate and chemical

analysis at the entry and exit are based on a gas chromatography with a photometric

determination of the S2 emission at 394 nm.

Twenty runs were conducted in order to evaluate influence of several parameters on

H2S or CH3SH destruction. We varied :

initial concentration of the pollutants (H2S : from 94.5 ppm to 0.999 %; CH3SH :

from 110 to 932 ppm);

polluted air flow rate (from 47.6 to 67.2 m3(n)/h);

injected power (from 1.0 to 4.6 kW when one, two, three or four stages were on);

Specific Energy Input (from 0.016 to 0.081 kWh/m3(n)).

As preliminary results of the gas processing in the large reactor we report the

following :

we had no problems as concerns the reactor work during several hours; no

electrodes deterioration was observed;

relative destruction rates of H2S or CH3SH were in the range of 4 - 39 % or

7 -65 %, respectively;

temperature of exiting gas varied between 40 and 190°C;

energy costs of the H2S or CH3SH removal defined as the Specific Energy

Requirements (SER) were 9 kWh - 3.3 MWh or 0.13 - 0.84 MWh per 1 kg of

Sulfur, respectively.

As first conclusions we may state that:

Removal rate of both H2S or CH3SH grows as a function of the specific plasma

energy (SEI) injected to the treated air, see Fig. 3.

Energetic cost of the removal (SER) of these pollutants is almost independent

on the specific plasma energy (SEI) injected to the treated air, see Fig. 4.

Energetic cost of the pollutants' removal (SER) is a strong function of their

initial concentration, see Fig. 5; a part of the injected energy is wasted for air

heating at too lean air-pollutant mixtures.
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Temperature of the exit gas never exceeded 190°C for H2S runs for the

calculated adiabatic temperature of 270°C for SEI = 0.079 kWh/m3(n). Our

reactor is not thermally isolated so we observe high energy loses. Such an

energy may be valorized to preheat the entering air in order to lower the SER

values (we have reported such a phenomenon in our paper [10] about the xylene

vapor oxidation in GlidArc).

The air that we tried to clean contains still too low amounts of the pollutants. For a

future technology of plasma-assisted incineration of H2S and/or organic sulfides one

should rather attack more concentrated pollutants for which significantly lower SER

values are expected (see a tendency of the Fig. 5). In fact, we observed already this

rule, see [11, 12], when we studied a destruction of lean mixtures of Methane or

Butane in air at a flow rate of 100 m3/h in very similar three-stage, 6 kW reactor at

atmospheric pressure. Therefore, a pre-concentration technique (up to some 1/4 or 1/2

of the lower flammability level) coupled to the GlidArc assisted incineration should be

considered rather than a direct GlidArc attack of very diluted pollutants.

Furthermore, during our previous experiments [3, 4] where a part of the H2S was

over-oxidized to SO2 we found that moisture in the exhaust gas can help, because it

catalyzes the Claus reaction :

2 H2S + SO2 = 3 S + 2 H2O.

It would be therefore sufficient to transform only one-third (or slightly more) of the

initial H2S into SO2 so that the remaining H2S (two-third or less) can be captured free

of cost by a plasma-made SO2 via the moisture-enhanced Claus reaction and give a

totally inoffensive solid sulfur. We have already acted in such a manner using a

washing tower described in our paper [11]. It consisted of 1.8 m height PVC pipe. The

liquid, initially tap water, was put on the top of the tower via a small pump and

recovered on its bottom. Only 2 I of water were in a continuous circulation. This post-

reactor has significantly improved the H2S-polluted gas clean-up : it allowed us to use

the produced SO2 for a chemical absorption of an additional amount of H2S in gas

which passes through the plasma reactor without being oxidized. Also, the SO2 is

captured itself by the H2S so that one avoids an emission of both sulfur pollutants to

the atmosphere. In such a way we consider that observed removal of 39 % of the

initial 0.999 % H2S for SEI = 0.072 kWh/m3(n) is sufficient which also means that the

calculated SER of 17 kWh/kgS is to be divided by three.
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The GlidArc assisted process may present numerous advantages over the known

processes. It makes it possible to destroy all H2S or organic sulfur present in gas,

without employing an aggressive chemical additive and with a relatively low

consumption of electrical energy to clean more concentrated pollutants. It may work

with any flow rate and/or temperature without limit of pressure of the gas and almost

without limitation concerning the initial gas composition. Furthermore, as the process

does not employ a catalyst, there is no risk of such catalyst being "poisoned" by any

component found in the gas to be treated. The process may be adapted to any size, it

may be started, regulated and stopped rapidly and easily. The pressure drop is low,

and the reactor is very compact.

Actually developed GlidArc reactors can be DC or AC powered up to an industrial

size, have two or more electrodes (3-phases, 6-phases, n-phases, parallel, serial or

mixed mounting) and show no significant electrode corrosion for the fluids already

tested : different gases or vapors with or without liquid or solid admixtures.
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GREENHOUSE GAS PLASMA CHEMISTRY IN SILENT DISCHARGES

Ulrich Kogelschatz and Baldur Eliasson
ABB Corporate Research
5405 Baden, Switzerland

1. Introduction

Global warming due to greenhouse gases has long been discussed among scientists as a possible

cause for observed climate changes. As a result of a full evaluation of the available scientific

evidence the UN's Intergovernmental Panel on Climate Change (IPCC) recently came to the

conclusion that current warming "is unlikely to be entirely natural in origin" and that "the

balance of evidence suggests a discernible human influence on global climate." The IPCC

recommends a 50% reduction of global CO2 emissions within the next fifty years. This goes far

beyond the commitments made by many industrial nations at the 1992 Rio summit to stabilize

CO2 emissions at the level of that of 1990 by the year 2000. As far as emitted quantities are

concerned the major greenhouse gases are carbon dioxide and methane. Close to 60% of the

man-made greenhouse effect can be attributed to CO2 emissions which amount to 30 Gt per

year. Of this amount about 22 Gt result from the combustion of fossil fuels. World wide about

two thirds of the power plants run on fossil fuels and their flue gases contain typically between

4 and 14% CO2. Impending legislation restricting or penalizing these emissions has prompted

extensive research activities aimed at CO2 disposal and CO2 utilization. Ideally, CO2 should be

utilized as an energy resource, perhaps in the form of a liquid fuel, or as a feed stock in the

chemical industry [1].

2. Aims of present work and experimental configuration
We investigate the possibility of converting CO2 and/or CH4 to more useful chemical

compounds with the aid of a silent discharge (SD). The idea is to hydrogenate CO2 or to oxidize

CH4 at conditions that are much less demanding than those required for chemical synthesis. For

this purpose we designed a silent discharge reactor which can be operated at pressures up to 10

bar and temperatures up to 400 °C. The annular discharge gap of 1 mm width is formed by an

outer steel cylinder of 54 mm ID and an inner quartz tube of 2.5 mm wall thickness. The active

length of the discharge is 310 mm. An alternating high voltage (up to 12 kV) of 15 - 20 kHz

frequency is applied between the steel cylinder serving as the ground electrode and a gold

coating on the inner side of the quartz tube serving as the high voltage electrode. The power can

be adjusted by varying the voltage amplitude and could be raised up to 900 W. The temperature

T of the steel electrode can be kept constant by a thermostated recirculating oil stream. Different

feed gases controlled by mass flow controllers can be mixed before entering the silent discharge

reactor. Typical flow rates lie between 0.1 and 4 1/min. The pressure in the reactor is set by a

regulating valve at its exit. The product stream leaving the reactor is normally split to separate

condensable products in a cold trap and is transported in heated ducts to the gas analysis
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equipment. We used GC and GC/MS detection for most products. In addition we could measure

O2 concentrations based on paramagnetism and ozone concentrations based on UV absorption.

A schematic diagram of the experimental configuration is given in Ref. [2].

3. Decomposition of methane and carbon dioxide

As a first step towards synthesizing new molecules we investigated the decomposition products

of CO2 and CH4 after one passage through our SD reactor. The decomposition of CO2 resulted

in the formation of CO (roughly 20%), O2 (roughly 10%) and O3 (1 - 0.1%, decreasing with

rising temperature). Apparently, the CO2 is dissociated by electron collisions and the resulting

oxygen atoms react to form O2 and O r Ozone is not capable of oxidizing CO under these

conditions. In a similar way the decomposition of CH4 was investigated. The major products

were H2 (4%) and CH6 (2%) and smaller concentrations of higher alkanes. Due to impurities in

the feed gas or the system traces of CO/O2/N2 were also detected. These results were reported in

more detail at the recent 1 lth World Hydrogen Energy Conference at Stuttgart [2].

4. Oxidation of methane
Using mixtures of methane and oxygen we could detect methanol in the product stream. Similar

results were reported by K. Okazaki using pulsed discharges [3]. Methanol can be regarded as a

highly desirable end product because it is a liquid at room temperature and has a reasonably

high energy density, about twice that of liquid hydrogen or half that of gasoline. It can be used

in cars without major changes to the engine. For example, VW is already testing a large fleet of

methanol cars in different countries. When we changed the power and/or flow rate in our

experiments we noticed that the methanol peak in our GC chromatograms was influenced by a

second peak of similar retention time. Careful analysis revealed that this second product was

dimethyl ether (DME, CH3-O-CH3). Interestingly enough DME can be regarded as a substitute

for diesel fuel. It is proposed by Amoco/Haldor Topsoe as an ultra-clean diesel fuel with

extremely low NOX emissions [4]. Tests have shown that DME-fueled engines can meet

California's 1998 standards for Ultra-Low Emission Vehicles (ULEV) without exhaust after

treatment. DME is a gas at atmospheric pressure but can be easily kept in the liquid state at

pressures above 5 bar. As a liquid it has about 60% of the energy density pf diesel fuel. The

concentrations of MeOH and DME after one passage through our SD reactor are given in Fig. 1.

We also could show that methanol is formed in mixtures of air and CH4. In this case the

maximum MeOH concentration was limited to 0.5% and was reached at a CH4 concentration of

70% in the feed gas (Fig. 2). Attempts to use mixtures of CH4 and CO2 resulted in even lower

MeOH concentrations of about 0.1%. The major new products were CO, O2, H2, H O and
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Fig. 1: Formation of methanol and dimethyl ether in a silent discharge operating in a 4:1

methane/oxygen mixture (p = 2 bar, T = 80 °C, flow rate: 1 1/min)
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Fig. 2: Methanol formation and in a silent discharge operating in methane/air mixtures

(power: 300 W, p = 1 bar, T = 35 °C, now rate: 0.5 1/min)



5. Hydrogenation of carbon dioxide

Although large-scale methanol synthesis traditionally starts from synthesis gas, a mixture of

CO, CO2 and H2, recently also the formation of methanol from CO2 and H2 mixtures has been

investigated. Current activities on new copper based catalysts promoting methanol synthesis

from CO2 are described by Wainwright [5] and by Bill [6]. Typical operating conditions require

pressures of at least 20 bar and temperatures above 200 °C. The motivation to use a silent

discharge would be to initiate reactions with the aid of electron collisions at room temperature

and close to atmospheric pressure. There is also the hope that in the future other hydrogen

donors (e.g. CH4, H2S, H2O), substantially cheaper than hydrogen itself, can be utilized. First

considerations on the use of silent discharges for the hydrogenation of CO2 were presented by

Eliasson [7]. In these experiments we used a mixing ratio of 3:1 (H2: CO2), a pressure of 1 bar, a

total flow rate of 1 1/min and applied 400 W to the SD reactor. The temperature was varied over

a wide range between 50 °C and 200 °C. The formed methanol reached a partial pressure of

about 0.4 mbar at 50 °C and dropped with rising temperature to about 0.05 mbar at 200 °C. This

clearly indicates that methanol formation is favored by low temperatures and that improvements

can be expected if the activation energy of catalysts can be lowered. The observed methane

content started at about the same level at the lowest temperature and increased with rising

temperature to a partial pressure of more than 1 mbar at the highest temperature. The main new

products were CO and H2O generated in about equal amounts (roughly 20 mbar). Detailed

results will be presented by Bill [8]. By varying the flow rate at constant applied power and

constant temperature we could also demonstrate that the methanol concentration is roughly

0.00 5.00 10.00 15.00 20.00

Energy per Molecule [eV/molecule]
25.00

Fig. 3: Methanol formation in a silent discharge operating in a 3:1 H2/CO2 mixture
(power: 400 W, p = 1 bar, T = 80 °C, flow rate: 0.25 - 4 I/min)



proportional to the specific energy without showing any saturation effects in the investigated

range up to 22 eV per molecule of feed gas (Fig. 3). It should be pointed out that the GC

chromatrograms for the CO2/H2 mixtures look much cleaner indicating that less products are

formed than in the other gas mixtures. Also no DME formation was detected in this mixture.

6. Conclusions

The experiments performed in a well controlled silent discharge reactor showed that organic

molecules like CH OH and CH3OCH3 can be synthesized in gas mixtures containing the

greenhouse gases CO2 and/or CH4. The obtained yields are far from being satisfactory at this

stage. It is hoped that optimizing operating conditions and perhaps the combined use of catalysts

and gas discharges will lead to further improvements. Cheaper hydrogen donors like H2S or

even H2O will be investigated in the future. It is also suggested that the introduction of CO2

taxes and more restrictive regulations about greenhouse gas emissions will further favor

processes similar to those described in this contribution.
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Pressure Dependence of Chemical Quasi-Equilibria for the
CO2 - Decomposition in Barrier Discharges

P. Michel, F. Miethke, A. Rutscher, A. Sonnenfeld, H.-E. Wagner

Department of Physics, D-17487 Greifswald, Germany

Abstract
The decomposition of CO2 has been studied within the pressure range 3.5 .... 20 kPa. The
stable reaction products O2, CO and CO2 were detected by GC/MS capillary chromatographic
technique. The pressure dependence of the so called Chemical Equilibrium of Electronic
Catalysis (CEEC) has been investigated at ,,weak" discharge operation conditions. The product
composition of this quasi-equilibrium strongly depends on total particle number density.
Parallel investigations in low pressure DC glow discharges (maximum pressure 1.8 kPa)
surprisingly showed a plasma invariant monotone pressure dependence of this equilibrium
composition in the full range. The dependence can be described by an electronically modified
mass action low, too. The experimental results are in good coincidence with the results of a
detailed model of the chemical kinetics, taking into consideration the most important molecular,
atomic and excited species ( O, C, CO(a)).

1 Introduction
Non-isothermal plasma chemical reactors are plasma sources of high complexity. An overall
description of such reactors is possible by the method of Macroscopic Kinetics (MAK) /1//2/.
The main base of this concept is the existence of Chemical Quasi-Equilibria, which
characterize the reactor state under selected operation conditions by an electronically modified
Mass Action Law. We know two types: The Chemical Equilibrium of Electronic Catalysis
(CEEC; concentration of plasma electron n,, —> 0 in the closed reactor) and the Chemical
Equilibrium of Complete Electronic Decomposition (CECD; rie -> oo) 121.
The foundation of the MAK requires to understand the kinetic background of these equilibria.
Earlier investigations on their formation in non-stoichiometric CO-CO2-O2-mixtures in low
pressure plasmas proved a qualitatively analogy of the quasi-equilibrium constants to the
thermal ones 121. The aim of this paper was to investigate the pressure dependence of the Quasi-
Equilibria in a relatively wide pressure range.
Moreover the CO-CO2-O2-system finds permanent practical interest. Examples are the laser
physics as well as - recently - the plasma chemical removal of CO2 pollution in barrier
discharges by hydrogenation /4//5/.

2 Experimental
The barrier discharge operated in a PYREX glass tube reactor as is shown in fig. 1. The
discharge gap was built by two coaxial located tubes. The electrodes were made from grids of
steel. The main dimensions are given in the figure as well as in the legend. The reactor was
connected by a valve with a high vacuum system for gas handling and pressure detection. Gas
samples could be analyzed by gas chromatographic technique. These components are not shown
in detail here. The power supply worked at net frequency with a maximum voltage of 10 kV.
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Fig.l: The barrier discharge reactor
(discharge gap: 3 mm)

The measurements for the comparison with the
action of a low pressure DC glow discharge have
been performed in a standard glass tube reactor
with aluminium electrodes (tube diameter: 36
mm, distance of electrodes: 120 mm).
The neutral gas composition was detected with
the GC/MS device QP 5000 from SHIMADZU,
which was provided with two capillary PLOT
columns. There were used a liquid phase GS-Q
column (length 30m, diameter 0.3mm) and a
molsieve 5A column (length 25m, diameter
0.5mm). The combined action of the columns
(series connection, alternative operation) allowed
the detection of O2, CO and CO2 during one
analysis. The column operation and the gas
sample injection have been realized with
pneumatic 6 port valves from VALCO
instruments. The gas samples were extracted from
the closed barrier discharge reactor after
discharge interruption. The analysis was
performed typically at isothermal conditions

(T=80°C) at 40cm/s linear velocity of the carrier gas helium.

3 Results and Discussion
The formation of the CEEC requires a low ionization degree within discharge plasma. Then at a
long enough time of discharge operation is established a finite degree of conversion in the
closed system. In principle, one hot electron (permanently regenerated) is already able to
convert the reactant mixture in an equilibrium state of altered composition 111.
The pressure dependence of the CEEC in the barrier discharge was studied at constant little
current values in the outer circuit ( i = 0.4 mA at 50 Hz), causing a very faint discharge
excitation. At these conditions the stationary composition of stable reaction products is
obtained in the time scale of 20 minutes. Some results are shown in fig. 2. The mole fraction
x, = n, / n of the CO2 component increases monotonous with the input gas pressure. The other
components - O2 and CO respectively - show consequently an inverse dependence.
The same tendency can be observed at the excitation of the gas mixture in the positive column
of a DC glow discharge at lower pressures, as is shown in fig. 2, too. For these experiments
from the current balance have been calculated ionization degrees in the order of 10"8. These
results suggest, that the formation of the CEEC primary does not depend on the kind of non-
isothermal plasma.

A kinetic model for the formation of the CEEC as well of the CECD was studied, considering
the stable components O2, CO, CO2 , the C- and O atoms and the metastable CO(a) molecules.
The reaction mechanism and the rate coefficients are listed in the table. The case of CEEC was
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Fig. 2: Dependence of the CEEC composition on the total gas pressure
( experiments in the barrier discharge and in the DC glow discharge;

dotted range: no discharge operation; lines: kinetic model)
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Fig. 3: Calculated dependence of the CEEC and the CECD on total number density
( gas temperature T = 300K , index ,,zero": input value)
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TABLE: REACTION MECHANISMN

e + O2—»e + O + O

e + C O ^ e + C + O

e + CO2 -> e + CO + 0

M + O + O - » M + O2

M + CO + 0 -> M + CO2

C + CO2 -> CO + CO

M + C + O - + M + CO

C + O2 -> CO + 0

W + 0 -> W + yO2

W + CO + 0 -> W + CO2

e + CO -» e + CO(a)

C + CO2 -> CO + CO(a)

C + O2 -> 0 + CO(a)

O2 + CO(a) -> 0 + CO2

O2 + CO(a) -* CO + 0 + O

O2 + CO(a) -» CO + O2

CO + CO(a) -> CO2 + C

CO + CO(a) -> CO + CO

CO2 + CO(a) -» + CO + CO + 0

CO2 + CO(a) -> CO + CO2

W + CO(a) -> W + CO

REF. IM161

i / T / \ 1 n" 0̂ cm3

ki(E/n) = 10 - 7 -

k2(E/n) = 4 ) 8-10 - 1 1 ^

k3(E/n)=l,9-10"10£7^

Y4 = 2,7-10-32/Vf^

Y 5 -2 ,76 -10 - 3 2 , ( - 1 7 6 4 / T ) ^
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, , f l-10 cm1

k 2 0 = l ,5-10" l l £ 7-

a 2 i = 10 -k9



simulated, solving the system of particle balance equations for the limit situation n<. —> 0. The
composition of the CECD results from the relaxation of an input mixture of C-and O atoms
(ratio 1 / 2). As the detailed analysis showed, the formation of the CEEC. is dominated by the
electronic dissociation channels (1 ... 3), which produce the atoms, followed by their loss via
the reaction (5) and the channels (9, 10). At higher pressures the back reaction (5) dominates
and the CO2 conversion decreases. The fact of the finite CO2 conversion for the CEEC is caused
by finite limiting values of the concentration ratios for the unstable species O, C and the
electrons. The experimental results are in good coincidence with the results of the discussed
model ( lines in fig. 2). The CO(a) molecule does not significantly influence the product
composition (compare full and dashed lines).
From interest is the comparison of the pressure dependence for the CEEC and CECD, given in
fig. 3. At lower pressures both Quasi-Equilibria surprisingly are characterized by nearly
identical compositions. Only then the so called specific energy is a normalization parameter 111.
In the pressure range of the barrier discharge both dependencies disappear. This can be
explained by the dominance of the three body recombination process (4) of O atoms, which the
effective CO2 formation by the channel (5) diminishes within the relaxation phase of the atomic
components. This interesting behavior has to be checked by further experiments in intensive
(pulsed) barrier discharges.
The pressure dependence of the CEEC can be described in an excellent approximation by an
electronically modified quasi-equilibrium constant K 121, as shown in fig. 3 (dotted line),

where

"co,

(n,: particle number density of the stable component i)
Till now it was not possible to give a consequent kinetic and / or thermodynamic proof of this
formula.
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Introduction

The major causee of the air pollution are the power industry off-gases aside with waste

gases emitted by means of transportation. Wet Calcium-Gypsum Process , although very

expensive, makes a very efficient means for removing sulfur compounds. The problem of

removing NOx compounds from power industry flue gases has not been totally solved

yet despite attempts of the application of SCR (Selective Catalytic Reduction) or SNCR

(Selective Non-Catalytic Reduction) methods. The methods based on the application of

pulse corona discharges (Masuda, 1993, Civitano&Sani 1993, Amirov 1994) has been

grown dramatically in recent years. The pulses form in the course of asymmetrical

feeding of a system of electrodes with high-voltage electrical pulses. They make possible

to obtain non-thermal plasma without excessive heating of the gas to high temperature.

In the described conditions chemical processes that efficiently remove NOx from flue

gases, especially at the presence of other chemical compounds as H2O and NH3, get

initiated. The described method makes possible simultaneous removal of several

pollutants. Low energy consumption and simple installation make the method highly

competitive (Masuda 1993).

It is essential for the realization of the method to design and matching electrical system

to the elements of the chemical apparatus, and particularly to the reactor where

discharges proceed and purified gas flows. Process assumptions need to take into

account the following groups of chemical reactions that proceed in the reactor :

a) free radicals of oxidizing character forming in the purified gas,

b) oxidation of NO to NO2 and possibly to N2O5 by the action of radicals and atoms,

c) reactions of the formed nitrogen oxides (NO2 and N2O5) with ammonia supplied to

the reaction mixture,
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d) direct decomposition of nitrogen oxides into N and O and reduction to N2 and O2 by

the action of electrical discharges,

e) reactions leading to the formation of nitrogen suboxide N2O

Mechanisms of chemical processes occurring in the described conditions are still not very

well recognized. Data concerning energy consumption in the described process are

divergent (Penetrante, 1993; Chmielewski 1992). Chemical processes occurring in the

course of the electron-beam process are much better recognized but energy of electrons

initiating the processes is very much varied and direct application of the data may lead to

serious errors.

Theoretical

Nitrogen monoxide (NO) is the basic component of the group of compounds called NOx

Usually its contents amounts over 95% of all nitrogen oxides. It is an insoluble gas of low

chemical activity but it is much more toxic than sulfur dioxide (Polio, 1988). In flue gases

autogenous oxidation of NO to NO2 with oxygen proceeds very slowly due to its

relatively low concentration (the order of hundreds of ppm) and low content of oxygen

in off-gases. Decomposition of nitrogen oxides in electrical discharges has been

attempted for many years (Visvanathan, 1952; Polio, 1960). The application of corona

discharges requires high energy input and long residence time in the reactor. In the

course of discharges with dielectric barrier all kinds of nitrogen oxides undergo

decomposition. Oxygen concentration in the gas is a very influential factor in the reaction

and very big value of energy density may cause re-synthesis of the oxides (Wronski,

1984). Application of pulse corona discharges brings about a formation of strongly non-

equilibrum plasma all over the area of the discharge zone, not only around the high

voltage electrode (Galimberti, 1988). The efficiency of the process depends on the

parameters of an electrical pulse - its duration and voltage value (Rea&Yan, 1992,1993).

Good results can be obtained with pulses of nanoseconds duration when voltage value

does not exceed 50kV. Electrical power supply with rotary spark gap and two high

voltage sources makes an inexpensive and simple electrical system that makes possible to

change smoothly feeding parameters which is particularly useful in laboratory conditions.

Experimental

Investigations carried out at the Padova University (Italy) and at the Lublin Technical

University (Polio et al., 1994; Wronski, 1994) aimed at elaborating and testing a system

making possible to obtain very short pulses of high voltage. Fig. 1 presents electrical

diagram of the experimental setup. Electrical device includes two high-voltage sources
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and a rotary spark gap. It makes possible to obtain a pulse discharge of high voltage rise

of very short duration. Voltage in the discharge gap can rise up to the value of 50kV

during some tens of nanoseconds. Figure 2 shows an example run of electrical

parameters values for the described system. Figure 3 presents process results obtained

for gas containing 500, 150, and 50 ppm of nitrogen monoxide (NO). Gas flux applied in

the experiments included N2, O2, NO, steam, and ammonia. Along with the increase of

discharge active power the quantity of NO in the gas phase at the reactor's outlet

decreases. The presence of steam and ammonia is an essential factor that ensures

adequate efficiency of the process. Steam ensures the formation of strongly oxidizing

radicals and ammonia influences the change of nitric anhydride into nitrates (or possibly

of nitrogen dioxide into nitrates and nitrites) that can be eliminated from the gas phase by

means of electrical precipitators. A part of nitrogen monoxide gets decomposed into

nitrogen and oxygen. The whole process is characterized by a simple apparatus required

to realize it, low susceptibility to possible changes of the composition of purified gas and

by low energy consumption. The obtained products can be applied as artificial fertilizers,

provided that the process has been realized properly.

Conclusions

1. High voltage systems with a rotary discharge gap make possible to obtain non-thermal

plasma in a reactor;

2. Electrical power supply system with a rotar y spark gap can be successfully used in

laboratory investigations into the application of pulse corona discharges in a wide

range of variations of electrical parameters;

3. Pulse corona discharges can be effectively applied to decrease the concentration of

nitrogen monoxide (NO) in flue gases;

4. Pulse discharges make possible to reduce significantly NO concentration even in very

diluted gases.
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Fig. 1. Experimental setup : VQ , V] - DC high-voltage feeders; Mn - voltage probe;

Mp - current probe ; R-R4 resistances, C\, C2 ,Cp - capasitors; Li - inductance.



Fig.3. NO destruction vs electrical power for 50 - 500 ppm NO off-gas.



62

Fundamental studies on NOx treatment
using a surface discharge and a DC positive streamer

Chobei YAMABE, Katsuya OKAMOTO and Shih-feng HUANG

Saga University, School of Science and Engineering,
Department of Electrical Engineering

1 Honjo-machi, Saga-shi 840, Japan

1 .Introduction

Recently, a non-thermal plasma has been used for the effective generation of ozone
in air and oxygen and the treatment of NOx and VOCs(Volatile Organic Compounds)
such as trichloro fluoroethane:(CF2 Cl CF C12/CFC-113), trich loroethylene (trichrene)
:(ClCH=CCl2),dichloromethane:(CH2Cl2),acetone:(CH3COCH3),isopropylalcohol:
((CH3)2CHOH)and carbon tetrachloride:(CCl4).[l][2]

2.Experimental apparatus and procedures
Both a surface discharge(This is called here "type A") and a DC positive

streamer("type B") types of reactor are shown in Fig.l and 2.
The frequency of applied voltage for the type A is 5kHz and NO(=186ppm)/N2

standard gas is used for the gas treatment.
The cross section of the reactor of the type A(single) is H*10(mm2) as shown in
Fig.l(a) and the values of H are 5 and 11mm. The flowing rate of the gas in the
reactor of it is 0.7L/min to 1.8L/min. The exhaust gas is introduced to a NOx meter
(shimazu,NOA-305) and the input power is measured by a V-Q lissajous (or
diagrams;V in volts,Q in coulombs). A forced cooling for the reactor using such as
water has not been done. The other type A with parallel electrodes shown in Fig.l(b)
is also used in this experiments.

In case of the type B shown in Fig.2, three pairs of wire-to-plane electrode are set
parallel and the distance between wire to wire is 40mm. The length and diameter of
the wire are 100mm and 0.09mm respectively, and the plane electrode is 20mm in
width and 100mm in length. The gap spacing of wire-to-plane electrode is fixed at
12.5mm. The direction of gas flowing crosses transversely to the discharge direction.
Using the type B,NO(=91.2 and 186ppm)/N2 standard gas is flowed at 0.8-1.5 L/min
at atmospheric pressure. Both NO and NOx concentration are measured by the NOx
meter mentioned above. The DC input power is calculated as an average power with
measured applied voltage on the wire electrode and average measured current passing
through the gap.
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3 .Experimental results and discussions
3.1 Results with the type A
The results obtained by the type A (single) at H=5mm are shown in Figs.3 and 4 for

different gas flow velocity. The reduction rate of NO and NOx increases with input
power and maximum reduction rates of 99.9% for NO and 99.4% for NOx are obtained.
In this case, the maximum increasing rate of NO2 is 4.9%. On the other hand, both
maximum reduction rates of NO and NOx at H=llmm decrease to 87.8% and 83.3%
respectively, and maximum increasing rate of NO2 is about 5%. According to these
results, it is found that effective reduction of NO and NOx is achieved with lower gas
flow velocity and smaller values of H. On the other hand, the results obtained by the
type A(parallel) are shown in Figs.5 and 6. Maximum reduction of 96% for NO and
84% for NOx is obtained in NO(=193ppm)/N2 as shown in Fig.5, and that of 100% for
NO and 81% for NOx is also obtained in NO(=193ppm)/N2/20%O2 as shown in Fig.6.

3.2 Results with the type B
The relationship between NOx concentration as a function of input discharge power

for different number of parallel discharge in NO(=91.2 and 186ppm)/N2 at l.OL/min is
shown in Figs.7 and 8. The letters of S, D and T shown in the figure mean the following
operations of only one wire-to-plane electrode, two pairs of electrodes and three pairs of
electrodes respectively. The effect of parallel operation is found at the region where the
stable streamer discharge appears. This stable streamer region is in the region of larger
than 7.7kV for [NO]=91.2ppm and 6.5kV for [NO]=186ppm. It is more effective for the
treatment of NOx to be distributed the input power as shown in Figs.7 and 8.
The change of NOx concentration with discharge input power for different gas flow

rate with double parallel electrodes(i.e. two pairs of wire-to-plane electrodes) is
measured. The optimum condition of gas flow rate at [NO]=91.2ppm is 1.2L/min, but
it is not found at [NO]=186ppm. The emission intensity of discharge at [NO]=186ppm
is not so different with gas flow rate, but the most intensive emission is observed at
[NO]=91.2ppm. Especially, the positive streamer is hardly appeared at the third wire-to-
plane electrode. It seems to be due to the electron attachment with produced NO 2
molecules by discharge which are accumulated at the third wire-to-plane electrode. The
produced NO2 using both first and the second wire-to-plane electrodes with gas flow
rate for two different NO concentration are shown in Fig.9.

4.Conclusions
Fundamental studies on NOx treatment using two different types of discharge(i.e.

surface discharge and DC positive streamer) have been done. Both two types of
discharge are effective on NOx reduction.
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1. Introduction

A new technical subject has arisen that ventilation air containing low concentration of NOx

from tunnels for automobile use or from big underground parking places have to be cleaned. In

comparison with exhaust gases from diesel engines or thermal plants, the ventilation air is char-

acterized with its low concentration of NOx, large quantity of air flow and normal temperature.

Because of the normal temperature, the conventional de-NOx process by ammonia /catalyst re-

duction process can not be used for decomposition of NOx.

In Japan, several investigations have been carried out on this subject. The one is the electron

beam irradiation method1' and the other is the ozone oxidation method2'3'. The former method is

using reactions of the activated NOx and ammonia by the irradiation of electron beams to make

aerosol of nitric ammonia, which is collected by electric precipitators. It is suitable for very

large scale applications. The later is using the absorptive removal of NO2 ,which is converted

from NO by ozone and it is applicable to any scale of the targets. This investigation aims to

provide more effective method than the ozone oxidation method. The idea is to process directly

the large quantity of ventilation air flow containing low concentration of NOx by silent dis-

charges.

2. The idea and the objectives of this investigation

2.1 The target of this investigation

The NOx concentration in air in tunnels or underground parking places is controlled within

the order of a few ppm. In order to attain this concentration, the air in tunnels or parking places

have to be ventilated by large capacity air blowers. Let us estimate the quantity of air flow to

keep the NOx less than 3ppm in a tunnel with two lanes, lkm long and the 3,200 cars an hour

are running, where each car exhausts 0.15 liters of NOx. In this case, the ventilation air flows

becomes about 150,000 mJ/h. So we set the target of this investigation as the removal rate more

than 80% under the conditions of initial NOx concentration of 3ppm and at the air flow rate of

150,000m7h.

2.2 The idea of this investigation

The conventional ozone oxidation method is injecting ozone into air flow and convert NO to

NO2. In the proposed method , air flow is directly exposed to discharges. In this case, the fol-

lowing two reactions will undergo simultaneously; namely

(a) O 2 + e f - » O2*+es O2* + O2 -* O3 O3 + NO -^ NO2 + O2

(b) NO + e, -> NO* + es 2NO* + O2 — 2NO2
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Blower
NO2 Absorber

Window shade type
Silent Discahrge

Fig 1. Proposed De-NOx System

where et- is a fast electron and es is a slow electron.

The reactions (a) are the same reactions as in conventional ozone oxidation methods, except

that the ozone generates just inside of the gas to be treated. This means any loss of ozone does

not exist. The reactions (b) will occur in the proposed method because accelerated electrons in

discharge zone directly bombard NO molecules. Thus

this process is expected to be more efficient than the

conventional ozone oxidation method.

2.3 The proposed system and a bench test model

2.3.1 The proposed system Fig. 1 shows the proposed

system. The air inside of tunnels or parking places is

ventilated by big blowers. Then the air goes to atmos-

phere through window shade of discharges and NO2 absorber. When we supposed to make a

window shade of discharges with a size of 2m by 2m for the above stated conditions, the air

flow speed through the window becomes 10.7m/s. The discharge zone should not be resistance

to the air flow. So the thickness of the window shade of discharges must be designed as thin as

possible. This leads to a very short residence time of gas less than a few ms. So, the point of this

investigation is on whether such a short residence time can convert NO to NO2 efficiently.

2.3.2 A bench test model

(1 )A model system In order to investigate this idea, a model system was designed and

constructed. The model has about 45cm2 of air flow duct area before and after the discharge

zone. The duct area is equal to 1/900 of the area of practical window shade of discharges, but

the discharge gaps and depth of the window shade along the flow line are set as same as the

practical system. The flow rate in this model is 3 to 5 mVmin. The flow speed of 11 to 18 m/s is

also as same as that of the practical system.

(2)Silent discharge unit A discharge unit as shown in

Fig .2 was prepared. The discharge unit has 5 discharge

gaps and the air gap distance is 5. 8mm, air flow area is

30cm2 and the discharge zone area is 250cm2.

(3 )Povver source

by the equation

P=4fC0Vg(V0-Vg)

where f is frequency, Co is dielectric capacity of glass plate, Vg is breakdown voltage in air

gap and Vo is applied voltage (peak).

The breakdown voltage Vg of about 5mm air gap is an order of 12-15kV. A variable fre-

quency and voltage power source was used so as to supply a necessary discharge power of 5 to

50W.

(4)Blower and ducts Two blowers were used before and after the discharge unit. The blowers

are powerful enough to get the required amount of air flow of 3 to 5 mVmin.

(5)Gas As a NOx source, gases from a small gasoline engine generator, from a real automo-

bile and the NO sample gas from a gas cylinder were used. The main experiments were carried

Aluminum Electrode
(50-lOOmin)

Glass Plate
(3 mm )

Spacer

Air Flow

The discharge power P(W) is expressed
Air Gap
(5.8 nun)

Fig.2 Discharge unit



out with the sample gas. the amount of which was adjusted to get NOx concentration of 3ppm .

(6)Measurements Fig. 3 shows the

experimental system. In the experiments, the

following measurements were made;

l)Discharge power by Lissajous method

2)Flow speed by air flow meter 3)Voltage by

potential transformer. 4)NO concentration

by NOx meter.

3.Experimental results

3.1 NO oxidation rate

(1 )Oxidation rate vs Discharge power

tained at the power input of 24, 26 and 32W respectively.

It is also understood that the larger air flow requires more

discharge power in order to get the same oxidation rate.

(2)Energy yield of NO oxidation Fig. 5 shows that a

relation between the energy yield Ey and discharge power.

The energy yield Ey is defined as the amount of NO oxi-

dation per unit energy input to air flow. The energy yield

Ey can be calculated by the following equation;



70

£ 35

12 25

b 20

2 3 4 5

Flow Rate (m'/niin)

Fig.6 Enrgy Yield vs Flow Rate
Initial NO: 3ppm

Fig.7

200 400 GOO 801

Injected Energy(.I/nJ)

Energy Yield vs Injected Energy

ues are high at a range of the discharge power of 5 to35W.

(3)Effect of the flow rate The larger flow rate requires

the larger discharge power to get the same NO oxidation

rate. Here efficiencies of the NO oxidation against flow

rates were investigated. Fig. 6 shows the results. The en-

ergy yield of NO oxidation increases with increase in flow

speed and even at the flow rate of 5 mVmin, the energy

yield is still increasing.

4. Discussion

4.1 The optimum energy input In the previous sec-

tion, It is understood that the energy yield becomes large at

the power input range between 5 to 35W. However this

range will change with the size of discharge units. So in

order to find the optimum energy input to an air volume, a

relation between energy input to the unit volume and the

energy yield was examined. Fig. 7 shows the result. It is

very interesting to see that energy yields of NO oxidation

are very high at a range between 70 to 700 (J/mJ). The op-

timum region seems to be in around 180(J/m3). A reason why the larger energy input than

180(J/m3) decreases energy yields is considered to be in that inverse reactions such as decom-

pose NO2 to NO appear. The smaller energy input is also ineffective, but in this case the reason

seems to be the short of both ozone and formation of

exited NO molecules.

4.2 Comparison with the ozone injection method

In order to compare directly the conventional ozone

oxidation method to this method, the experiments of

ozone injection were carried out. In the experiments, a

cylinder type discharge unit was used as an ozonizer.

Air flow to the discharge unit was 2 (1/min). From the

ozone yield efficiency of 17(g/kWh) of the similar de-

vice, it is estimated that this condition generates ozone density of around 0.15(g/m3/W). The

ozone thus generated was injected into air flow containing 3ppm of NOx at about lm upstream.

Fig. 8 shows the results. The amount of NO oxidation was less then 1 4ppm even at the dis-

charge power of 35 W, which is almost a half of the data obtained in the direct discharge method.

4.3 Energy yield

In the author's investigation^ on NO removal from diesel engines, the largest energy yield ob-

tained was about 80 (g/kWh). However, this high value was obtained only when hydrocarbon

was injected into flue gas. Without hydrocarbon, the energy yield was about 14 to 20 (g/kWh).

M.Klein also reported the energy yield of 18(g/kWh)5). Thus the value of 40(g/kWh) obtained in

this investigation is very high. The reason why such a high value was obtained seems to be in

1. 4

— 1 2

° | '
0 'E' 0.8

1 i 0. 6
E '3 0.4
< O

0.2

0 10 20 30

Discharge Power(\V)

Fig.8 Amount of NO oxidation vs
Discharge Power(W)
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that the energy input to gas was the optimum In|ected energy of around 100(J/m') is very small

and no investigation has been done in this ranges. The gas residence time in the discharge zone is

only 1.8ms in the case of flow rate of 5(m7min) and this is equivalent to the 1 cycle of the alter-

nating voltage of 550Hz. The process dominant in this experiment seems to be more oxidation

by ozone than direct electron bombardment to the NO molecules. Because ozone generates just

inside of gas and ozone molecules react with NO even after the gas flown away from the dis-

charge zone. These mechanism seems to be the reason of high performance.

4.4 Scale up design to the practical de-NOx plant

Using the data obtained in this experiment, we can design the practical window shade type

discharge units for the 150,000m3/h of ventilation air flow. The size of the window becomes 2m

by 1.5m, air flow velocity is 14.7m/s in the discharge zone, pressure drop at the discharge unit is

16mm H2O and the power consumption is 16kW. The energy yield of 39(g/kWh) was used.

5. Conclusion

A new method of the removal of low concentration NOx in ventilation air from tunnels for

automobiles or from big underground parking places has been investigated . The new method is

using the direct exposure of electric discharges to air flow. The discharge unit is constructed as

the window shade style with a wide window area and thin depth. The performance has been in-

vestigated by a model and the following conclusion were obtained.

(l)The new method can oxidize more than 90% of NO of 3ppm to NO2 and the conversion is as

twice as effective than the ozone oxidation method.

(2)The NO oxidation efficiency is very high at a range of 70 to 700(J/mJ) of the energy input to

the air flow. Very high energy yield of NO oxidation of 40(g/kWh) or more was obtained.

(3)The residence time of the air in the discharge area is only an order of a few ms, but this win-

dow shade type discharge unit can covert NO to NO2 efficiently.

(4)The practical scale discharge units for the 150,000(m7h) ventilation air flow can be designed

with a window size of 3(m2) and the energy consumption of 16 kW.
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Abstract

An experimental investigation of production and reduction of nitrogen oxides in exhaust gas
simulators processed by a dc corona discharge has been carried out. It was found that the
corona discharge produced NO, NO2 and N2O in a N2:O2'CO2 mixture. In a N2:O2:CO2:NO2
mixture the reduction of NO2 was between 6-56%, depending on the concentration of O2, gas
flow rate and corona discharge current. The NO2 reduction was accompanied by production of
NO and N2O. A model of the nitrogen oxides conversion was proposed.

INTRODUCTION

For over twenty years researchers have been trying to remove nitrogen oxides from industrial

and car exhaust gases by subjecting them to an electron beam or electrical discharges of various

types [1]. This paper presents results of an experimental investigation of the conversion of NO,

NO2 and N2O in N2:O2:CO2 and N2:O2:CO2:NO2 mixtures flowing through a reactor of a

needle-to-plate type, caused by a corona discharge. The N2:O2:CO2:NO2 mixture simulates the

exhaust gases polluted with NO2 only. Such a case may occur in the colder parts of the exhaust

gas duct, far away from combustion zone, where O2 causes NO to oxidize to NO2-

EXPERIMENTAL

The experimental setup is schematically shown in Fig. 1. The operating gas was subjected to a

dc corona discharge in a cubicoidal reactor the walls of which were made of methyl

polymetacrylate. Inner dimensions of the cubicoid were 145x20x12 mm. In the reactor two

electrodes were placed. One of the electodes was formed by a set of stainless-steel needles
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arranged in a line. The other electrode was a stainless-steel plate. The number of the needles in

the set could be varied from 1 to 7. The distance between the needles was 20 mm. They were

set 11 mm apart from the plate. Each needle was supplied from a constant voltage source

through a resistor of 9 MQ resistance. The needle-electrode were polarized positively. The

maximum time averaged discharge current was 6 mA.

H. V. power supply (dc)

Mixing chamber Reactor
Top view

Operating
gas

NO2

Gas-handling system FTIR spectrophotometer

Fig. 1. Experimental set-up.

A mixture of N2:O2:CC>2 in which the concentration of O2 was changed (80:5:15, 76:10:14,

72:15:13, 68:20:12), and the same mixture with an addition of NO2 (800 ppm) were used as an

operating gas. The operating gas flowed at a flow rate of 28-110 cm^/s along the line of needles

in the reactor. The temperature of the operating gas was 22-24°C. Concentrations of NO, NO2

and N2O in the operating gas were estimated on the basis of absorption spectra analysis in the

infrared range 4400-1000 cm'' carried out in situ with a Perkin-Elmer 16 PC FTIR

spectrophotometer.

A MODEL OF NITROGEN OXIDES CONVERSION

In order to analyze the processes of decomposition and formation of NO, NO2 and N2O, a

computer model of nitrogen oxides conversion in both mixtures: N2:O2:CO2 and

was proposed. In this model it was assumed that operating gas was processed



by a dc corona discharge within the limited time t. The corona discharge was a series of

rectangular current pulses of time duration of 20 ns and constant amplitude. The frequency of

the current pulses was 10 kHz. It was assumed that the electron density was constant in each

current pulse. Its value was estimated at 10 crrr^ on the base of the experimental discharge

current density.

RESULTS AND CONCLUSIONS

The results of the experiment and computer modelling of nitrogen oxides conversion showed

Fig. 2. Concentrations of NO2, NO, N2O and NOX in the N2:O2:CO2 mixture subjected to the
dc corona discharge. Experiment: x - 5% O2, 0 - 10% O2, - 15% O2, A - 20% O2.
Calculations: * - 5% O2, • - 10% O2, • - 15% O2, • - 20% O2.



- the corona discharge produces NO, NO2 and N2O in the N2:C>2:CO2 mixture (Fig. 2),

- the corona discharge reduces NO2 up to about 50% in the ^ i C ^ C C ^ N C ^ mixture, but it

simultaneously produces NO and N2O. As a result NOX concentration increases during the

corona discharge (Fig. 3),

- production of nitrogen oxides caused by the corona discharge in both mixtures increases

with increasing Oo concentration (Figs. 2 and 3),

Fig. 3. Concentrations of NO2, NO, N2O and NOX in the N2:O2:CO2:NO2 mixture subjected to
the dc corona discharge. Experiment: x - 5% O2, 0 - 10% O2, LI - 15% O2, A - 20% O2.
Calculations: * - 5% O2, • - 10% O2, • - 15% O2, A - 20% O2.

- the discharge current variation from 0 to 6 mA in the N2:O2:CO2:NO2 mixture does not

change NOX concentration (Fig. 4). This is caused by a decrease in NO2 concentration

which is accompanied by an increase in NO concentration.



Fig. 4. Concentrations of NO, NO2 and N2O in the mixture of N2.O2-CO2.NO2 as a function of
corona discharge current. Operating gas flow rate 55.5 cm3/s. 4-needle electrode. 0 - NO2, • -
NO, A-NOX , * -N 2 O.

The presented results showed that the dc corona discharge could not completely remove NO2

from the N2:O2.CO2'NO2 mixture. In such a mixture the NO2 removal rate depends on the Oj

concentration: the lowest O2 concentration, the highest rate of NO2 removal is.

The presented results confirmed the results of the previous investigations [2] that reduction of

nitrogen oxides by corona discharges is not efficient in the mixtures containing N2 and O2

unless reducing additives, for example such as NH3, water vapour or hydrocarbons, are used.
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ABSTRACT

The presence of small concentrations (500 ppm) of organic chemical species has been
previously shown to have a significant effect on the removal of NOX from simulated combustion
gases in pulsed corona discharge (Mizuno et al., 1995; Kalyana et al., 1996). The purpose of the
present communication is to discuss the chemical reaction pathways for the decomposition of
ethylene in a feed gas composed of humid air containing 100 ppm of NO in a pulsed streamer
corona reactor. Effects of reactor residence time and applied voltage as well as the feed gas
composition were considered. Complete breakdown of 500 ppm of ethylene was found at 50 kV
pulsed reactor voltage at a gas residence time of 44.0 seconds. Identification of reaction products
using HPLC and GC were used to determine the extent of oxidative or reductive pathways for
ethylene decomposition in the presence of NO. Computer simulations using the CHEMKIN (Kee,
et al., 1994) computer code and reaction rate data obtained from the literature (N1ST, 1994;
Atkinson et al., 1989) and from our data was used to model the reaction pathways, and these were
compared to the experimental results.

INTRODUCTION

The removal of NO from air streams using positive pulsed streamer corona discharge, a type

of non-thermal plasma, is considered in the present study. Pulsed streamer corona technology is

based upon the application of a fast rise time, short duration, repetitive pulsed electric discharge to

produce highly reactive free radicals in a gaseous medium. In this work, a gas phase pulsed

streamer corona reactor was assembled and operated in order to investigate the removal of NO,

from a gas mixture containing air, NO, water vapor, and ethylene.

A kinetic model utilizing the CHEMKIN program was developed to characterize the

chemical reactions taking place in the pulsed streamer corona reactor. The kinetic rate constants

for the production of highly reactive free radicals such as O, N', and OH were obtained by fitting

the model to the NO removal experimental data.
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The specific goals of this work are as follows:

1. To study the effect of different discharge voltages and reactor gas residence times

on NO removal in an atmosphere of humid air and ethylene.

2. To identify the important reaction mechanisms for ethylene breakdown in humid

air in a pulsed streamer corona discharge.

3. To identify the byproducts formed from NO breakdown in humid air streams

containing ethylene.

4. To develop a kinetic model describing the chemical reactions taking place in this

system, and to compare the model with experimental results.

EXPERIMENTAL APPARATUS

A rotating spark gap capacitative discharge pulsed power supply (Kalyana et al., 1996)

provided fast rise time (50 ns), narrow width (500 ns), repetitive (60 Hz), high voltage pulsed power

to a wire-cylinder geometry gas phase reactor vessel (5 cm electrode separation, 30 cm long active

region). Experiments varying the pulsed voltage level (0 - 50 kV) and the reactor gas residence

time (7.2 - 44 s) were performed. The NO and NO2 removal were monitored using a combination

of a chemiluminescence NOX monitor, and HPLC and GC/MS analysis of the reactor exhaust gas.

MODELING PROCEDURES

A kinetic model was developed to calculate the concentration profiles of different chemical

species under treatment by a pulsed streamer corona discharge. The reaction rate constants for the

dissociation of the nitrogen, oxygen, and water molecules were obtained by fitting the model to the

experimental data of NO removal. The model accounts for the chemistry in pulsed streamer corona

discharge by considering two reaction sets. One of the reaction sets includes dissociation reactions

while the other does not, and the two reaction sets are used alternately (corresponding to the pulse-

on and pulse-off periods, respectively) to calculate the model species concentration profiles. The

model assumes a plug-flow, isothermal reactor system, and reactions involving metastables and ions

are neglected.

RESULTS AND DISCUSSION

In previous experimental work (Kalyana et al., 1996), it was shown that the presence of 500

ppm of ethylene in the reactor feed air stream enhanced NO removal. The presence of water in the
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air stream had a smaller effect on NO removal than the presence of ethylene alone. The presence

of both ethylene and water in the air stream showed a small additional improvement in NO removal

compared to the case with ethylene in air.

A series of experiments at different voltages (30, 35, 40, and 50 kV) and residence times

(7.2, 14.5, 29.0, and 44.0 seconds) was conducted in this study to consider the effect of ethylene

on NO removal in humid air (approx. 95 % R.H.). The main reaction pathways for the enhanced

removal of NO and NO2 in dry air are due to the production of highly reactive radicals by the

reaction of oxygen atoms with ethylene. Radicals such as HCO and CH3 produced from the

oxygen reaction then react with NO and NO2. The presence of water leads to the corona-induced

production of hydroxyl radicals which should lead to more ethylene breakdown and NO2 removal

than that previously observed in dry air.

The experimental concentration profiles of NO as a function of residence time in humid air

with ethylene for various operating voltages are shown in Figure 1. The concentration of NO at

50 kV and at 7.2 seconds residence time was 17 ppm. The main reaction pathways for the

enhanced removal of NO are by the production of highly reactive radicals such as HCO', CH3', and

HOCH2CH2O2-, which react with NO to form HNO2, CH3NO, and NO2, respectively.

The concentration profile of NO2 in humid air with ethylene is shown in Figure 2. The

maximum concentration of NO2 at 50 kV was about 24.4 ppm at a gas residence time of 7.2

seconds. Radicals such as OH' and HCO' react with NO2 to form HNO3 and HNO2, respectively.

The model profiles indicate that the main breakdown product formed from NO2 in humid air

containing 500 ppm ethylene is HNO:, as compared to HNO3 formed from NO2 in humid air with

no ethylene (from the literature).

The concentration profiles predicted by the model of NO, NO2, HNO2, and HNO3 in humid

air with 500 ppm of ethylene are shown in Figure 3 along with the experimental data of NO and

NO2. The model profile of NO matches very well with the experimental data. The profile of NO2

predicted by the model also qualitatively matches with the experimental data. Model concentration

profiles of the main byproducts formed from ethylene breakdown such as glycolaldehyde

(HOCH:CHO), formaldehyde (CH2O), and carbon monoxide (CO) are shown in Figure 4.

To confirm the validity of the model, an experiment to determine the byproducts formed

by the dissociation of ethylene in humid air was conducted at 50 kV and at 44.0 seconds residence

time. Outlet gas from the reactor was collected in a glass sample tube as well through a water

column to dissolve the products formed. Gas sample analysis by GC/MS indicated the complete
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breakdown of ethylene and a significant increase in the concentration of C02. The model predicts

about 35% breakdown of ethylene at the corresponding conditions. HPLC analysis of the liquid

samples through which the exhaust gas was bubbled showed four peaks, and two peaks were

tentatively identified as oxalic acid and formic acid, although oxalic acid formation is not

specifically predicted by the model. Mizuno et al. (1995) considered the removal of NO gases from

dry air and found acetic acid to be an important byproduct. Acetic acid was not identified here as

one of the byproducts in this analysis. Further work should focus on the identification and

quantification of the byproducts formed. A greater understanding of the ethylene chemistry is

necessary to predict accurately the concentration profile of ethylene breakdown as well as of its

byproducts.

SUMMARY & CONCLUSIONS

In the present study, it was shown that a pulsed streamer corona discharge can be used to

remove NOX from a feed gas of humid air containing a small amount of ethylene. The main

reaction mechanisms for NOX removal from this gas composition under pulsed corona treatment

have been identified in this work. Additional ethylene breakdown (over that in dry air) caused by

its reaction with hydroxyl radicals aids in this further removal of N02. Complete breakdown of

ethylene under these conditions was found using GC/MS analysis of the gas samples. The

byproducts formed from ethylene breakdown have yet to be determined completely, however,

formic acid and oxalic acid were identified. Oxalic acid formation is not predicted as a byproduct

in the current model.
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Figure 1: Concentration Profile of NO At Different
Voltages. ( 500 ppm of Ethylene in Humid Air)

Figure 2: Concentration Profile of NO; At Different
Voltages. ( 500 ppm Ethylene in Humid Air)

100.0

80.0

60.0

30.0

40.0

20.0

10.0 20.0 30.0
Residence Time (sec)

40.0 50.0 10.0 20.0 30.0
Residence Time (sec)

50.0

Figure 3: Chemical Concentration Profiles, Model
Experiment, NO Removal in Humid Air with 500
ppm of Ethylene at 50 kV.

Figure 4: Chemical Concentration Profiles of
Byproducts Predicted By the Model from Ethylene
At 50 kV.
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Introduction

The flue gas treatment is of great importance at present and different

technologies are worked out in different countries, some of them based on an

impulse corona discharge.

During such a discharge in air there are generated different active

particles such as O, OH", O3, H2O2, O~ that are involved in processes of

dissociation and ionisation of the molecules of the additions in the flue gas

mixtures. The reactions of this active particles with the molecules of

admixtures CO, NO, SO2 lead to oxidation or distraction of dangerous

products.

The conversion of dangerous admixtures in the impulse corona that is

effectively realised in laboratories and in pilot devices [1-4], is difficult to

achieve in industry devices. This is result of high energies necessary for the

cleaning process and hard conditions of the impulse corona parameters. For

instance in the dust precipitator of the flue gases at the power station, it is

needed ca. 0.1 Wh/m3, but to clean the same gases of SOX and NOX 2-20

Wh/m3 is needed. At the same time during the nanosecond corona discharge

the energy input is limited. For example the energy input is ca. 30 J/m3 for

discharge gaps ca. 150 mm characteristic for industry precipitators.
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It means that to clean each m3 of gas of SOX and NOX , the gas must

be irradiated by more than 1000 corona impulses.

So to construct industry devices of realistic power to clean the gas at

rates as high as 104-106 m3/h, powerful HV impulse generators with high

repetition impulse frequency must be projected.

This work is aimed to the projecting of such devices on base of HV

generators of nanosecond impulses and to the projecting of experimental -

industry devices for gas treatment.

1. Impulse voltage generators.
For an effective flue gas treatment it is necessary to have the maximal

value of the generated electrons energy distribution not less than 5-6 eV [1] .

Such regime is possible to achieve in wire-cylinder electrode system the

interelectrode distance being 100-150 mm, if the mean electric field is 7-10

kV/cm which needs 100-150 kV of the applied voltage. To have the corona

discharge in the whole volume between the electrodes using such values of

electric field, the front wave duration must be not less then 100 ns. Besides

the impulse length must be not more than 300 ns to prevent the corona

discharge being transformed into a spark one.

We describe here two types of generators projected that have been used

in an experimental industry devices.

The Fitch scheme generator with odd number of steps. The main

advantage of such a scheme is in the conversion and gas cleaning processes

going on in one cell due to feeding it with a combined voltage, the impulses

being layed over d.c. voltage.

The generator (fig. 1) consists of three capacitor modules C1-C3,

charge inductors L1-L2, a diode Dd and a spark gap P. The spark gap

switching system consists of a control part CB and of an impulse

transfomator IT.

The device works as follows: The charging of the condensers up to

voltage U goes in a way to have the voltage polarity C2 voltage be opposite



the polarity of Cl and C3, there being a d.c. voltage at the exit point of the

generator When the spark gap in the circuit C2 and Ld works, a oscillation

process begins. As a result, the C2 potential changes its polarity and we have

an impulse voltage on the generator exit point .

This voltage induces an impulse corona in the reaction cell.The

charging of the capacitors goes on in the pause between the impulses,

meanwhile there burns a d.c. corona in the cell.

The cable generator. Another generator type, intended to feed the

reaction cells, is a cable generator of rectangular impulses with multiplying of

the voltage. A principle scheme of a two step generator is given in fig. 2. The

generator is based on pieces 1-4 of an impulse HV cable, that are charged by

a.c. voltage from a source through limiting resistors or inducting coils, that

are not given in the fig. 2.

After the spark gap 6 works a cut wave begins to move along the cables

1 and 2. When it arrives at the end of cables 1 and 2 on the load 5 there is

formed a voltage impulse which form is near to rectangular.

The load active resistance being equal to 4 times of the wave resistance

of the cables, an impulse is formed with an amplitude 2U. The impulse front

depends on the construction of the spark gap and was ca. 20 ns in our case.

The length of the impulse is equal to 2 times of the time of the wave

movement along the cables, so for 5 m long cable it is equal to ca. 50 ns. To

match the load to the generator it is necessary to select the number of steps,

to select the cable having the required wave resistance and to achieve

parallel connection of additional cables. All thesp means practically give

good result and permit to adjust the generator with the discharge cell.

Such a generator permits to increase essentially the mean electric field

(approximately up to 20 kV/cm), and for the gap lengths between the

electrodes being near 5 cm it give an increase of the specific energy up to 1

kJ/m3.



Fig. 2

2.Experimental-industry devices
We have projected several experimental-industry devices for the factory

non-ferrous metals in Riyasan to use them for treatment of the gases of

electro-furnaces and flue gases of the SOX; for a machine works in Moscow

to treat the flue gases of the electro-furnaces of NOX; and for cable works in

Moscow to clean the air of organic additions that are formed when a

polyethylene HV cables are produced.

The parameters of the cleaning devices projected according to the

scheme in fig. 1 are as follows. The charging voltage U^SS-SO kV, the

amplitude of the exit voltage Up=105-150 kV the impulse front - 100 ns, the

impulse length - 250-300 ns, the impulse sequence frequency - 150-250 Hz,

the C1-C3 condensers capacity - 3 nF. The commutator - a directed

discharger, the reaction cell is 4.5m long, the inner diameter - 350 mm, the

wire electrode diameter - 3 mm.

In the device in Riyasan the flow of furnace gases (flow rate 1000

m3/h) was taken from the gas main and after washing it of dust was sent to

the entrance of the device. The effectiveness of cleaning the air of SO2 is

seen from the following data.
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The entrance concentration of oxide, volume %; 5.9 1.12 0.95 0.8 0.5 0.34

The exit concentration of oxide, volume %; 1.9 0.58 0.65 0.5 0.2 0.23

The energy expense from the net is 6-10 Wh/m3.

The results of measuring the concentration of NO3 in flow gases of furnaces
are given in the following table.

The entrance
concentration,
ppm
75
75
125

The flow rate,
mVh

500
500
360

The gas
temperature, °C
entrance exit
93 54
93 54
65 28

U,
kV

35
40
40

The cleaning rate, %

55
95
95

The specific energy.
Wh/m3

1.54
1.9
1.4

The parameter of the cable generator installed at the cable works: the

impulse amplitude - 70-80 kV, the impulse front - 30 ns, the impulse length

- 100 ns, the frequency of impulse sequence - 300 Hz.

The reaction cell - coaxial cylinders 2 m long with inner diameter of

the cell - 150 mm and the wire electrode diameter - 1 mm. The decrease of

the organic admixtures as a result of the device work is two times.

3.Discussion
The results of the work has shown that there are two ways of

projecting the industry devices: with interelectrode distance equal to several

cm and near to 10 cm. In the first case the specific energy can be of the

odder of 1 kJ per impulse, in the second one -10 times less. But in the first

case for the same gas flow rate a' big number of parallel reaction cells is

needed and this can lead to difficulties in the concordance of the load with

the source generator.
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Abstract.
Selected halogenated organics, substituted phenols or CCU were exposed to the flux

of the neutral species generated in a D.C. point to plane type corona discharge burning in
humid air. The chemical properties and in particular the oxidizing properties of the activated
neutrals induce the breaking of the Carbon - Chlorine bonds and lead to the complete
degradation of the organic molecules. The relevant kinetic laws are given for fixed working
conditions and involve a linear correlation between the 1st order constant and the current
intensity.

The chemical properties of the neutral species generated in a corona discharge in dry or

humid air have been investigated by numerous authors, and specially for applications in the field

of the material treatments. The presence of water vapour confers on these species a particularly

efficient oxidizing character which may lead to interesting applications in the field of depollution.

We present here two selected examples of halogenated hydrocarbons which can be removed

from aqueous solution by means of a mere exposure to the neutrals of a corona discharge in

humid air.

Nature of the active species.

The basic components of humid air are oxygen, nitrogen and water molecules. Hence

the possible neutral species formed in an electric discharge are atoms (O, N), radicals (NOx,

HxOy with 1 s x or y s 2) and molecules (03, NOx, H2O2), a part of which is raised to an excited

state.

These excited gaseous species are very reactive and able to modify by several ways the

chemical bonds of the molecules exposed to their flux. First, their energy is usually less than

5eV (1eV = 96.5 kJ/mol) and of the order of magnitude of the bond enthalpies of the targets.

Various bond energies (kJ/mol at 298 K) are gathered in Table 1.

C - Cl: 327 kJ/mol (CCU) C - Cl: 339 kJ/mol (general)
C - Br: 209 kJ/mol (CBR) C - Br: 276 kJ/mol (general)
O I: 218kJ/mol (CH3I) C- I :238 kJ/mol (general)
C-C: 518kJ/mol (benzene) C-C: 346 kJ/mol (general)
0 -S : 435kJ/mol (SO3)

Table 1- Average bond enthalpies at 298 K
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In addition, these activated species present an enhanced chemical reactivity and in particular

some of them behave as strong oxidizing agents. The oxidizing properties of the relevant

species are quantified by the normal potential of the oxidation-reduction systems in standard

conditions (Table 2).

H+ + OH° + e" = H2O E° = 2.85 V
O(g) + 2H+ + 2e" = H2O E° = 2.42 V
03 + 2H+ + 2e" =02 + H2O E° = 2.07 V
OH°(g) + e" = OH" E° = 2.02 V
H2O2 + 2H+ + 2e" =2 H2O E° = 1.78 V
HO2°(aq) + H+ + e' = H2O2(aq) E° = 1.50 V
O3(g) + H2O + 2e' =02 + 2OH" E° = 1.24 V
H2O + HO2- +2e" =3OH- E° = 0.88 V
2 HNO2 + 6H+ + 2e" = N2 + 4H2O E° = 1.45 V
2HNO2 + 4H+ +4e" = N2O(g) +3H2O E° = 1.29 V
NO2 + H+ + e " =HNO2 E° = 1.09 V
N2 O4 + 2H+ + 2e- = 2HNO2 E° = 1.07 V
HNO2 + H+ +e" =NO + H2O E° = 1.00 V
NO3- + 4H+ +3e- = NO + 2H2O E° = 0.96 V
NO3- + 3H+ +2e" = HNO2 + H2O E° = 0.94 V

Table 2. Selected values of normal potentials (V/NHE) of pertinent oxidation-reduction systems.

The chemical properties of the neutral activated species generated in a corona

discharge are investigated on various liquid targets, either pure liquids or solutes in aqueous

medium and special emphasis is given to their oxidizing properties (1,2) in the scope of

depollution and waste removal.

Separation of the neutral and ion fluxes.

Since we focused on the chemical properties of the activated neutral species, il was

necessary to separate the neutral and ion fluxes. This was readily performed by trapping the

charged species by means of a particular device. We replaced the plane electrode by a ring in a

classical point-to-plane apparatus. The point was raised to the negative HV and the ring

electrode was earthed. The flux of the neutrals is roughly directed along the axis of the point

and passes through the ring without deviation or diffraction (Fig.1). A liquid target disposed

under the ring electrode is thus exposed to the flux of the neutral species only.

Experimental section

This work was performed either with d.c. or a.c. corona discharge with the same

electrode device (Fig 1). The commercially available chemicals were purified before use

according to standard procedures.
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Fig. 1 - Device used for the corona treatment of liquids and solutes by the neutrals with trapping
of the electric charges.

The treatment effect was followed by spectrophotometric or ionometric measurements

which provided with the concentration of the starting solute or the chloride ions formed

respectively. The chlorine concentration was determined by bubbling the gas in a Kl solution.

The iodide ions are oxidized to iodine by chlorine, and the Kl concentration is titrated by

S2O3Na2 according to the standard procedure. Carbon dioxide is detected by means of Draeger

tubes for specific analysis.

Results and Discussion

We selected for this study two kinds of halogenated hydrocarbons: i.e., aliphatic and

aromatic (3) derivatives because we intended to show that both types of molecules were

sensitive to the plasma treatment.

i)- Halogenophenols were chosen as demonstrative examples of aromatic molecules: we

report on triiodo-2,4,6 phenol (TIP) and also on pentachlorophenol (PCP) which is known as a

major pollutant. Both chemicals were diluted in water and treated by the neutrals of an a.c.

corona discharge in natural air. The concentrations of the solutes decrease with exposure time

for given treatment conditions, and in particular for given current intensity, according to the law:

C = Co exp (- kt). This feature characterizes the 1st order kinetics and the slopes of the straight

lines In C(t) = f(t) provide the constants k. The experimental kinetic constants relevant to TIP and

PCP are reported in Table 3. As evident from these data, the k values depend on the current
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intensity and linearly increase with I (JJA). For TIP and PCP the relevant correlations between k /

min"1 and I / yA are respectively:

k(TIP) = 1.857 10-4 I - 1.085 10"4 (r2= 0.998)

k(PCP) = 3.283 10 "4 I -7.091 10 "4 (r2= 0.977)

These correlations indicate that the determinant step for the destruction of the solutes is the

attack by OH°, the concentration of which depends on the current, through electrolysis

processes.

In addition, the halogenide concentration increases with the treatment time: this

indicates that the C - Cl and C -1 bonds are actually broken. However, the formation constant of

halogenide and the destruction constant of phenol are not exactly in the expected ratio (e.g., 5

to 1 for PCP). This feature may be related to the oxidation of halogenide to halogen by OH".

I I(JA k(TIP) / min"1 k(PCP) /min"1

0 0 0
20 3.5 10-3 5.8 10"3

30 8.6 IO-3

40 7.1 10"3 12 10"3

50 9.4 10"3 16 10"3

Table 3. Values of the pseudo 1st order kinetic constants for TIP and PCP removal.

ii)- The behaviour of halogenated aliphatic hydrocarbons is illustrated by the d.c. corona

treatment of CCU in humid air at fixed current intensities. Aqueous emulsions of CCU (50% w/w)

were exposed to the flux of the neutral species of a negative discharge. The concentration of

the starting solute is determined from that of the released chlorides and it linearly decreases with

the exposure time for a given value of the current. In the present case the variation law with I of

the concentration of the solute CCU is: C = Co - kt (Table 4).

= 150 C = 16.1 103 - 0.172 10"3t (r2 = 0.997)
= 200 C = 16.1 10-3 - 0.213 10"31 (r2 = 0.992)
= 300 C = 16.1 10"3 - 0.293 10"31 (r2 = 0.996)

Table 4. Experimental kinetic results for the destruction of CCU.

This feature seems to differ slightly from that of the phenols. However, we must remember that

exp (- kt) » (1 - kt) for small values of t, if the square terms and the followings are neglected. In

this case also, the kinetic constant k increases with the current and verifies a linear correlation

with I: k = 9.6000 10"6 + 9.8400 1071 (r2= 0.989).

In addition, a fraction of the chloride formed is oxidized to chlorine. The relevant yield

R% determined for pure CCU is poor, due to the high oxidation potential of the Cl'/Cl2 system. It

linearly depends on the current, as evident from Fig 2., and the slope m of R% vs t is also a

linear function of I /JJA: slope m = 1.0213 10"3 + 9.3525 10"41 (r2 = 1,000 ).
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Fig. 2 Yield R% vs t of removed CCU. determined on the basis of chlorine
formation, as a function of the treatment time and for various discharge currents.

The complete destruction of organics was shown in the case of phenol since the

formation of CO2 was evidenced by means of specific Draeger tubes. The technique was

resumed in the present case and the occurrence of carbon dioxide as the ultimate oxidation

state of CCU was demonstrated.

Conclusions.
Halogenated aromatic and aliphatic hydrocarbons were destroyed by exposure to the

neutrals of a corona discharge in humid air, up to the CO2 stage. The formation of CI" and CI2 is

related to the occurrence of strong oxidizers such as OH°.
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ABSTRACT
The combustion exhaust containing NO* flourosilicate SiF4, heavy-metals and other

toxic compounds were treated with small scale equipment (10 Nm3/hour) on by-pass of the
glass oven. The equipment consists of two corona discharge blocks (each contain 12 coaxial
corona discharge tubes), with gas flow rate 4.5 m/s. The gas flow is directed firstly downwards
and then upwards (in U shape). The ultrasonic aerosolator was used for spray ofCa(OH)2

water solution for neutralisation on the inlet of discharge system. The size of droplets was 0.5-
10 jum and applied amount between 0,5-2 I/hour of liquid. The discharge parameters were
U=7,8 kV, discharge current 1=13,5 mA, power consumption 7,86 Wh/Nm3.

The removal efficiencies were 71% for NOX, 74% for SiF4 converted to HF, 68% for all
Cl containing compounds converted to HCl, 99,2% for Pb, 95,5% for As. The negative polarity
of discharge appeared more effective. The qualitative analyses of products were performed
using 1R analysis (gaseous products) and isokinetic sampling (solid particles) by authorised
measuring group. Analysis of solid and liquid products from the system was realised
additionally using IR spectrometry. The solid fluorosilicates CaSiFa silane SiH4, CaF2, NO2F
and NOF were found as products from IR absorption spectra.

INTRODUCTION
In the last decade, our life-sustaining environment has changed more rapidly than it did

during any comparable period of history. Acid rain, global warming, the ozone layer depletion are
the most important problems today. The environment is polluted by chemicals emitted directly
from identifiable sources or by chemicals formed indirectly through photochemical reactions in
the air. All these chemicals have more or less toxic effects, endangering human health, therefore
their removal or at least maintenance within a certain level is necessary. In the recent years, there
is a growing interest for gas cleaning techniques of non-thermal plasma.

Exhausts from a glass furnace usually (depends on a type of a glass) consist of particles
cca 1 n.m containing many metals (Pb, As, Cd, Co, Cu, Ni, Cr, Zn, Mn, Se, Sb, Ba, B) mainly in
their native oxide form. The most dangerous are compounds of Sb, As, Se, Pb and carcinogen Cd
and Cr as well. For entrapping of these particles from glass furnace emissions mainly filters and
electrostatic precipitators (EP) are used. However only some EP suitable for a high temperature
conditions can be used.

In glass production the concentration of nitrogen oxides NOX (mainly NO) in furnace
exhaust is very high up to 30 000 ppm..

In the case of opalescent glass production, the exhaust gases include fluorosilicate SiF4.
These compounds affect synergistically simultaneously with NOX. According to literature SiF4

removal can be done by absorption in alcalic solutions with the efficiency lower than 40%



93

This article deals with an information on testing results of the corona discharge
equipment in by-pass waste gasses ducting of the glass furnace in Ornela as. Desna (Jizerske
hory) The equipment in its effect has tried to associate simultaneous removal of particle's
emissions (with a great efficiency on Pb and As), NOX and flouro-compounds as well.

EXPERIMENTAL SET-UP
The discharge system was designed for 10 Nm3/hour and presented schematically in

Fig. 1. The main part of the system consisted of two series-coupled corona discharge blocks.
Inside each of two blocks, there were 12 coaxial discharge tubes with 50cm length and 20mm in
diameter. As a material for these coaxial discharge tubes, we decided to use brass for the outer
electrode, while central electrodes (6mm in diameter) were made of copper with an external
thread. The gas flowed through the blocks firstly downwards and then upwards (in U shape) with
a flow rate-4.5 m/s.

The system was equipped with ultrasonic aerosolator on the inlet of the discharge system
to spray Ca(OH)2 water solution for neutralization of HF origined by the discharge from SiF4.
The aerosolator was able to spray 2 dm3/ hour, where 90% of droplets have size is 0.5-10|am.

The HV power supply was direct-current voltage source with 500W power output,
voltage range 0,5-20kV and maximal current 30 mA. The complete equipment was also
supplemented with a discharge parameters measuring system, ventilators for cooling of electrodes,
flap valves, rotameters and air conditioning inlet and waste piping.

resistor
cooling

exhaust

control &
H*ocessing

to PC

HV
supply;

discharge
system

air
cond.

discharge
system

US

ir

ventilator

water & waste
water system

Fig. 1 The corona discharge test-scale equipment



EXPERIMENT - METHODS & RESULTS
During the tests on glass oven exhaust bypass the corona equipment worked for several

days and was tested for both polarities of the discharge. The main goal of our experiments was to
suppress the concentration of desired toxic compounds coming from glass production processes
and to maximise the removal efficiency of the equipment. The following compounds were
analysed particularly by official measuring group and particularly in our laboratories: NOX, CO,
SiF4 ovecounted as HF, inorganic compounds of chlorine as HC1, total solid contaminating
compounds, metals as As, Pb. The measurements and calculations of following parameters O2 ,
CO2, water vapour, gas flow volume and rate, temperature, pressurealso were made.

Samples withdrawal, measuring points and fiowmeters were placed ahead of ultrasound
aerosolator (inlet measurements), respectively behind all the equipment (outlet measurements)
The samples were taken from the inlet and outlet simultaneoulsy and within the same time
moment. The results are presented in the tables 1, 2 and 3.

NOx
HF
HCI

solid states
Pb
As
CO
CO2

Initial concentration
before a discharge action

[mg/m3]
negative - positive pol.

2107,4-1964,8
9,16-1,28

11,87-16,94
133,14-81,28
52,84-16,57

3 J 5 - 1,00
1,64-1,49
3,8 - 3,9

Relative concentration
decrease [%] after the

negative corona discharge

64,4
74,1
67,2
87,6
88,0
89,5
85,1
58,7

Relative concentration
decrease [%] aftre the

positive corona
discharge

71,2
58,6
64,2
86,6
79,6
82,3
74,8
65,6

Table 1 Combustion products average removal efficiencies

polarity

+

before
discharge

14,2
14,3

after
discharge

19,0
18,8

polarity

+

before
discharge

69,1
78,9

after
discharge

26,2
24,4

Table 2 Oxygen concentration
ahead and behind the
discharge equipment

Table 3 Water concentration ahead and
behind the discharge equipment

The exhaust gas entered the first sector of the system together with the sprayed Ca(OH)2 water
solution with the flow almost 500 (470+33) dmVmin The major part (approx. 90%) of the
solution of Ca(OH>2 and water reacts with different components of combustion gasses in
discharge chamber. The rest of the solution condense on the outer electrode and splash particles
and reaction products down to water & waste system

Solid products analysis
The solid dust products concentrated in the bottom part of the discharge system. The

products mainly consisted of metal native oxides and other compounds from glass oven that had
changed their chemical and structural composition under the discharge influence. We have
analysed two samples of the dust. The one that comes from the discharge equipment and the other
from the heat recuperator installed in exhaust piping before corona discharge equipment. Both



100-1

80-

6 0 -

4 0 -

20 -

Pb(NO3)2

•OH ' C H 2
silonus

Pb(NO3)a"
CaF2

4000 3000 2000 1800 d200

samples were
analysed with the
use of KBr pellet
making technology
of IR absorption
spectrometry and
are on Figs. 3, 4.

Fig. 3
Infrared absorption
spectrum of solid
product collected in
the bottom part of
corona discharge
equipment after
discharge action.

T[%]

100J

80-

60-

40-

20-

ft/103

PkO

^000 3000 2000 -1600 -1200 800 400 V [ c m '1 ]

Fig. 4
Infrared absorption
spectrum from solid
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before the discharge
equipment.

Based on the spectra we ascertained and claim that:
• Pb and As oxides almost disappeared from the spectra. The Pb oxides changed to Pb(NO3)2

and As oxides were mainly converted to bridged arsenates form and partially also to arsen
fluorid.

• gaseous fluorocarbonate SiF4 reacted with Ca(OH)2 water solution associating Ca[SiF6], CaF2

and Ca2Si04.
• nitrogen transformation to higher oxidation levels in the compounds including nitrogen and

oxygen have occurred (nitrosyl complexes were transformed to nitro a nitrito complexes and
nitro complexes oxidated to nitrates)

Liquid product analysis
According to the fact that exhaust contains water and Ca(OH)2 water solution is added by
ultrasonic aerosolation, the exhaust interactions with water and Ca(OH) 2 played an important
role. The analyses of the liquid product samples that collected in the bottom part of the equipment
was made with another method of IR absorption spectrometry (figures 5,6).



Fig.5 Liquid product after
action of positive corona
discharge.

Based on the achieved spectra
we ascertained and claim that:
• plasmochemical reactions

SiF4 with Ca(OH) 2 lead to
Ca[SiF6] and CaF2

association. If SiF4 decay
the free F and SiF3 radical
were created.

• water was strongly ionised
and dissociated in the system
and thus atomary H and OH
radical were created.

atomary hydrogen presence in combination with fluor leads to HF and [HF2] association,
where [HF2]' ion initiated CaF2 association
atomary nitrogen and hydrogen presence in combination with fluor lead to free radicals NH,
NH2, NF, NF2 and ammonia association.
free flour atom attracted NOX, while water soluble NOF and NO2F were associated. NO
interacted even intensive with NF and NF2 radicals associating NONF, NONF2.
the liquid sample collected at the bottom of the equipment was limpid and had a neutral pH
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CONCLUSIONS

The system was tested
continuously within
several days and it
worked without any
problem and deviations
Assumed removal
efficiency of the
equipment for the
extremely low input
concentration was
proved unambiguously
According to our
measurements and

calculations the removal efficiency was following : 71.2% for NOx, 74.1% for HF, 67.8% for
HC1, 87.6% for solid matters, 88,8% for Pb, 89.5% for As, 85.1% for CO and 65.6% for CO
Similar combination of compounds was refereed in [1]
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fluorine raw material, Proceedings from 12th International Symposium on Plasma Chemistry,
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THE APPLICATIONS OF NANOSECOND DISCHARGES TECHNIQUE FOR

POLLUTION CONTROL

R-H-Amirov, EJ-Asinovsky, LS.Samoilov
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127412 Moscow, Russia

Non-thermal plasma techniques offer the advantages of energy efficiency and the

capability for the simultaneous removal of coexisting pollutants. These techniques

utilise the dissociation of the background gas to produce radicals that, in turn,

decompose the toxic compounds. One type of discharges that have shown very

promising results is the nanosecond discharges. The experimental results on the

ozone synthesis, on the reduction toluene in air, on the removal SO2 from flue gas

and the destruction of micro-organisms are reported. Three type of nanosecond

discharges have been used: streamer corona, wave breakdown and discharges in

the ferroelectric pellet reactor.

Ozone synthesis initiated by wave breakdown! at cryogenic temperatures

It was recognised that the energy yield of ozone generation was greatly increased

at very low temperatures. The maximum ozone energy yield as high as

600 [g/kWh] was obtained in DC glow discharge at gas pressure in the 0,5-2 Torr.

At such pressures the productivity is limited. To overcome these difficulties the

nanosecond discharge in the form of breakdown waves has been proposed. The

similarity of electric breakdown waves propagating in shielded discharge tubes,
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the heat regime and the estimation of ozone concentration necessary to

condensation were taken into account to determine the geometry of the discharge

tube. This was made of quartz and was 48 cm long and of 8 mm internal

diameter.. The reduced oxygen pressure was within the range 1-100 Torr.

The concentration of ozone in discharge was measured at room and liquid

nitrogen temperatures. It is found that at the pulse frequency regime the ozone

concentration produced after each pulse is higher than value of density of

saturated vapour at walls temperature that is equalled to liquid nitrogen

temperature. Typical time dependence of ozone concentration has a maximum

between high voltage pulses at cryogenic temperatures. Such a dependence could

be explained by diffusion of ozone to the walls at which a condensation was

developed. The average ozone concentration in the volume of the discharge tube

was less at cryogenic temperatures than at room temperatures.

The production of condensed ozone have been determined by measuring the ozone

concentration when the walls was heated and ozone evaporated. The density of

evaporated ozone was in many values higher than density of oxygen in the

discharge reactor at which the accumulation of condensed ozone was produced.

The maximum of achieved gas ozone pressure was 0.5 atm with life time of ten

hours when the discharge tube had a diameter 8 mm, that was much more than

known quenching diameter. The energy yield of ozone generation at cryogenic

temperatures has been calculated.. The maximum value was 200 g/kWh. The

investigation of the accumulation and destruction of condensed ozone showed that

the accumulation of ozone in the tube decreased the efficiency of synthesis.
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2. Ferroelectric packed bed reactor

The ferroelectric bed reactor employs a high-voltage AC power supply in

conjunction with a tubular reactor packed with high-dielectric ceramic pellets.

When external voltage is applied across the high dielectric layer, the pellets are

polarised, and an intense electric field is formed around each pellet contact point.

Many pulsed discharges take place around each contact point of the pellets.

Basic characteristics of the AC energised pellet bed gas cleaner were measured

experimentally using a laboratory scale apparatus: 1) Generations of ozone, nitride

oxides (NOX) and barium at different specific energy input in the gas and gas flow

rate; 2) Destruction efficiency for toluene; 3) Sterilisation performance using the

reference micro-organisms St. aureas., Penicillium chrysogenum, Bacillus subtilis.

The pellet bed was fixed inside a 40-mm inner diameter glass tube. The cross-

sectional area of the pellet bed vertical to the gas stream was 10 cm. The

thickness of the bed was 20 mm. The pellets with a diameter of 2.5 mm were

BaTiC>3 -based ceramics.. The AC voltage was a sinusoidal wave with a 7 kHz

frequency. The flow rate of the sample air was 5, 10 and 20 1/min. Gas

chromatography was used for evaluation of destruction efficiencies for toluene.

It is found that maximum ozone production is achieved at maximum flow rate. As

the flow rate was raised, the ozone concentration increased due to the decrease in

temperature of the pellet bed. At all experimental conditions (5, 10, 20 1/min) the

ozone generation has maximum when applied voltage was 8,5 kV. The partial

discharges generated NOX and Ba also. As the applied voltage was raised the NOX

and Ba concentration increased. At reactor voltage V = 7 kV the NOX became

18 mg/m3 and at 9,6 kV concentration of NOX was 300 mg/m3. The removal
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efficiency was measured for toluene concentration in the range from 200 to

1000 ppm.. It is found that at increased initial concentration the removal

efficiency increases. The measured minimum energy cost for CH2O removal was

7 ppm/(Wh/Nm3).

The maximum sterilisation effect of 94% was achieved for bacteria St. aureas for

air flow rate of 1 1/min at peak voltage of 8.5 kV.

3. Streamer corona

In recent investigations the effectiveness of pulsed corona for the removal NOX,

SO2 and dust particles have been demonstrated [1]. We have proposed the

conception of complex flue gas cleaning from fly ash and oxides utilising

nanosecond corona discharge in electrostatic precipitator at high concentration of

dust particles. When streamer corona develops in flue gas the following processes

are developed:

When the conversion of SO2 is produced the acidic dew increases. For coal boiler

with the gas temperature of 140-160 °C only 15-20 ppm of SO3 is necessary for

equals acidic dew point to gas temperature. The products of the SO2 conversion

react with water vapour and form a sulphuric acid. The H2SO4 molecules diffuse

to dust particles and produce acid film that decreases the specific resistance of

ash layer. These process would aid collection in an electrostatic precipitator by

reducing back-corona. The vapours from flue gas condense on the dust particles.

The SO2 molecules dissolve in the condensed liquid and form H2SO3 that is

oxidised by oxygen into H2SO4. Simultaneously NO2 dissolves producing HNO3.

The acids formed are neutralised by the components of the fly ash. These

processes decrease the concentration of NOX and SO2 in the flue gas.
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The SO2 removal efficiency of the corona reactor has been measured both with

and without the presence of fly-ash particles in the gas stream. The gas conditions

were gas flow rate 20-140 Nm3/h, gas temperature of 35-150 °C, SO2 initial

concentration of 130-1550 ppm. Voltage pulses with amplitude up to 60 kV had a

rise time 100 ns and a repetition frequency up to 1300 Hz. The fly ash of the

burned shale was used at a dust concentration up to 100 g/Nm3.

At increased temperatures the dissipated energy per pulse increased. The

injection of fly ash decreased the corona current. The maximum SO3

concentration of 39 ppm was achieved at temperature of 150 °C. The maximum

SO2 removal efficiency was about 30% at an energy input to the gas of

0.09 Wh/(Nm3ppm) at a gas temperature of 36 °C. It is found that at increased

initial concentrations of SO2 and water vapour the energy cost of SO2 removal

decreased. The measured minimum energy cost for SO2 removal was

12 ppm/(Wh/Nm3). The increase in water decreased the energy transferred into

the gas. Ash fly injection influenced on SO2 removal efficiency. It is found that

addition of fly ash to gas stream increases the corona efficiency in the case when

the dust coated the reactor electrodes. The obtained results allows to use the

neutralisation property of the some fly ash in gas cleaning when the conversion of

oxides is produced.
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1 Introduction

Although the catalytic converter is a well established device for cleaning exhaust gases of cars, its

use is restricted by the fact that it must be operated at an excess-air factor of A = 1, i.e. the ratio

of air to fuel must be stoichiometric. Diesel engines as well as lean-burn engines do not fulfil this

condition. But exactly these two types of engines will become ever more important in the future

because due to their higher efficiency they can contribute to decrease the emission of the green-

house gas carbon dioxide which is the main source of global warming. Therefore, new ways of

exhaust gas cleaning have to be developed that are not limited to A= 1. Plasma chemical treat-

ment is one promising line of research towards this goal. Under scrutiny have been corona dis-

charges[l,2], surface discharges[3J, dielectric barrier discharges (DBD) [2,4,6] as well as the so-

called electron dry beam scrubbing [5]. This work focuses on the time resolved computer simula-

tion of the plasma chemical reactions that lead to a decrease of nitric oxides (NOX) in a DBD.

Results of a spatially homogeneous model and a two-dimensional model are presented.

For the homogeneous calculation of the DBD, a model is used in which the duration T of the

discharge pulse can be chosen. A typical value is 10 ns. During this duration the electric field is

assumed constant. After the pulse it drops to zero and the reaction phase follows which lasts up

to several 100 u.s before the next pulse starts. 228 chemical reactions and 65 species are imple-

mented in the model. The pulse phase is dominated by electron collision with gas molecules pro-

ducing ions and the radicals N, O and OH. It is these radicals that decompose NO during the
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reaction phase either directly or by forming the intermediate products HO2 and Oi which then

react with NO.

The two dimensional model consists of a system of coupled partial differential equations

describing the electrostatic potential (Poisson's equation), transport and chemical reaction. It is

solved on an irregular grid based on triangles which can be adapted to electrode configurations

that are far more complicated than parallel plates.

2 Results

The most important reactions that lead to a decrease of NO while the exhaust is being subjected

to a dielectric barrier discharge are the following four oxidising ones [6]

NO + O » NO2

NO + OH > HNO2

NO + HO2 > HNO.,

NO + O, > NO2 + O2

and the only reducing one

NO + N > N2 + O (1).

The temporal development of the concentrations of NO, NO2 and all oxidation products of

nitrogen together, N2O, NO, NO2, N2O4, HNO2 and UNO., (short: HxNyO,) is shown in Figure 1

for a gas mixture containing N2, O2 and H2O in the proportion 77 / 13 / 10 and 500 ppm NO at

the beginning. The pressure is J0I3 mbar and the temperature 100 °C. Each drop of the staircase

lines corresponds to one pulse. While NO can be removed completely after 17 pulses, [HxNyO,.] is

only lowered from 500 ppm to 330 ppm, indicating that the removal of NO is partly accompanied

by the creation of new oxidation products of nitrogen.
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Not only is it important to know that NOX can be removed, the decisive question is how

much energy is necessary for its remediation. Figure 2 shows a diagram where the energy e per

removed molecule NO, NOX and HxNyOz is depicted as function of the removed quantity. At an

NO-removal of 50 % (i.e. when 250 ppm are removed) 63 eV are needed per removed molecule,

while 102 eV/molecule are needed to remove the same amount of NOX. For HxNyOz this figure is

always at least 250 eV/molecule.

A possibility to bring down e could be the use of organic compounds as additives. Experi-

mental work by Wolf et al. [7] with ethanol as additive has shown that eN0 can be reduced to

7 eV/molecule at the expense of an increased NO2-production. This trend could be reproduced

with our model. While eN0 decreases to 49 eV/moleculc eN0, increases to 184 eV/molecule. The

most prominent reaction involving NO in this case is

NO + C2H5OO > NO2 + C2H5O. (2)

The radical C2H5OO is produced as follows:

C2H5OH + N > C2H5 + UNO

C2H, + O2 > C2H5OO

However, reaction (2) is still not desired because it produces NO2 instead of N2 and

O2. Other organic compounds have a similar effect. A peroxo radical R-00 is produced

during the reaction phase which oxidises NO according to reaction (2). A significant

support of the reductive decomposition of NO can be achieved by C atoms:

NO + C > CN (CO) + O (N)

NO + CN > N2 + CO.

Calculations where an initial concentration of C of 200 ppm before each pulse was assu-

med gives an ENO of 14 eV/molecule and an eNOy of 17 eV/molecule.
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Two-dimensional calculations were carried out for pure nitrogen. Focus was put on

the generation of N-radicals produced during the pulse phase by electron collsion. Ac-

cording to reaction (1) the N-radical can reduce NO instead of oxidise it and is therefore

a desired species. The result of our analysis is that in a discharge reactor with parallel

electrodes, both insulated, 96 eV are needed on average to generate one N-radical, while

in a reactor with rod-anodes of 1.5 mm diameter this amount is decreased to 58 eV.
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Figure. 1: Temporal development of NO, NO2, NOX and HxNyO7. The electric field during the
10 ns long pulse phase is 45.2 kV/cm, corresponding to 230 Td.
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Abstract
The removal of SO2 and NO from flue gas using pulsed corona discharges with NH3

addition is studied in experiments. These experiments are carried out with flue gas of a
methane burner with additional injection of impurities. The concentration of these additives is
determined using ultraviolet light absorption. Accuracies of 5% or less have been obtained.
At rather low temperatures very high SO2 removal is obtained (>90%) without NH3-slip. SO2

removal hardly depends on power input, but the NH3 slip becomes less at increasing dischar-
ge power. NO removal increases with power input and depends also on temperature, at 130
° C the removal is more than two times lower than at 80 ° C.

Introduction
Combined removal of NO, and SO2 from the flue gas by pulsed corona discharge is

attractive for industrial application. One of the advantages is that the final products are solid
salts when NH3 is injected. These salts are easily collected by an electrostatic precipitator
(ESP) or a bag filter and can be used as an agricultural fertiliser. It is also expected that NH3

injection improves the electrical energy efficiency to the acceptable level through the formati-
on of particles and mist. Since other detection methods often have problems with NH3

interference we have developed UV light absorption technology to simultaneously detect NO,
SO2 and NH3. The preliminary results of NO and SO2 removal with NH3 injection are
reported, including the detection of NH3 slip which is to be minimised in applications.

Experimental Set-up
A pilot-scale set-up is used at EUT using a methane burner [1]. The flue gas partly

goes through a wire-cylinder corona reactor with a cylinder length of 2.88 m, a diameter of
0.2 m and a corona wire diameter of 3 mm. The gas temperature in the reactor is adjustable
between 60 and 130 °C. The flow of the flue gas can be varied from 6 to 80 Nm3/h (2%
accuracy). The typical flue gas from the burner has a composition of 6% O2, 8% CO2, 16%
H2O and 70% N2. NO, SO2 and NH3 are introduced from gas cylinders through calibrated
mass flow controllers. NO and SO2 are usually injected with an initial concentration of 300
ppm with 20 ppm uncertainty and NH3 injection is based on its stoichiometric value (900
ppm with a deviation of 45 ppm). Such initial concentrations of NO and SO2 are realistic for
a power plant combusting low-sulphur coal.

The electrical pulses used in the experiments are created by a thyratron driven pulse
transformer. Pulses of 70 kV are generated with a rise time of about 80 ns. A DC bias
voltage can be added to the corona wire which leads to higher current pulses and higher
energy into the discharge. This supply can be operated up to 250 Hz. The electrical energy
input into the corona discharge is varied by changing the pulse frequency. Measurements
with high time resolution are used to obtain electrical power input. For more details see [2].

In our cleaning processes, NO, SO2 and NH3 are detected using UV absorption at the
exit of the set-up. The light source used in this system is a high pressure Xe lamp. After
passing through the gas absorption cell of 1.53 m in length, the light is focused onto the
entrance slit of a 0.5 m Jarrel Ash monochromator (slit widths 50 um). The light is detected
at the output slit with a photomultiplier with a GaAs cathode. It's electrical signal is digitised
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by a 12-bit analog-to-digital converter and read out by a microcomputer. A spectral scan of
200-237.5 nm takes about 3 mins and yields 3276 points. The collected data is analysed
using the well-known modified Beer-Lambert law:

I ( X ) = I 0 ( A ) e x p ( - a ( A ) C L )
Where Io and I are the light intensity without and with absorption, while a denotes the
absorption cross section of a gas at wavelength X, C the concentration of measured gas and
L the optical path length of the absorption cell. I,, is calculated at wavelength X using linear
curve-fitting.

Absorption Spectra
Unfortunately, the data of UV absorption cross sections for NO, SO2 and NH3 are

very limited. We observed that a variety of factors influences absorption measurements,
including:
(1) the presence of mist, water vapour and particles in the path may cause light absorption
and light scattering;
(2) the cross sections for NO and NH3 are concentration-dependent;
(3) saturation of the absorption bands with increasing concentration;
(4) a gas mixture with SO2, NO and NH3 leads to overlap of absorption bands;

In order to avoid the particles and aerosols entering into absorption cell, an electrosta-
tic precipitator is installed before the absorption cell. The absorption cell is heated over
100°C to avoid water condensation.

In the region of 200-237.5 nm NO presents three strong absorption bands at 205 nm,
215 nm and 226.2nm. In fig. la, the least strong absorption band in this region is shown,
located at 226.2 nm, using four values for the concentration of NO. With increasing concen-
tration of NO, it is observed that absorptions at 205 and 215 nm are readily saturated. The
absorption band at 226.2 nm is employed in order to obtain a high measurement accuracy
for NO in the range of 0-450 ppm. SO2 presents a very broad spectrum with a fine structure
in 290-310 nm, as shown in Fig. lb. The absorption maximum at 300 nm is used for SO2

detection. The ammonia spectrum in the region of 200-237.5nm exhibits absorption maxima
at around 204nm, 209nm, 213nm , 217nm and 222 nm.
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Fig.2 a and b give the NH3 absorption spectra in air at around 213.4 nm and 221.6 nm,
respectively. At relatively long wavelengths absorption occurs at high concentration while
saturation occurs at the short wavelength. This leads to the most accurate detection of NH3

below 450 ppm at 213.4 nm and for 450-1000 ppm at 221.6 nm.
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Calibration
The absorption cross sections are not found for our situation. Calibration is assessed

by comparing the results with an electrochemical analyzer for NO and SO2, and with calibra-
ted gas flow controllers for NH3. The measurements of NO and SO2 have an error of less
than 3% NH3 (or 10 ppm whichever is the highest). For ammonia it is slightly higher with
5% at 900 ppm, but concentrations downto ~ 1 ppm are easily observed at 204 nm. In air a
part of NO spontaneously converts into NO2 . For this reason, NO calibration is made only
with flue gas. For SO2 and NH3, the calibrations are made in air to avoid reactions with
water. It can be seen, in fig.3, that the absorption (a€) of NO at 226.2 nm and NH3 at
213.4 nm strongly depends on the concentrations while NH3 at 221.6 nm and SO2 at 300 nm
present almost linear absorption-concentration relationships.

Another problem in flue gas mixture is the overlap of SO2 absorption with NH3 in the
region of 210-230 nm. To overcome this problem, the SO2 fractional absorption is subtrac-
ted from the overlap at the wavelengths for NH3 detection since SO2 is also detected at 300
nm without this problem. Additional errors caused by this cross calibration are negligible.
Fig. 3 gives concentration-absorption calibrations for 0-450 ppm (a) and 0-1000 ppm (b).
During the following experiments, one should note that the system settings are fixed at the
values used in the calibrations. The absorption measurement is corrected to account for the
difference between calibration and experimental temperatures using the ideal gas law.

Cleaning measurements
-SO2 removal

The SO2 removal tests are conducted in room air and flue gas, respectively. In air of
24 °C, 23% RH, 300 ppm SO2was introduced into a 22.4 NnrVh air flow. As shown in
Fig. 4a, SO2 removal rate is only 10-30% by the corona discharge alone. At 7.2 Wh/Nm3

energy input, 480 ppm NH3 injection leads to 55% SO2 removal rate and no slip NH3
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was observed. At 8 Wh/Nm3 600 ppm NH3 injection produces 88% SO2 removal and no slip
NH3was observed. In the case of 600 ppm NH3, as shown in Fig. 4a, SO2 removal rate
goes to a maximum of 90% at 1.6 Wh/Nm3 and then starts to go slightly down with increa-
sing power density. But NH3 slip is always decreasing with increasing power density. The
results obtained here are in agreement with the those obtained in [3].

In flue gas of 76°C (6% O2,8% CO2 16% H2O and 300 ppm SOJ with a flow of 46
Nm3/h, only 15-17% SO2 can be removed by corona discharge alone using a power con-
sumption of 1.8-5.2 Wh/Nm3. When NH3 is injected, SO2 removal rate is significantly
improved. It is observed that SO2 removal can reach up to more than 99% in the presence of
720 ppm NH3, resulting in 8.2 eV/SO2 energy efficiency. In this case, slip of NH3 also
increases with increasing NH3 concentration. It is also observed that SO2 removal by thermal
reaction of SO2-NH3 without discharge is much more effective than that by energized corona
process, but NH3 slip is much higher in the thermal reaction. These experiments demonstrate
that the NH3 reaction with SO2 is more efficient in the presence of corona discharges.
-NOZ removal

NO, removal experiments have been firstly performed in flue gas at 130 °C and 25
NmVh with 3% O2, 10% CO2 and about 20% H2O. The initial NO concentration is 350
ppm. The average power dissipated in the reactor is varied by change of pulse repetition rate
from 50 to 200 Hz. For optimizing the NOX removal efficiency, the influence of the tempe-
rature on the NOX removal efficiency is investigated. The results are shown in Fig. 4b. For
the 80 °C and 16.6 NnxVh flue gas (6% O2, 8% CO2 , 16% H2O and 325 ppm NO), more
than 90% NO was removed when 11 Wh/Nm3 discharge energy was input, resulting in a
energy efficiency of less than 35 eV/NO. Compared to the results at 130 °C, this is almost a
factor two better. When about 800 ppm NH3 is injected into a 105 °C flue gas with 325
ppm NO, the NO removal rate is increased from 50% (90 eV/NO) to 80% (50 eV/NO). In
this case, 13 ppm NH3 slip was detected downstream of ESP. However, when 200 ppm NH3

was introduced in a 130°C flue gas with 200 ppm NO, no apparent enhancement for NO
removal and no NH3 slip was observed from the absorption spectra below 6.5 Wh/Nm3

energy input. These results are in general consistent with [4, 5].
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Conclusions
UV absorption to detect NO (0-450 ppm), SO2 (0-1000 ppm) and NH3 (0-1000 ppm)

is applied to flue gas cleaning using pulsed corona discharge. The measurement error is in
all cases below 5%. The good agreement on the removal effects with results from literature
shows that this is a viable method. The measurements presented in this paper can be conclu-
ded as follows:
1. NO removal requires the lowest power input (35 eV/NO) at a temperature just above
water condensation.
2. The auto-thermal reaction of SO2-NH3 is dominant for SO2 removal. The increase in input
discharge energy has little influence on SO2 removal in the presence of NH3, the NH3 slip,
however, can be reduced to almost zero by increasing the power input.
3. High SO2 removal and very low NH3 slip are obtained when NH3 is added just below
stoichoimetry combined with an input power of 3-6 Wh/Nm3.

The synergetic effect expected from the combination of NO, SO2 and NH3 can now
be studied using the ultraviolet absorption spectroscopy to detect these species.
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ELECTRICAL AND OPTICAL CHARACTERISTICS OF DIELECTRIC-BARRIER

DISCHARGE DRIVEN BY HIGH VOLTAGE NANOSECOND GENERATOR.

V.V Ahmadeev, S.V. Kostioutchenko, N.N. Koudriavtsev, G.A. Kourkin, L.M. Vasilyak.

Laboratory of Impulse Technique

Moscow Institute of Physics and Technology

P.O. BOX 53, Dolgoprudny, Moscow region, 141700 RUSSIA

Introduction

One of the well-known industrial applications of the electrical barrier discharge is

plasmachemistry and ozonator technology. A new interesting and perspective application of this

type of discharge is the effective pumping of high intensity UV light sources for microelectronics

industry, air and water desinfection, photochemistry, etc. [1, 2]. Usually the barrier discharge is

powered by the voltage of sinusoidal waveform with the frequencies ranged from 50 Hz - 10 kHz

and up to 50 kV amplitudes. It is a very perspective to use the high voltage nanosecond pulse

generators for barrier discharge initiation. Impulse power supply permits to increase the

overvoltage on discharge gap and as a consequence the reduced electric field strength E/N in the

discharge plasma. The efficiency of atomic and molecular electronic levels excitation becomes

higher. Also under applying pulsed voltage the discharge remains in homogeneous form in a wide

range of experimental conditions.

In this work the results of the experiments on the barrier discharge characteristics in a

large scale breakdown cell under supplying high voltage nanosecond pulses are presented. We

paid particular attention to the discharge homogeneity and measurement of the energy dissipation

in the discharge volume.



Experimental set-up and techniques

The experimental set-up layout as well as discharge system scheme is represented on

fig. 1. The discharge installation has coaxial geometry and includes the central electrode (1), the

external grounded electrode (2) and quartz discharge cell (3). The discharge cell was constructed

from two quartz cylinders sealed at the ends. The space between quartz cylinders - the discharge

gap was 1 cm, the cylinder length and outer diameter were 100 cm and 9 cm respectively and the

total volume of the discharge cell was 2300 cm3. The central and external electrodes were made

from the stainless still tubes of 3 cm and 15 cm diameter. The volume between central electrode

and external one was filled with water as aqueous dielectric substance. Discharge installation has

two water-quartz dielectric barriers. The value of effective dielectric constant of these barriers

was 25 and overall capacity was Cb« 1 nF.
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High voltage pulses with nanosecond rise time were applied to the central electrode. The

pulses were generated through two stages. During the first stage the storage capacitor CO of 0.4

\i¥ charged from DC power supply up to 20 - 30 kV was commutated by switch SI to the high

voltage electrode and discharge was turn on. When the capacitor Cl (1.7 nF) and capacity

formed by dielectric barriers Q, were charged to supplying voltage, the discharge was turn off.

The second stage was the commutation of the capacitor Cl and barrier capacity to the ground

through the switch S2. Thus, two voltage pulses of opposite polarity were generated per one

operation circle of the switches SI and S2. The repetitive frequency of the switches was 600 or

1200 Hz.

In our experiments we made the synchronous independent registration of the voltage

pulses U(t) on central electrode and the current pulses I(t) in the discharge circuit. For this

purpose the capacitor divider (4) and current shunt (5) inserted in the grounded electrode circuit

were used. Before the experiments the calibration of the voltage and current gauges were fulfilled.

We removed the quartz cell from the discharge chamber and connected the central electrode to the

grounded one through 50 Ohm resistor. Then we applied high voltage nanosecond pulses of

known amplitude from the 50 Ohm cable based generator to the discharge system and registered

voltage and current calibration signals.

By computer processing of the voltage and current oscillograms we calculated the input

power P(t) and energy dissipation W in the discharge cell during one impulse as follows:

= \P(T)dT.

We had an opportunity to register relative spectral distribution of discharge radiation in

the 200-500 nm range as well as temporal dynamics of spectral line intensities during discharge

pulse. The optical system included diaphragms, aluminium mirror, monochromator, and
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photomultiplier tube (see fig.l). The signals from the PMT might be registered directly by

oscilloscope (band 250 MHz) or by the microvoltmeter with integration circuit (x=0.1 c). The

calibration procedure of the optical system was fulfilled using deuterium reference lamp.

Results and discussion

The first experiments were carried out in air, nitrogen and helium. We used both

municipal drinking water and distilled water as dielectric fillings of the discharge chamber. The

discharge in air was ignited at pressure values ranged from 10 Torr to 400 Torr at the applied

voltage of 25 kV. In nitrogen and helium at the same voltage amplitude the upper limit of the

pressure range was higher and achieved 500 - 600 Torr and > 760 Torr respectively. The

homogeneity of the discharge plasma was evaluated visually through the side windows of the

outer electrode. The discharge in air was

homogeneous up to 200 Torr and a clear

structure of microdischarges appeared with

pressure increasing. In helium the

discharge was homogeneous over full

investigated pressure range 1-760 Torr and

structure of the microdischarges was seen

weakly at higher pressures.

On fig.2 the typical voltage U and

current I oscillograms as well as calculated

power P and energy W dissipation in the

n s discharge circuit are shown. As it may be

seen from fig.2 in helium there are strong

P,MW 6

Fig.2 The electrical parameters of barrier
discharge in helium. P=300 Torr, U0=25 W.

oscillations of discharge current and
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voltage with duration up to 1000 ns. In air the behaviour of these parameters was the same but

the duration of the oscillations was less than 200 ns.

The energy of impulse was dissipated in the discharge plasma and in dielectric barriers

due to electric charge leakage. To register the energy leakage the measurement of energy

dissipation W0 in evacuated discharge cell without discharge in it was fulfilled. The value W0

was 50 mJ and we took it in consideration to calculate the energy dissipation in the discharge

plasma.

It was found that W value did not depend on pressure, the gas filled the cell and the

repetitive frequency of supplied voltage pulses. There is a dependence of W on the amplitude of

voltage impulse. Increasing of the applied voltage from the 23 kV to 30 kV lead to the increase of

energy dissipation from 200 mJ/pulse to 500 mJ/pulse. Taking into consideration that the

repetitive frequency of nanosecond generator was 600 Hz and 1200 Hz the average input power

and power density in the discharge cell was 120-600 W and up to 230 mW/cm3 respectively.

We registered the relative spectral distribution of discharge radiation in air, nitrogen and

helium. The obtained spectra showed that there was not considerable contamination of the

discharge cell during discharge operation.

Conclusion

The experimental investigations of the characteristics of barrier discharge in air, nitrogen

and helium driven by high voltage pulses with nanosecond rise time were fulfilled. The discharge

was homogenous over wide gas pressure range. The power density of up to 250 mW/cm3 in the

discharge plasma was obtained.
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Introduction

The repetition rate of streamers of positive corona depends on the air humidity as well as on the

presence of small amounts of electronegative trace gases. This dependence was used by

Andersson and Hertz [1] to create a humidity meter, and by Kudu to develop the detector of

halogens [2]. Kudu [2] suggested a new idea - to feed the corona gap simultaneously by DC

voltage and AC voltage of 50 Hz. If the so called mixed voltage is supplied to the corona gap,

then the repetition rate of streamers is comparatively insensitive to the variations of DC voltage

and air pressure. This enables to simplify the design of corona based detector of electronegative

trace gases. This detector is named streamer counter below.

In the present paper the principle of operation of streamer counter is discussed. Some new ideas

are suggested how to make the device somewhat selective with respect to the trace gas

properties.

Experimental device

The sketch of the experimental device is shown in Fig. l.Air under analysis is sucked with a fan

through a tube 10 mm in bore ("body" of the

counter in Fig. 1). Electric filter neutralizes

inhausted ions. The electric filter is followed

by an ionizer. Ions created by the ionizer are

carried by air stream to the point electrode

Inni/Lr

\ Point
. Pvvy \ electrode

\ m "\
| Electric filter

Counter DC
supply

AC
supply

Figure 1. Principle chart of a streamer counter.
(platinum wire 0.25 mm in diameter with

hemispherical cap) on the opposite end of the

tube. Negative ions decompose with great probability in strong electric field near the point tip.

Detached electrons initiate avalanches which can develop into different corona modes (burst
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pulse, streamer or steady glow) depending on the instantaneous value of applied voltage and

other conditions. Amplitude value of the streamer current pulse exceeds about two orders of

magnitude the amplitudes of other corona

pulses and could be thus easily recorded

by the counter. DC and AC voltages are

applied to the point electrode

j simultaneously.

The voltages are set so that instantaneous

value of the mixed voltage runs
Figure 2. Voltage at the point electrode.

sequentially through the voltage regions of the above mentioned corona modes during every

cycle (Fig. 2). Oscillograms of corona current show that if a burst pulse develops during At in

voltage region II (see Fig. 2), then streamer does not appear during the same cycle, as a rule. In

this case the burst pulse develops into a steady glow without streamers. The steady glow burns

while the voltage exceeds the onset value of the discharge during this cycle. If a burst pulse

does not appear during the time interval At, when voltage runs through the region II, then a

streamer appears in regions III or FV. The streamer is followed by the steady corona. No more

than one streamer per cycle was observed. The probability for streamer development during a

certain cycle depends strongly on the concentration of negative ions and their nature.

Discussion

If appearance of a burst pulse during At excludes the development of a streamer during the

same cycle of AC voltage, then the rise probability of a streamer is

Q = exp[-At(\ip] +X2p2+...+Xnpn)].

Here X\, X2, ..., ^n are the numbers of ions of different nature reaching immediate vicinity of the

point electrode during unit of time. X\ + A2+...+Xn = AQ, where Xn is the total number of those

negative ions. ph p2 pn are the rise probabilities of burst pulses originated by negative ions

of different nature. Subscripts indicate the nature of ions. The probability Q = Nlf, where N is

the number of streamers per second a n d / i s the frequency of AC voltage, can be measured

experimentally. The value of Xa is determined by the intensity of the ion source and thus Ao is

the known quantity. At can be calculated proceeding from values of voltages and AC frequency.

Thus, for measured Q one can calculate the mean rise probability of a burst pulse
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p{ V P 2 „ PHl \nQ
p — = . Or vice versa, if p is the known quantity, the

Ao At • Ao

number of ions can be calculated from these measurements. The effect of electronegative

admixture on the Q is due to conversion reactions of ions. In the presence of a strongly

electronegative admixture the number of ions specified by low probability to initiate a burst-

pulse increases. The number of ions specified by high probability decreases accordingly. Thus,

the mean rise probability of burst pulses decreases and that of streamers Q increases. This

explains the principle of operation of streamer counter as a detector of trace gases. According

to our measurements in air the minimal detectable changes in concentration of some admixtures

are as follows: I2- 1 ppb, Cl2- 10 ppb, O3- 0.4 ppm, CO2- 1000 ppm, H2O - 1000 ppm.

Streamer counter as a detector of trace gases has a disadvantage - the lack of selectivity. No

information can be obtained from counting characteristics about the nature of the trace gas

causing a change in repetition rate of streamers. We suggested that a possibility to discriminate

between different admixtures can be obtained, if several parallel point electrodes with different

tip curvatures are used in the counter simultaneously. Probabilities ptJ must be fairly different

both for the different point electrode / and for different admixture j . Difference between values

of p,j for different admixtures is due to the difference between their electron affinities,

molecule masses and their structure. Mainly those quantities determine the value of the

probability of detachment as the function of electric field strength. The electric field strength

corresponding to At is different for point electrodes with different tip curvatures. Due to this

difference the probabilities ptj are different for different point electrodes. Using a streamer

counter with m parallel point electrodes a system of equations with m equations can be stated:

(1)

In Q. = ~t

Eq. (1) allow to find the values of k\, k2,..., kn.

A discharge tube containing three point electrodes with diameters of d = 0.25, 0.5 and 1.0 mm

was built to test this hypothesis. All three electrodes were fed from the same voltage supply by

the RC voltage divider. For each electrode the value of DC voltage was adjusted close to the

onset potential of streamers. The peak value of AC voltage constituted about 0.2 of the value of

DC voltage. The frequency of AC voltage was 100 Hz, air velocity was 0.5 m/s and ion flux
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AQ — 0.4- 106 1/s. Air humidity and concentration of CO2 were varied during experiments.

Obtained experimental values of p are presented in Table 1 for different point electrodes and

air compositions. As one can see, the values of p for different point electrodes differ

significantly. The ratios /?, / p2 and p2 I p3 depend strongly on air composition. Using these

data it is possible to determine the number of three kinds of ions specified by known

probabilities/?^. Actually the number of ions of different kind is much greater than three.

TABLE 1

a

b

c

d

Concentration of CO2 and H?O

in the air

(/=19°C,p = 768Torr)

Cmo [ppm]

5800

11000

18300

5800

CCo2 [ppm]

300

300

300

8200

Pi

i= 1

(a^ 0.25 mm)

1.90-10"J

0.44-10°

0.40-10°

0.71-10°

i = 2

(d=0.5mm)

3.93-10°

1.14-10°

1.10-10°

1.01-10°

i = 3

(d= 1.0 mm)

10.9-10°

7.26-10°

1.30-10°

4.19-10°

The spectrum of ions (ions distribution depending on the

initiation probability of burst pulses) can be considered

as continuous. Using three electrodes a step-like

distribution curve of three steps can be determined

instead of continuous one. Here the probabilities ptj must

be considered as mean probabilities for ions of given

group to initiate a burst pulse at given point electrode. To solve the system of equations (1)

with m - 3, n = 3 with respect to X) values of pt . must be determined. We set values of pi

( 0 < pt. . < 1) around the values of pt in such a way that solutions of Eq. (1) would satisfy the

TABLE 2

P =

"5.0

9.87

17.5

0.5

1.22

12.9

0.05'

0.433

0.008

• i o - 3

restrictions

3

(2)
y = i

simultaneously for three gas compounds. Values of A. satisfying Eq. (1) and restrictions (2),

are presented in Fig. 3a, b, c. The ranges of possible variations of X are striped. One possible
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matrix ofp satisfying Eq. (1) and (2) is presented in Table 2. Using this matrix the spectrum of

ions for the case d (air with small addition of CO2) was calculated. This spectrum is presented

in Fig. 3d. As one can see, the number of ions with lower probability to initiate burst pulse

increases with the concentration of H2O or CO2 in air. Shapes of spectrums corresponding to

different admixtures differ significantly.

22

CH2O= 5800 ppm

Cco2=300ppm

0 ^*ssaa •
0.05 0.50 5.00

p,*103

4 CH2o= 11000 ppm
CCO2= 300 ppm

3

4 i

0.05 0.50 5.00

P i"103

4

3

22

0

CH2O= 18300 ppm

C co2= 300 ppm

005 0.50 5.00

Pi*103

3

r2

1

o

CH2o= 5800 ppm
CCo2= 8200 ppm

0.05 0.50 5.00

Pi*103

Figure 3. Spectra of ions at different air composition.

Conclusions

Using properties of streamer corona a detector of trace gases can be designed for air or other

gases. The selectivity of the device can be improved increasing the number of electrodes of

different tip curvatures. The rise probability of burst pulse is related to the electron affinity of

the additive. Special experiments are necessary to determine this relation. If this relation is find

out, the distribution of ions according to their affinities can be determined by the streamer

counter. Using a multielectrode counter simultaneously with an ion mobility spectrometer, the

selectivity of combined device can be improved significantly.
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It is common, an inception (or ignition) of negative corona is accompanied by a sharp
splash of discharge current with duration of a pulse about 10~7 s. As a rule, for electropos-
itive gases (N2, Ar, etc.) the corona current falls after splash and goes to the stationary
value that is much smaller than the amplitude of pulse. For electronegative gases (air, etc.)
instead of stationary state the pulsed regime of corona with regular splashes of discharge
current is established that named as Trichel pulses.

At the inception voltage of negative corona the Townsend condition for self-sustaining
of discharge is satisfied for an ionization region near the cathode. The voltage on the
initial size of the ionization region V,- is always in excess of a potential drop Vc on cathode
sheath formed after corona ignition. It has been just the reason which has led to appearing
of the initial current splash. The splash amplitude grows as the value V, increases.

We found out that a possibility for generation of the Trichel pulses depends on the
geometry of the electric field lines which determines spreading of the discharge current
inside an interelectrode gap. In this report it will be presented the results of extensive
experimental investigations to effect on the value V,- and geometry of current spreading.
We obtained a strong increase the Trichel pulses amplitude as well as full suppression
of them in electronegative gases. We were first to obtain the Trichel pulses for negative
corona in electropositive gases.
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DECOMPOSITION OF VOLATILE ORGANIC COMPOUNDS AT PPM LEVELS
USING DC GLOW DISCHARGE PLASMAS

Yu.S.Akishev, A.P.Napartovich and N.I.Trushkin

Troitsk Institute for Innovation and Fusion Research
Troitsk, Moscow region, 142092, Russia

The conventional technologies for controlling of the VOCs (thermal incineration,
catalytic oxidation and carbon absorption) have the intrinsic limitations such as a cost and
energy requirements that are essentially increased at the treatment of industrial gases with low
concentration of the VOCs. By now, as an advantageous alternative to these methods, many
non-thermal plasma reactors for processing of exhausted gases have been developed. A heart
of these devices is a plasma source that generates a lot of the chemical active species (O, OH,
HO2 etc.) in treated gases at atmospheric pressure without essential heating of gases. AC
barrier discharge [1] and DC pulsed corona [2] are known as such plasma sources.

We have offered a new more simple non-thermal plasma reactor with use of DC
stationary glow discharge sustained in polluted gas flow at atmospheric pressure. A chamber
for atmospheric glow discharge (AGD) is rectangular channel a top wall of which is an anode
plate of special construction, and a multi-pin cathode is built into the bottom wall. Each pin is
ballasted by a resistor nearly 1 M Q . The discharge gap length is subject to variation up to 2
cm. As to channel's size transversely to electric current, this size can be increased so much as
it is needed. The polluted gas can pass through the gas discharge chamber with velocity from
10 to 150 m/s. A DC power supply must provide voltage up to 35 kV.

It should be noted, the configuration of electrodes for our reactor is similar to that of
multi-pin corona [3] but owing to improved construction of discharge scheme we have
realized AGD at more long interelectrode gap and high discharge current than authors [3]
have.

Our reactor is operable in two gas discharge regimes of interest to us: the diffusive
negative corona mode there is over current region 0<I<I, and the homogeneous glow mode
(i.e. AGD) with quasi-neutral plasma in bulk there is over a wide range of discharge current
I,<I<I2 (see Figures 1 and 2). At high current (I>I2), the glow mode goes into a spark mode.
The amplitudes of I, and I2 depended appreciably on the interelectrode distance, gas pressure,
gas flow velocity and very strongly on the construction features of the anode. Note that there
is no the plasma regime, i.e. AGD, if the gas velocity through reactor is very small.
Moreover, the amplitude of threshold current for transition corona-to-spark is very small in
the absence of gas blowing.

We have got the outstanding discharge characteristics for both modes. The strength of
an electric field and the density of a negative space charge in the bulk for corona mode are
ten and hundred times higher than that for traditional precipitator, respectively. The
distinguishing characteristics of the glow mode is that the interelectrode space is uniformly
filled with quasi-neutral plasmas at high electron temperature (Te is estimated more than
30000 K) and at low temperature of ambient gas (Tgas = 300-400 K). As a result, the high
efficiency for dissociation of O2, H2O molecules has been realized not just nearly tops of
cathode pins but through the whole length of the interelectrode gap. The glow mode (i.e.
AGD) is very stable with respect to addition in treated gas of the water vapor, small
admixtures like NH3 and of the dust.
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We have worked out the mathematical model of gas discharge reactor for negative
corona regime and plasma glow regime operation. Spatial structures of these discharge modes
are shown on Fig. 3 and 4. It was found that the features of geometric expansion of a current
column over cathode pin and the ion conversion, attachment and detachment of electrons
effect strongly on the charged particle kinetics in the bulk of the AGD.

AGD is the superior generator of useful chemical active species like O, O3, OH, HO2

[4]. It is common, the main components of treated gases are N2, O2, H2O. In this case, basic
processes of O-atoms and OH-radicals generation are:

O(
e-f

N2̂

«D)
• N 2

* +

+

O

H2O -3
* N2* +
2^N2

• O H

e
+ OH

+ OH e + H2O-»OH
N2* = N2(A3E,B3n,C3n,...)
N2* + O2 -> N2 + O + O('D)

We have demonstrated high efficiency of AGD for generation of ozone from dry and
ambient air, removal of SO2 from simulated gas mixtures, removal of NO from real stack gas
of the local boiler fired by natural gas [5]. Therefore, we are trying to extend the range of use
of AGD for new different environmental applications. The purpose of this report is to present
our data on decomposition of VOCs (in our case, toluene) by stationary atmospheric glow
discharge plasmas.

Our experiments were carried out by use the lab-scale reactor with a rate of gas flow
about 150 NmVhour. As a simulation gas was a gas mixture of dry air at atmospheric
pressure, vapour of water (up to 12%, Vol.) and vapour of toluene in low concentration (10-
15 ppm). High percentage destruction (90 %) was obtained for toluene in our experiments
(Fig. 5). A positive and strong influence of water vapour on destruction efficiency was found
out, which is to say that water radicals (OH, HO2 etc.) are main active species in the relevant
plasma chemistry. These tests make sure that AGD can be very effective for different areas of
applications.

This work was supported in part by RFFI (Grant No 96-02-19419).
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Fig. 1 Threshold currents per pin I,, I2 vs gas flow velocity.
Dry air, P = 1 atm, discharge gap length 6.5 mm
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Fig.2 Threshold currents per pin I,, I2 vs interelectrode gap length.
Dry air, P = 1 atm, gas flow velocity V = 70 m/s
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Fig.5 Toluene decomposition efficiency vs fractional energy deposition into treated gas.
[C7H8]0 = 15 ppm, [H2O] = 10 % (vol.), Tgas = 66 °C, Vgas = 15 m/s.
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Fig. 3 Spatial structure of atmospheric gas discharge for corona mode.
Dry air, P = 1 atm, discharge gap length 9 mm
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Fig. 4 Spatial structure of atmospheric gas discharge for plasma mode.
Dry air, P = 1 atm, discharge gap length 9 mm
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Introduction

Pulsed corona discharge is known to be an effective tool for various plasma chemical
applications such as ozone generation from air and oxygen, removal of toxic agents from
flue gases and polluted air, etc. [1]. Chemically active particles are produced in thin
plasma channels (streamers) propagating in discharge gap. For prediction of the efficiency
of plasma chemical processes in various experimental situations the modeling of streamer
parameters is of great importance.

A streamer is a kind of ionization wave. In front of the wave (in streamer head) the sep-
aration of positive and negative charged particles occurs that causes sharp enhancement of
electric field. In this region of enhanced field vigorous ionization of gas molecules by elec-
tron impact takes place supporting propagation of the wave. The description of streamer
dynamics is a complex problem due to the strong nonlinearity of coupling of charged par-
ticles transport and spatial distribution of electric field. The most reliable way for solving
this problem is numerical simulation. A suitable numerical model of a single streamer
propagating along the line of symmetry of applied electric field is two-dimensional (2D)
axially symmetrical model. This paper is devoted to 2D numerical simulation of positive
and negative streamers in air at atmospheric pressure.

The model

The development of streamers starting from the charged sphere with radius R,Ph and
potential U,ph is considered. Streamer propagation in two kinds of electric field is studied.
The first kind is nonuniform field of sphere-plate gap (the plate with potential Upi — 0 is
located at the distance d from the sphere surface). The second kind corresponds to the case
when the sphere is placed in uniform electric field Eo. This case models the arrangement
of experiment [2] where streamers form in the region of strong electric field near the point
electrode and then propagate in weak uniform field between plane parallel electrodes.
Streamer propagation is examined along the axis of symmetry z passing through the
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center of the spherical electrode in the direction normal to the plate (or in the direction
of applied uniform electric field).

Streamer dynamics is described by the coupled system of equations for electric field
and for concentrations of charged particles. The distribution of electric field E inside the
gap is given by the Poisson equation for potential U

E = -VU, V2U = -Avp, (1)

where p = e(np — nn — ne) is the volume charge density, np, nn and ne are the concentrations
of positive and negative ions and electrons. The values of np,nn and ne are determined in
frame of drift-diffusion approximation

dnj/dt + Vfav,-) = Fj + Sjt v,- = fXjE - 2?, V Info), (2)

where fij and Dj are the mobility and diffusion coefficients for particles of sort j , Fj
is the sum of contributions of local kinetic processes (ionization, attachment, ion-ion and
electron-ion recombination). Term Sj describes the generation of precursor electrons ahead
of the front of the ionization wave due to volume photoionization by radiation of streamer
head and channel. Equations analogous to (2) (without transport terms) are used for cal-
culation of concentrations of nitrogen and oxygen atoms produced by dissociation of N2

and O2 molecules in collisions with electrons (for generation of oxygen atoms the process
of dissociation of 02 molecules in collisions with electronically excited N2 molecules is also
taken into account). The values of rate constants of the processes with participation of
electrons are taken as functions of the local value of electric field. As initial condition the
distributions of the densities of charged particles are taken in Gaussian form with maxima
on the axis of symmetry at the vicinity of the sphere. Detailed description of the model
and the methods used for numerical solution of equations (1) and (2) is given in [3].

Results

Calculations of positive streamers in sphere-plane gap have been performed for values
of sphere (anode) radius Riph = 0.05 - 0.5 cm and the ratio of the gap length to the
sphere radius d/R,ph = 5-10. In Fig.l the distribution of electric field at the streamer
axis for Rsph = 0.2 cm, d = 1 cm, Uaph = 14 kV is presented corresponding to streamer
length L = 0.7 cm. In Fig.2 the axial profiles of linear number densities (integrals of the
concentrations in the radial direction — normal to the direction of streamer propagation z)
of electrons, nitrogen and oxygen atoms are given for conditions of Fig.l. Active particles
are produced mainly in the region of high electric field in streamer head. An appreciable
deposit in radical production gives also the region near the anode where the field stays
high enough during all the time of streamer propagation.

The dependencies of the maximal value of electric field in streamer head E\ on the
streamer length L obtained for R,ph = 0.05 (line 1), 0.2 (2,3) and 0.5 (4) cm, d = 0.5 (1),
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1 (2,3) and 4 (4) cm, U,ph = 6 (1), 20 (2), 14 (3) and 40 (4) kV are given in Fig.3. It
is seen that after the streamer has passed the region of high applied (Laplacian) electric
field near the sphere and moves in the weak field (at L > R,ph) the value of Eh does not
change appreciably with L and is nearly the same for different parameters of the gap and
applied voltages. The weak dependence of Eh on L leads to the rate of radical production
being almost independent on L (see Fig.2).

Calculated spatial-temporal distributions of concentrations of 0 and N atoms in stream-
er channel have been used for obtaining corresponding G-values (number of atoms per 100
eV of input energy) depending on time t or on the streamer length L(t)

a'•<«> = W

I

W(t) = jusphl(t')dt', (3)

where Nj are integrated over the streamer volume the number densities of particles of sort
j , W is the energy input (in 100 eV), / is the discharge current. In Fig.4 the G-values for
oxygen atoms generation Go calculated for conditions of Fig.3 are presented. It is seen
that for streamers with L ;> R,ph the values of Go weakly depend both on L and on the
discharge conditions (applied voltage and parameters of the gap). Calculated G-values
for nitrogen atoms production GN are about one order of magnitude less than Go • The
values GN and Go are in reasonable agreement with experimental data on nitrogen atoms
(NO molecules) [4] - [5] and ozone molecules [5] - [6] generation in air and nitrogen corona
discharges.

The character of streamer propagation in uniform fields depends on the field magni-
tude Eo. In strong fields streamers propagate with velocity V linearly growing with the
streamer length L, the value dV/dL increasing with Eo [7]. If Eo is less than some value
E,t then streamer velocity decreases during its propagation. The calculated value E,t
(corresponding to streamer propagation with constant velocity, dVjdL = 0) for positive
streamers in atmospheric air [7], about 5 kV cm"1, agrees with experiment [2]. Below the
numerical results of comparison of negative and positive streamers propagation from the
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sphere placed in uniform fields are presented.
In Fig.5 the dependence of streamer velocity on the length is shown for R,ph = 0.05

cm and different values of Eo. Solid lines correspond to positive streamers, broken lines
— to negative streamers. For all variants the value of electric field at the sphere surface
E,ph = U,Ph/R,ph + 3£0 is the same, equal to 135 kV cm"1. The value of uniform field
Eo is 25 (lines 1,4), 15 (2,5) and 5 (3) kV cm"1. It is seen that streamer velocity changes
almost linearly with streamer length (the length exponentially grows with time).

The results of calculations show that the slope dV/dL is almost the same for different
values of R,ph, Uaph, and the size of initial Gaussian distribution and is determined only
by the polarity of applied field and the value of Eo- In Fig.6 the dependence of dV/dL
on EQ for positive (line 1) and negative (2) streamers is presented. Intersections of the
curves with the broken line dV/dL = 0 give the values of the field Eti corresponding to
stationary streamer propagation with constant velocity. Calculated value of E,t for neg-
ative streamers is about 2-3 times greater than for positive streamers, in agreement with
observations (see [8]). With increase of Eo the curves dVjdL for positive and negative
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streamers approach each other.

Summary

The results of 2D simulation of streamer propagation in atmospheric air show that:

• the (3-values for radical production by positive streamers in short sphere-plane gaps
weakly depend on discharge conditions, the value GN being an order of magnitude
less than Go',

• streamer velocity V in uniform fields linearly depends on its length L, the value
dV/dL being determined by the magnitude and polarity of applied field Eo;

• the field corresponding to negative streamer propagation with constant velocity is
about 2-3 times greater than to positive one.
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Abstract
The removal of hydrocarbon containing compounds using a barrier discharge at atmospheric
pressure (air) as well as a capacitively coupled 13.56 MHz low-pressure rf-discharge has been
examined. Al plates, Si-wafer and Al coated Si-wafer served as substrate materials. In the rf-
discharge power and gas pressure have been varied. Argon, oxygen, and hydrogen were used as
process gases. In the barrier discharge power variation has been investigated.
Spectroscopic ellipsometry was used to determine thickness and optical properties of the
contamination. The removal of the contamination layers was observed by means of in-situ
kinetic ellipsometry.
In the rf-discharge the thickness of the lubricant decreases linearly with the treatment time. The
determined removal rates per discharge power are O.I nm/Ws for O2 and about 0.01 nm/Ws for
Ar and H2.
In the barrier discharge the etching rate decreases about exponentially with treatment time. This
is due to a beginning polymerization shown by the increase of the optical constants of the
lubricant. The etching rate reaches values up to 0.1 nm/Ws. After the removal of the lubricant
the thickness of the surface oxide increases significantly.

1 Introduction
Plasma cleaning belongs to the most important applications of non-isothermal plasmas in dry
surface processing. Concerning plasma cleaning of large metal surfaces interest is turned to
more efficient and environmental compatible processes as priming or varnishing. If integrated
into a production line cleaning and activation by plasma can be an effective pretreatment for
painting. This procedure may substitute commonly used chemical precleaning processes.
For an optimization of the plasma cleaning process a better understanding of the involved
mechanisms requires the knowledge of the correlation between plasma, surface, and
technological parameters.
This paper discusses ellipsometric investigations during plasma cleaning in rf-discharge and
silent discharge. Moreover the emission intensity of typical spectral lines and bands have been
measured, XPS has been carried out and the weight of the lubricant has been estimated.

2 Experimental
Several substrates have been contaminated with Wisura-Akamin (oil). This lubricant has been
removed by rf-discharge and barrier discharge, respectively.
The investigations with the rf-discharge have been performed in a plasma cleaning reactor of
aluminum with windows for optical emission spectroscopy (OES), ellipsometry, and substrate
handling [1]. The samples were mounted on the powered electrode. The gas flow input has been
realized by a lot of tiny nozzles right above the powered electrode. The discharge is located
within the volume between the plane powered rf-electrode with the substrate and the U-like
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formed ground electrode. A schematic view of the experimental setup is given in Fig. 1, The
typical operation conditions during plasma treatment were as follows:
rf-power: 2 ... 225 W, 13.56 Mhz (<20 W during ellipsometry, >50 W for OES)
power density: 0.02 ... 2.25 W/cm2

process gases: argon, oxygen and hydrogen; 4 ... 50 Pa
substrate temperature: <150°C

matching
unit

OES

electrodes

V\
\
\

-

^ airstream

substrate

Figure 1: Schematic setup rf-discharge Figure 2: Schematic setup barrier discharge

The used barrier discharge consists mainly of two plane AI2O3 electrodes (width: 15 mm,
length: 150 mm). The discharge is located within the volume between the electrodes and the
substrate (ground electrode). The electrodes can be moved over the substrate. A schematic view
of the experimental setup is given in Fig. 2. The typical operation conditions during plasma
treatment were as follows:

30 ... 300 W, 20 ... 50 kHz, sine
0.7 ... 7 W/cm2

1.3 mm
air, atmospheric pressure
>1 s

150 mm), Si-wafers and Al-coated Si-wafers have been used

power:
power density:
distance substrate-electrodes:
process gase:
treatment time: >
Al-plates (surface area: 80 mm x
as substrates. By using silicon wafer only the properties of the contamination layer are
unknown for the optical model which makes it easier to compare the experimental ellipsometric
data with the simulation. Wisura-Akamin served as contamination. This oil is a typical
lubricant in handling and industrial treatment of aluminum sheet metals. For the separation of
the refractive index of the contamination the dispersion theory of Cauchy was employed. The
contamination was assumed to consist of one homogeneous layer. By means of the determined
refractive index of the contamination film thicknesses as well as etching rates could be obtained
not only on Si-wafers but also on Al-films and Al-plates. The etching rates are about the same
on all substrates and therefore the results on Si-wafer can be generalized.
A spectroscopic polarization modulation ellipsometer (PME, Jobin Yvon) was employed for
characterization of the contaminated and cleaned substrates and for in-situ monitoring of the
plasma treatment process (633 nm). Because of the low distance between electrodes and
subtrate for the barrier discharge the ellipsometric measurements could not be carried out
in-situ. Therefore, the substrate has been treated only for a few seconds. Than the electrodes
have been moved away and one spectroscopic measurement has been done. This procedure has
been repeated until the lubricant was removed. By that way we have got quasi in-situ
measurements.
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The ellipsometric method works well up to layer thickness of 150 nm. For higher thickness
OES (rf-discharge) has been used or the decreasing weight of the lubricant has been estimated
(barrier discharge). An optical multichannel analyzer (OMA, SI) has been used for real-time
diagnostic of the rf-discharge during the plasma process. In particular, the time behavior of the
Ha-line (656.3 nm) and two different CO-bands (519.8 nm and 451.1 nm) were examined.
For the ellipsometric measurements the design of the rf-reactor had to be modified. As a
consequence sometimes instable discharge conditions and instable light emission at higher
discharge power occur. Therefore, the rf-power has been varied only between 2 and 20 W and
the pressure was chosen to be 10 Pa for oxygen and 50 Pa for hydrogen during ellipsometric
investigations. Unfortunately, with these discharge parameters the intensity of plasma radiation
was not high enough for the OES device. Thus, the results of ellipsometry could not be directly
compared with those obtained by OES.
In addition, the surface chemical composition of the substrates before and after plasma
treatment has been studied by XPS (Fisons MT 500).

3 Results and Discussion
3.1 Rf-discharge
In Fig. 3 a typical plot for the ellipsometric angles ¥ and A versus treatment time in the rf
reactor is given.
The initial thickness was between 40 and 120 nm. During pumping down the layer thickness
has been reduced to about 15 to 40 nm (about 1/3 of the initial thickness). Starting with the
ignition of the plasma the thickness of the lubricant decreases again drastically.
The etching rates were independent on treatment time. Moreover n and k were constant. That
means that no polymerization has been observed.
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Figure 3: T and A during a whole cleaning Figure 4: Etching rates as a function of the
process (10 Pa oxygen, 5 W, 633 nm). supplied rf-power.

The initial data of a silicon wafer without contamination could not be reached completely after
plasma treatment. Moreover, A decreases again after reaching a maximum (Fig. 3). The
decrease of A has been observed in oxygen as well as in H2 and Ar. Thus, growing roughness
(some nm) seems to be likely. This result is supported by the XPS measurements. Plasma
cleaning of hydrocarbon contaminated substrates reduces the C-peak remarkably. In addition,
on Al-substrates the Al-peak increases weakly. However, the oxygen signal which indicates the
native oxide layer remains as high as before.
The etching rates in relation to the discharge conditions are presented in Fig. 4. They show a
linear dependence on the supplied rf-power. The etching rates obtained per discharge power
were 0.1 nm/VVs for O2 and about O.Olnm/Ws for Ar and H2, respectively. In accordance with
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the results of OES one can conclude that plasma cleaning with oxygen is much more efficient
for hydrocarbon lubricants than etching with Ar or H2.
The time dependent intensity of OES spectra has been fitted by an exponential function. The
higher power necessary for the OES measurements (>0.5 W/cm2) induces polymerization,
which is responsible for the observed time behavior of the OES intensity. The relaxation time
can be taken as a measure for the duration of the cleaning process. With increasing rf-power the
cleaning process becomes more efficient. With increasing pressure the time constant decreases
weakly. The most efficient range of pressure depends on the gas used. It was in the range of 10
... 15 Pa for oxygen, 5 ... 8 Pa for argon and about 20 Pa for hydrogen.

3.2 Barrier discharge
In Fig. 5 a typical plot for the ellipsometric angles *F and A versus treatment time is given
which was monitored during the whole cleaning process (633 nm, 240 W).
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Figure 5: T and A during a whole cleaning Figure 6: n and k vs. contamination thickness

process (633 nm, 240 W) (633 nm, 240 W)
Contamination thickness and etching rate decrease approximately exponentially. The same
behavior has been observed for higher power densities in the rf-discharge (OES). The reason is
the polymerization of the lubricant. This has been shown by the increase of n and k which is
related to higher layer density (Fig. 6).
The time constants for the removal of the contamination increase about linearly with discharge
power.
The initial data of a silicon wafer without contamination could not be reached completely after
plasma treatment. Moreover A decreases again after reaching a maximum (Fig. 5). The reason
is mainly a growing oxide. This result is supported by the XPS measurements, too. The quality
of this oxide depends on the treatment time. If the samples were treated some minutes
continuously the oxide was rough. If the samples were treated only some seconds with breaks
for spectroscopic ellipsometric measurements no roughness has been estimated.
The results of the gravimetric measurements can be summarized as follows: The removal of the
contamination increases with power and treatment velocity (velocity of the electrodes:
0.7 ... 6 mms1). For further investigations a pulsed generator with higher power will give better
results. Contaminations above 6 gm"2 could not be removed by barrier discharge.
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4 Summary
The present study reveals that the removal of thin hydrocarbon contaminations on aluminum
substrates by rf-discharge as well as barrier discharge is a reliable and effective process.
Ellipsometry is a suitable tool for characterization of the contaminated and cleaned substrates
and for in-situ monitoring of the plasma treatment process. For a clear interpretation of the
ellipsometric measurements additional information is useful. In this study the surface chemical
composition of the substrates before and after plasma treatment has been investigated by XPS.
In addition, OES (rf-discharge) has been used and the decreasing weight of the lubricant has
been estimated (barrier discharge).
In case of low pressure discharge about 2/3 of the lubricant has been removed already during
the pumping process. During plasma treatment the etching rates were independent on treatment
time for low power density (<0.2 W/cm'2). The etching rates show a linear dependence on the
supplied rf-power. The etching rates obtained per discharge power were 0.1 nm/Ws for O2 and
about O.Olnm/Ws for Ar and H2, respectively. In case of higher power density (>0.5 W/cm2)
polymerization occurs. After the removal of the lubricant the sample surface becomes rough.
The cleaning process becomes more effective with increasing pressure. The most efficient
range of pressure depends on the gas used. It was in the range of 10 ... 15 Pa for oxygen, 5 ... 8
Pa for argon and about 20 Pa for hydrogen.
In case of barrier discharge contamination thickness and etching rate decrease about
exponentially with treatment time. The reason is the polymerization of the lubricant, which has
been observed for all used discharge powers (density >0.7 W/cm'2). The polymerization process
during plasma treatment has been proofed by the increase of n and k which is connected with
higher layer density. The time constants for the removal of the contamination increase about
linear with discharge power. The etching rate reaches values up to 0.1 nm/Ws. The removal of
the contamination increases with decreasing treatment time or increasing velocity, too. For
further investigations a pulsed generator with higher power will give better results.
Contaminations above 6 gm"2 could not be removed by barrier discharge. After the removal of
the lubricant the thickness of the surface oxide increases significantly.
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Abstract
The cleaning process of metal surfaces was studied, which were used as one of the electrodes of
planar barrier discharges. The barrier electrodes were made by ferroelectric ceramics. The
discharges operated in flowing oxygen and air at atmospheric pressure. The metal probes were
covered by defined layers of special oils.
The dependence of the cleaning process on the gas flow was observed with optical emission
spectroscopy. A clean surface has been reached only at low gas flows (1-5 1/h). At higher gas
flows the lubricant could not be removed completely because of polymerization of the oil.
With GC/MS capillary chromatography CO2 was detected as the final reaction product. The
comparison of the cleaning effect in air and pure oxygen showed a higher efficiency of the air
discharge.
The surface situation was controlled by spectroscopic ellipsometry and XPS.

1 Introduction
Plasma cleaning belongs to the most important applications of non-isothermal plasmas in dry
surface processing [1-3].
For industrial applications atmospheric pressure discharges are of special interest. Among the
known atmospheric pressure discharges mainly the barrier discharge is under investigation.
Currently there is a great interest in the use of this discharge for purifying air, treatment of flue
gases and surface treatment.
In the present work first results concerning the removal of Wisura-Akamin and Skydrol (oil)
mainly from aluminum substrates by plasma treatment with barrier discharge will be presented.
Ferroelectric ceramic material of high permittivity (e>1000) was used instead of glass or A12O3

which are usually applied. The main component of the ceramic was BaTiC>3 The advantage of
using this type of ceramics is related to a considerable increase in power density without the
need of increasing voltage.
Optical emission spectroscopy (OES) and GC/MS investigations during plasma cleaning in
barrier discharge will be discussed. For surface characterisation XPS and spectroscopic
ellipsometry have been carried out.
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2 Experimental
The investigations have been performed in a small laboratory custom made reactor of Teflon
with one window for optical emission spectroscopy (OES). The plane ceramic electrode has a
thickness of 2 mm. For the GC/MS investigations a circular electrode with a diameter of 30 mm
has been used. During OES a rectangular electrode (69 x 66 mm) has been used. The ceramic
has been contacted with a thin Ag layer, The gas flow input has been realized by a small hole in
the powered electrode. The samples were mounted on the ground electrode. The device has
been described in more detail elsewhere [4]. A schematic view of the experimental setup is
given in Fig. 1. The typical operation conditions during plasma treatment were as follows:

voltage:
current:
power density:
substrate-electrode:
process gases:

*1 kV, 50 Hz, sine
...250 mA
< 5 W/cm2

0.15 mm
air, oxygen,
atmospheric pressure

OES

ground
electrode
sample

ferroelectric
ceramic

gas stream

Figure 1: Schematic setup ferroelectric discharge

Al-plates, Si-wafers and Al-coated Si-wafers
have been used as substrates. The substrates have
been contaminated with Wisura-Akamin or
Skydrol. This oils are typical lubricants in
handling and industrial treatment of aluminum
sheet metals. The lubricants have been removed
by ferroelectric discharge.
An optical multichannel analyzer (OMA, SI) has
been used for real-time diagnostic of the
discharge during the plasma process. In
particular, the time behavior of the Ha-line (656.2 nm) and Al-lines (358.7 nm, 360.1 nm,
394.4 nm, 396.1 nm) were examined. During this experiments the gas flow has been varied
between 1 and 30 l/h.
Additional the stable reaction products, resulting from the cleaning procedure, were detected by
the gaschromatographic technique. The measurements have been performed with the GC/MS
apparatus QP 5000 from SHIMADZU, which was provided with two capillary PLOT columns.
There were used a liquid phase GS-Q column (length 30m, diameter 0.3mm) and a molsieve 5A
column (length 25m, diameter 0.5mm). The combined action of the columns (series connection,
alternative operation) allowed the detection of slightly hydrocarbons as well as of the
permanent gases O2, N2, CO and CO2 during one analysis. The column operation and the gas
sample injection have been realized with pneumatic 6 port valves from VALCO instruments.
The gas samples were extracted from the closed barrier discharge reactor after discharge
interruption. The mass spectrometer detector allowed the estimation of components within the
ppm range. The analysis was performed typically at isothermal conditions (T=80°C) at 40cm/s
linear velocity of the carrier gas helium.
A spectroscopic polarization modulation ellipsometer (PME, Jobin Yvon) was employed for
ex-situ characterization of the contaminated and cleaned substrates.
In addition, the surface chemical composition of the substrates before and after plasma
treatment has been studied by XPS (Fisons MT 500).
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3 Results and Discussion
In Fig. 2 the relative intensity of the Ha-line versus treatment time is presented. Parameter is the
O2 gas flow which has been varied between 1 and 30 1/h. Aluminium probes with Wisura-
Akamin as contamination have been used. The relatively intensity of the the Ha-line decreases
during plasma treatment. After about 1000 s the intensity reaches about 1% of the initial value
and we can assume, that no more hydrogen leaves the surface. The surface may be clean or a
polymer layer has been build.
A clean surface has been reached only at low gas flows (1-5 1/h). The slow decrease of the
intensity indicates the continuousely removal of the lubricant. At higher gas flows the lubricant
could not be removed completely because of polymerization of the oil. The polymerization of
the oil has been proved by spectroscopic ellipsometry. The strong exponential decrease of the
intensity shows the fast polymerization of the lubricant with beginning of the plasma treatment
(30 1/h).

o 200 400 eoo e x 1000 121x1 1400

time [s]

Figure 2: Relative intensity of the Ha-line as a
function of the treatment time
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Figure 3: Relative intensity of the Al-line (396.1
nm) as a function of the treatment time

Similar is the time dependence of the intensity of the Al-lines as represented in Fig. 3. At the
beginning of the plasma process the intensity of this lines is relatively high. By the micro
discharges Al will be etched from the substrate surface. There are two reasons for the decrease
of the Al concentration in the plasma. At lower gas flows the surface becomes clean.
Furthermore an oxide grows on the substrate surface. The grows of this oxide has been proved
by spectroscopic ellipsometry and XPS. This oxide prevents the etching of Al. At higher gas
flows a polymer layer will be build which prevents the etching of Al.
Etching and polymerization of the contamination are two opposite processes. Which process
predominates is essentially determined by the flux of reactive O atoms to the substrate surface.
This flux depends on the mean concentration of O atoms [O] within the discharge volume

1 1 1 1
with — = — + • + •—

T !•„, *•„. 7 \ . .
which can be estimated by: fo] « r felfO2]k

dl

v
• H is the

effective coefficient of dissoziation by electron impact of O2. The time constant T describes the
consumption of O atoms for cleaning, oxidation and recombination. The residence time of the
O atoms in the discharge volume is given by l/v.
At high gas flows l/v becomes low. There are not enough O atoms for cleaning in the discharge
volume. Polymerization is the dominating process. At low gas flows there are more O atoms for
the cleaning.
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With GC/MS the neutral gas composition was detected after the cleaning procedure of
aluminum samples at atmospheric pressure in air and pure oxygen. The aluminum samples,
acting as one of the electrodes, were covered with a defined thin film of Wisura-Akamin or
Skydrol oil. In contrast to the spectroscopic investigations these experiments were performed
under closed conditions. So the maximum concentration of reaction products could be
expected. To reduce thermal as well as polymerization effects the investigations were
concentrated on a small discharge current (in the order of 1mA). At these conditions the
saturation plateau for the reaction products was reached after 10 ... 20 minutes.
Surprisingly only the reaction product CO2 was found in a noticeable concentration value. In
contrast to this hydrocarbons as well as CO could not be detected. The GC method would
detect these components, too, as calibration measurements in standard mixtures showed. A
typical chromatogram for the CO2 formation in air is given in the Fig. 4 (upper part) in the so
called SIM (Single Ion Mode). One analysis required nearly 8 minutes. The peaks are given in
counts/s . For comparison the peak of natural CO2 concentration (nearly 350 ppm) is shown,
detected in pure air, too.

in natural air (350 ppm)

residence time / min

Fig. 4: Chromatograms in the Single Ion Mode; Example for the CO2 formation in
a ferroelectric discharge in air (p=1013 mbar, I=lmA) and comparison with the CO2 peak in
natural air

The comparison of the cleaning effect in air and pure oxygen showed a higher efficiency of the
air discharge. The CO2 component differs for both cases within nearly a factor three. This result
is from interest regarding to the possible practical application of this discharge type for plasma
cleaning. At the assumption, that the chemical sputtering of the oil by oxygen atoms is the
dominant cleaning process, the higher efficiency in air could be caused by metastable N2

molecules. Their energy transfer to oxygen molecules may result in a higher O2 dissociation
degree.



142

4 Summary
The present study reveals that the removal of thin hydrocarbon contaminations on aluminum
substrates is a possible application of ferroelectric barrier discharges. The advantage of using
ferroelectric ceramic is related to a considerable increase in power density without the need of
increasing voltage. However an immediately industrial application seems to be difficult because
of the low distance between ceramic electrode and substrate.
Optical emission spectroscopy has been performed for real time investigation of the cleaning
process. Mainly the dependence on the gas flow was under investigation. A clean surface has
been reached only at low gas flows (1-5 1/h). At higher gas flows the lubricant could not be
removed completely because of polymerization of the oil. The reason for this dependence is the
low residence time of reactive O atoms at higher gas flows.
With GC/MS capillary chromatography CO2 was detected as the final reaction product.
Moreover the comparison of the cleaning effect in air and pure oxygen showed a higher
efficiency of the air discharge. The higher efficiency in air could be caused by metastable N2

molecules. Their energy transfer to oxygen molecules may result in a higher O2 dissociation
degree.
After the removal of the lubricant the thickness of the surface oxide increases significantly. The
oxide thickness has been monitored by spectroscopic ellipsometry and XPS
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INTRODUCTION

As it is well known for plasma chemical application of low temperature plasma it is needed a

high level of non equilibrium at a high pressure (of about atmospheric one). It is very difficult

to fulfil both these conditions, because at high pressure the processes of relaxation of internal

energy of excited molecules are very fast and there is no practical possibility to utilise the

vibration excitation of molecules. The way which can bring to high level of non equilibrium is

the creation of a plasma with high amount of atoms and active radicals, appearing in

dissociation of molecules by fast electrons of electron beam, and generation of highly excited

ions and atoms in collisions with heated in external electric field electroas. For this purpose

there is a possibility to combine electron beam plasma and plasma of radio frequency (RF)

discharge in a one set up. There is an additional advantage of such discharge in comparison

with non self maintained one, it is to avoid the generation of discharge instabilities by a choice

of optimal frequency at which instabilities can not develop. Plasma of such a hybrid reactor

differs significantly from pure electron beam plasma, because its electrons have

temperatures 10-50 times higher than of the electron-beam one. It also differs from RF

plasma, which can be generated at several Torrs, because even at atmospheric pressure fast

beam elections can produce plasma.

EXPERIMENTAL

A new type of hybrid plasma chemical reactor has been developed, constructed and tested.

Experiments were conducted as foDows, see Fig.l. Electron beam 1 is generated in a vacuum

bulk 2. With a help of an outlet unit 3 it is injected to a gas chamber 4. A sample 5 is

located so, that in case of plasma generation it is positioned inside a plasma cloud 6, between

RF electrodes, usually at a distance of ~ 10 cm from injector. One of RF discharge

electrodes, 7, is a ring type, another, 8, is a flat one. Energy of beam electrons at the inlet into

a gas is 30-60 keV, electron beam power is 1.0-5.0 kW. Gas pressure is in a range 1 - 760

Ton-. Capacity of gas-discharge system 0.5 - 1.0 kW. Gas discharge frequency 40.0 MHz.

Plasma generating media was: gases NH3, Ni, and H2 oxygen, gaseous fluorides and
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hydrocarbons, gaseous mixtures, vapours (water, alcohol, benzene), aerosols. Experimental

sets were conducted on treatment of different cellulose material samples and fabrics.

1 - electron beam, 2 - vacuum bulk,

3 - ejector, 4 - plasma chamber,

5 - target, 6 - plasma, 7 - RE discharge

electrode, 8 - RF discharge electrode.

Fig.l.

Conducted with unbeached flax fabric experiments in hybrid rector plasma have shown that

two characteristics of hydrophilicity of treated samples ( standard sample - tape 10 cm width)

has increased. 1- capillarity (c): for initial sample c ~ 1-2 mm, for the treated one c = 130-150

mm. 2-wettability (w): for initial sample w < 1 mm/s, for treated one w^O-lOO mm/c. They

have shown the significant change of surface properties of a material.

Experiments with different samples of filter cellulose gave possibility to make the conclusion

about a radical-thermal mechanism of a hybrid plasma action on materials. A surface of

material is activated by electron beam and electron beam plasma electrons, there the vacant

bonds of destructed molecules of surface appear. These bonds are filled by atoms and active

radicals created in plasma. As a result the structure of the surface changes significantly, what

manifests in increase of hydrophibility and solubility. Opposite results can be achieved with

another type of materials and at other discharge conditions. Hybrid plasma proved to be

effective in treatment of polymeric materials, because it gave possibility to generate optimal

conditions without heating material up to the ignition or pyrolyses temperatuies.

Conclusions.

For the first time obtained results gave evidence that the hybrid plasma suggests a wide

spectrum of additional means to increase the efficiency of many known technologies and

creates the basically new ones. Preliminary results show the following promising fields of

hybrid plasma applications:- the cleaning of gaseous and aerosol exhaust from toxic and

hazardous components, the reprocessing of the toxins, the neutralisation of wastes after toxins

reprocessing;- the production of valuable chemical products and intermediate products from

natural organic and non organic raw materials;- polymer and biopolymer processing;- surface

coating by a deposition from gaseous and vapour phases, surface treatment.
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Introduction

The problem of efficient use of methane being the main constituent of natural gas has been

the focus of attention of many research groups. Considerable work has been performed on the

plasniochcmical conversion of mcthanc-oxygcn mixtures to methanol fl, 2]. Ai the same lime,

methane (or natural gas) can serve as a raw material for (he production of not only methanol but

also other valuable oxygen-containing derivatives. For instance, the cost of formic acid is an order

of magnitude higher than that of mcthanol. We have investigated whether it is possible to increase

substantially the yield of formic acid with an acceptable energy input and a high degree of utili-

zation of methane.

Experimental equipment and procedure

An experiment on partial oxidation of methane was carried out with the use of a flow gas-

discharge reactor. A schematic diagram of the

experimental setup is given in Fig. 1 Methane

or natural gas is mixed with oxygen before-

hand, and the mixture is contained in reservoir

Fig. 1. Schematic diagram of the experimental
setup. / - reservoir with the methane-oxygen
mixture; 2 - gas flow regulator. 3 - flow meter;
-i - plasmochemical reactor; 5 - discharge power
supply: 6 - tank for gathering conversion prod-
ucts: 7 - output flow meter.to chromatogroph to chrctnaloqraph
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1. The gas mixture is supplied through gas How regulator 2 and input flow meter 3 to the working

zone of reactor -I. The barrier-discharge plasmochcmical reactor has a planar configuration. A

dielectric barrier (glass) covers one of the electrodes. The metallic electrode has a temperature

ranging between -10 and +30 °C. The barrier discharge in the reactor is initialed by high voltage

pulses produced by pulse generator 5. The treated gas being removed from the reactor goes

through output flow meter 7. The freely draining products of oxidative condensation are gathered

in tank 6. The composition of the original and exhaust gases and of the condensate produced was

determined chromatographically. Used in the experiment was technical-grade methane with the

content of saturated hydrocarbons (from C:Hri to C4Hi0) being about 10 mass %. A specially

performed investigation has shown that the use of pure methane affects the process characteristics

only slightly.

Most of the shots were performed with an electric pulse generator of power up to 50 W and

a plasmochemical reactor with a maximum electrode area of 200 cm". Some shots were per-

formed with a multisectional plasmochcmical reactor consisting of 20 sequential sections of total

area 0.8 nr In the latter reactor, the discharge was initialed from a high vollage generator of

power up to I kW

Results and discussion

Table 1 gives the results of chromalographic analyses of the original and treated gases and

the composition of the condensate For this example, the gas-condensate conversion yield by mass

Table 1. Composition of the original gas and reaction products

Original
gas

O;
CH4

C;H6

C,HS

C4HI0

CO;

mass %

53.9
41.9

1.8
1.4
0.5
0.2

Exhaust gas

CH4

CH ( ,
C;HS

GH1M

CH,
C :H4

CH-.OH
H^O

mass %

43.3
48.5

1.6
0.6
0.1
3 9
0.3
0.5
0.6

Condensate

H2O
HCOOH
CH3OH
HCOOCFh
CH,C00H
C2H,0H
CH,CHO

mass %

53
27.4
11
4.9
1.8
0.9
0.9
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Fig. 2. Condensate yield rate in the sec-
tions of the multisectioned plasmochcmi-
cal reactor.

(the produced liquid-to-treated gas mass ratio ex-

pressed in percents) was 22.6%, including 10% of the

methane-condensate yield and 37.4% of the oxygen-

condensate yield.

The products of incomplete oxidation remain-

ing in the gas phase (water, methanol) are in quanti-

ties significantly smaller than it is therinod) namically

needed lo ensure the saturated vapor pressure for the

given substances at a temperature of around 10°. The

least energy expended for the production of I kg of condensate was 15-20 kW-h/kg. The highest

achieved gas-condensate conversion yield by volume was 57%. This high conversion yield is

achievable only at a low temperature of the reactor (7'« 0 °C). The increase in conversion yield at

higher temperatures is limited by the reduction of the oxygen content in the mixture. The prevail-

ing expenditure of oxygen is conditioned by the condensate produced.

The dynamics of the formation and yield of the condensate and of the change in gas com-

position was investigated for the mulliscclional plasmochemical reactor. The volume velocity of

the gas mixture at the reactor inlet was 100 l/h; with that the linear velocity of ihc gas (low was

15 cm/s. The input of the power supply was

800 W and the energy efficiency of the dis-

charge was about 75%. Chromalographic

analysis of gas samples from the reactor sec-

lions was carried out.

Figure 2 presents the yield rate of the

condensate for various sections of the plasmo-
5 10 15

Section number

20

Fig. 3. Content (mass%) of various components chemical reactor. The oscillalion of the con-
in the condensate sampled from various sections
of the reactor.
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densate yield rate for sections 8 through 14 is due to the fact that the sections of the reactor arc

not identical The condensate yield rale increases in the first sections of the reactor, which is evi-

dence of the accumulation of the condensate in the drop phase. With that, the condensate on the

surface of the metallic electrodes is still unsteady. The condensate yield rate is a maximum for

sections 6 through 9. In \ie\v of the fact that the residence time of the gas in one section is around

4 s, the time required for dynamic equilibrium to establish in the process of formation of drops in

the gas and their condensation on the cooled electrode should be 15-20 s. The decrease in conden-

sate yield rate for sections 10 through 20 is due to the reduction of the oxygen content in the gas

mixture in the process of its treatment. The component analyses of the condensate samples from

various sections of the reactor are presented in Fig. 3.

Reaction kinetics

The principal stages of the process arc as follows: the formation of primary radicals under

the action of electron impact in the plasma of the barrier discharge; gaseous-phase reactions of

the primary radicals resulting in the formation of low-active intermediate radicals; homophasc

and heterophase reactions of the intermediate radicals resulting in the formation of finished prod-

ucts, and the condensation extraction of the reaction products.

At the first stage, methyl radicals, atomic oxygen, and hydrogen (CH-,. O, and H) are

formed. The stage duration is equal to the operating time of the microdischargc (10-15 ns) [3|. It

is important to note that the energy density in the microdischarge channel is -10 mJ/cm3; there-

fore, the density of radicals is of the order of K)" cm"' and the gas temperature increases insig-

nificantly [4].

Analysis of a rather complete reaction scheme [5J has shown that the most probable inter-

mediate products should be the radicals CH-,OO, CH5O, CHO, HO2, and OH. These arc just the

radicals between which the subsequent principal reactions will proceed to yield finished products.
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The first finished products will be water (H:O) and hydrogen peroxide (H:O:), which are

actively condensed on ions. The appearance of drops in the gas will increase the rate of death of

the radicals in the reactions on the surface of the drops and in the condensed phase. The heteroge-

neous death of radicals is the most important event in the process of the extraction of the products

of incomplete oxidation of methane from the gaseous phase and it prevents these products from

further oxidation to water and carbon dioxide. The pulsed initiation of the discharge permits of

more condensation of the reaction products and thus preclude their further decomposition.

Summary

The plasmochemical process of oxidalive condensation of methane has been realized in a

reactor with a barrier discharge and a stimulated phase transition of the reaction products. Modes

have been revealed where formic acid is the main useful reaction product. The energy demand for

its production is about 30 kW-h/kg. Based on experimental data, a simplified reaction kinetics has

been proposed. The governing factor in the course of the overall reaction is the removal of the

reaction products and radicals from the gas through stimulated condensation and absorption. To

provide belter conditions for the condensation, cooling of the reactor electrodes and pulsed initia-

tion of the discharge have been used.
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A rather rich variety of techniques for vacuum plasma deposition of diamond-like

amorphous hydrogenated carbon (a-C:H) films are now available. However, these techniques are

limited in use because of their low productivity and high cost. In view of this, the attempts to

produce a-C:H films with the use of electric discharges at atmospheric pressure, in particular,

with the use of barrier [1] and surface discharges, seem to be worth-while. Besides the simplicity

of these types of discharges those can be realized without complicated vacuum equipment, they

are attractive because they allow fast deposition of a-C:H films on large-area low-melting-point

substrates. However, no data are now available on the structure and properties of carbon

coatings deposited with the use of the plasma of such atmospheric-pressure discharges . This was

just the goal of the work under discussion to obtain this information.

Barrier-discharge carbon film deposition was performed in a reaction chamber (Fig. 1) that

consisted of two plane-parallel electrodes (7 and 2 ) , with a dielectric barrier (3 ) (a 1.5-mm

thick glass plate) placed between them, and a vacuum-tight gas gap (4 ) of thickness about 1

mm through which the reactive gas (CH4. C2H2, C2H2 + H2, C2H2 + Ar) was pumped with the use

of an input-output system (5 ). The pressure in the chamber was atmospheric When unipolar

voltage pulses of duration 100-200 us and amplitude of 17 kV were applied lo the high-voltage
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electrode with a pulse repetition rate of 1 kHz, a barrier discharge was initialed in the gas gap.

With that, the reactive gas whose flow rate was 3-4 I/h was dissociated and carbon films from the

radicals formed were deposited on the dielectric barrier and on the grounded electrode.

A quantitative analysis of the chemical and phase composition of the coatings produced

was carried out with the use of absorption IR spectroscopy by a method similar to that described

in [2]. To examine the structure of the coatings, transmission electron microscopy and electron

diffraction analysis were used.
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Fig. 1. Schematic of the reaction chamber
for a film deposition in barrier discharge:
1,2- electrodes, 3- dielectric barrier,
4- gas gap, 5- gas inlet / outlet.
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With methane used as a reactive gas, the growth rate of the film was about 2 (im/h. The

coating density measured by the immersion method after detachment of the coating from the

substrate was 1.3 g/cm3. Transmission electron microscopy examination of the films has shown

that they are amorphous in structure. The diffraction pattern taken from a section of such a

coating consists of two diffuse rings whose centers correspond to interplane distances of 2.08 A

and 1.18 A. It has been shown theoretically and experimentally [3] that such a pattern is typical

of diamond-like films where the regions of coherent electron scattering are no more than 5-10 A

in size. An examination of the IR spectrogram (Fig. 2) shows that this coating contains a
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significant content of hydrogen (H/C = 1.04), with diamond-like C-C bonds consisting 100%.

The microhardness of the film is about 2000 kg/mm2, that confirms its diamond-like nature .

The dependence of the absorption coefficient for a coating produced from acetylene on the

wave number (Fig. 3) differs from the corresponding dependence for the coating produced from

methane (see Fig. 2) by the presence of graphite (with the absorption bands near 3020 and 3070

cm"') and carbine (3300 cnT1) phases (H/C = 0.66, sp* : sp2 : sp = 34% : 55% : 11%). Even

high dilution of acetylene with argon (7% C2H2 + 93% Ar) caused no favourable change in the

film structure (H/C = 1.30, sp1 : sp2 : sp = 39% : 54% : 7%) (see Fig. 3). Dilution of acetylene

with hydrogen also did not result in any change until 5% C2H2 + 95% H2. Figure 4 gives the
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Fig.3. IR absorption from CH stretch
vibration for (he coatings deposited in
barrier discharge from:
l)5%C2H2+95% H2l 2)2.5%

Fig.2. IR absorption from CH stretch
vibration for the coatings deposited in

barrier discharge from: I) C2H2,
2) 7%C2H2+ 93% Ar

absorption coefficient as a function of the wave number for a coating produced from this mixture

in a barrier discharge. As distinct from the two above specimens, the carbine phase was not

indicated and the content of graphite-like carbon decreased substantially (H/C = 0.73, sp3 : sp2 :

sp = 68% : 42% : 0%). On further dilution of acetylene with hydrogen (2.5% C:H2 + 97.5% H2),

hand in hand with an increase in the fraction of diamond-like bonds (sp3 : sp2 : sp = 89% : 11%:

0%) is an increase in the atomic ratio H/C in the film to 1.45 (see Fig. 4), and thus the coating

becomes polymer-like.
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Thus, the coatings produced from methane and from an acetylene-hydrogen mixture (1 :

19) had the best characteristics. These coatings are similar in chemical and phase composition to

amorphous diamond-like hydrogenated (a - C: H) films (H/C < I, sp3 : sp2 > 2) produced at low

pressure by the conventional plasma-assisted chemical gas-phase deposition techniques.

Investigation of the structure of the coatings produced with the use of electron diffraction has

confirmed this observation.

At the same time, it has appeared that the a-C:H films grown in a barrier discharge have a

significant quantity of defects which is related to the physical nature of the barrier discharge

consisting of a number of microdischarges. Therefore, it was of interest to find a type of

discharge free from the disadvantages inherent in the barrier discharge. In our opinion, the

surface discharge over a dielectric holds promise. Having the same, attractive from the viewpoint

of technological use, properties as the barrier discharge, the surface discharge also has some

advantages over the latter, namely: 1) the more efficient spatial distribution of the energy

delivered to the discharge; 2) the absence of microdischarges and, hence, an almost total absence

of microdefects in the coating; 3) the more efficient transport of film-forming particles toward the

substrate, and 4) the wider selection of means for controlling the discharge parameters and, hence,

the properties of the coating produced.

The reaction chamber designed for the deposition of a-C:H films in a surface discharge is

shown schematically in Fig. 5. The discharge was initiated between two electrodes (/ and 2 )

near the surface of dielectric plate (3 ) with the use of the same high-voltage pulse generator

operating in the bipolar-pulse mode. Films were deposited on glass and mylar substrates.

Methane was used as a reactive gas. The growth rate of Uie films was 60-120 um/h and their

density was 1.2-1.3 g/cm3. Examination of a typical IR spectrogram (Fig. 6) shows that H/C =

0.98 and the percentage of the diamond bonds is 86%. The microhardness of the given coating

measured at a load of 20 g is 2000 kg/mm2. Owing to the small content of defects and the
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amorphous nature of the film produced in a surface discharge, this film shows high

transmittance in the IR (up to 98%) and visible ranges. The adhesion of the a-C: H film to mylar
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Fig. 5. Schematic of the reaction chamber
for a film deposition in surface discharge:
1,2- electrodes, 3- dielectric plate,
4- gas inlet / outlet.

Fig.6. IR absorption from CH stretch
vibration for a coating deposited from
CH4 in surface discharge and its
decomposition into subbands.

and other polymers was satisfactory.

The equipment for a-C:H film deposition in a surface discharge is much simpler and

cheaper than the vacuum systems with various types of plasma generator conventionally used for

this purpose. The specific nature of the surface discharge makes it possible to deposit a-C:H

films on plane dielectric substrates of any area, roll polymer materials (mylar, polyethylene)

included. Thus, the proposed method for fast deposition of a-C:H films in a surface discharge

makes the process of film production less expensive compared to the conventional techniques,

which gives promise that the field of application of these films can be widen substantially.
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Among other researcher activities a new technology for the combined

abatement of NOX and SO2 based on streamer corona in flue gas is being

experimented. With such a technique, oxidising radicals are produced and the

reaction of NOX and SO2 with radicals yields several acids that can be neutralised by

injecting ammonia into the gas. The final products, being solid particles, can be

removed from the flue gas in an electrical precipitator.

The NOX and SO2 removal efficiency of the corona reactor has been measured

both with and without ammonia addition to the gas stream. The gas conditions were:

gas flow rate 10-55 Nl/min, gas temperature of 25 °C, pollutant gases initial

concentration up to 800 ppm. Voltage pulses with amplitude up to 15 kV had rise
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time 20 ns and repetition frequency 500 Hz. The reactors consisted of a steel tube of

60 mm diameter. The wire discharge electrode diameter was 0.25 mm. The corona

wire had length 70 cm. A high voltage divider (Tektronix P6015A) and self-made

current shunt (0.9 Q.) were used to determine the discharge voltage and current. The

waveforms were measured using digital oscilloscope Tektronix TDS 544A. Inputted

into the gas energy from one pulse was calculated by integration of voltage and

current waveform multiplication for 250 ns. SO2 concentration was measured by

Pulsed Fluorescent SO2 analyser 40 Thermoelectron, and NOX concentration was

measured by analyser NA 510-2.

Physical principal of NO and NO2 gases detection is follow: ozone is added to

sample gas and light intensity is measured. The intensity of chemiluminescent

emission is proportional to NO concentration when ozone concentration is

considerable more than NO one. Gases with NOX were passed through a converter

with catalyst where gas was heated to temperature 800°C. Under this condition NO2

was decomposed to NO and oxygen. Thus total concentration of NOX was measured.

The comparison of some experimental results with calculations was obtained

using the code RADICAL Ver. 4.4 [1]. This code takes into account the spatial

nonuniformity of gas parameters, associated with existence of many streamer

channels in discharge chamber.. The calculations have been carried out for pulse

series considering change of the gas composition after each pulse.

Fig. 1 shows the removal rate of SO2 against the gas flow rate. The initial SO2

concentration is 160 ppm. The removal rate decreases from 55% at the gas flow rate
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10 1/min. to 18% at 55 1/min. The results of modelling is also presented in fig.l.

Concentrations of active components in streamers were calculated in the frame of G-

factors approach at E = 200 kV/cm [2]. The calculation has been carried out under

the assumption that only 0.6 of inputted energy was used to produce active radicals.

The main processes of SO2 conversion are:

SO2 + O3- = SO3- + O2 and SO2 + OH + Ml = HSO3 + Ml.
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Fig.2 shows the SO2 removal rate against the initial concentration. In this

experiment gas flow rate was changed but multiplication of gas flow rate and SO2

initial concentration was a constant and gas absorbed power was the same during

this experiment. Thus the energy inputted per one ppm of SO2 was equal. It is found

that increasing of the initial concentration from 200 ppm to 700 ppm can enlarge the

removal efficiency by factor 2.5. For the results presented in fig. 1 and fig. 2 the

inputted into gas power was 8 W, while the generator energy consumption was 30 W.

Fig. 3 shows SO2 removal efficiency against initial SO2 concentration with and

without ammonia addition. The concentration of ammonia is approximately half from
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stoichiometric concentration. SO2 removal rate without discharge is also shown. Gas

flow rate is 17 1/min. With ammonia addition it is possible to achieve high removal

efficiency. The dependence of SO2 versus NH3 concentration is presented in fig.4.

Gas flow rate is 21 1/min and SO2 initial concentration is 130 ppm.
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Some tests were carried out with both pollutant gases SO2 and NO

simultaneously. An efficiency on the SO2 removal of 96% and on the NO removal

70% in pulse corona have been achieved with ammonia addition when the SO2 initial

concentration was 480 ppm and the NO initial concentration was 230 ppm.

An example of experimental and calculated results on NO and NOX removal

from air-water vapour mixture is shown in fig.5. The main processes of NO removal

are NO+O3=NO2+O2 and NO+N=N2+O. Produced in the first reaction NO2 forms

then HNO3 and HO2NO2 in radicals with OH and HO2. The variation of some

component concentrations in streamer channel after an electrical pulse is presented

on the fig. 6. The curves have two shapes. The species, that are produced in streamer

channel after discharge, as O3, and HO2, on the first stage increase due to reaction
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with active components. Then these concentrations decrease in consequence of

diffusion expansion of the channel. On the first stage active radicals delete NO from

channel and NO concentration has a minimum. This minimum is filled then by the

NO molecules coming from the gas outside the channel. The total production of O3 is

positive and NO is negative per a pulse.

0
NO

100 200 300 400 500 600 700
& NOx concentrations, ppm

10"* 10"3 10"2

Time, sec
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Application of a compact 2 kW Pulsed Corona Unit

E.J.M. van Heesch, H.W.M. Smulders, F.M. van Gompel

Recently we developed an efficient pulsed power source for the continuous operation
of a pulsed corona reactor. The source delivers up to 2 kW net discharge power into the
reactor vessel. The voltage pulse is 120 kV and has a repetition rate that can be varied
between 10 and 1000 pulses per second. The overall energy efficiency of the pulsed
power unit was raised to above 60%.
In the design we aimed at compactness, transportability and ease of operation.
Much effort was spent to achieve excellent EMC (electromagnetic compatibility)
properties internally but also with respect to electronic equipment in the vicinity.
Incorporated in the apparatus are wide band measuring systems for current, voltage and
input and output power. We used special EMC measures and differentiating-integrating
techniques to detect the corona current and voltage accurately and free of interference.

The pulse unit was applied for the reduction of NO in the flue gas of a natural gas fuelled
engine. It is a combined cycle unit generating 110 kW of electrical power at a rather high
NO emission level. A small part of this high NO load could be converted. The
conversion efficiency was between 40 and 100 g NO (as NO2) per kWh of corona
power.
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SPECTRAL DIAGNOSTICS OF GLIDING HIGH-PRESSURE GLOW DISCHARGES

J. Janca and C. Tesaf
Department of Physical Electronics, Faculty of Science, Masaryk University Brno

Kotlafska 2, 611 37 Brno, Czech Republic

Introduction
The diagnostics of low-frequency (LF) and radiofrequency {RF) discharges serves for a better knowl-

edge of properties of these discharges and their possible utilisation for ignition, incineration and decom-
position of organic mixtures, [1], [2].

Spectral analysis of gliding LF glow discharges in air as the carrier gas, under atmospheric and in-
creased pressures, may demonstrate the utilisability of discharges for ignition of various organic mixtures.

The present paper concerns the determination of vibrational and rotational temperatures and tenta-
tive determination of the electron temperature of parts of the gliding discharge using spectral methods.
Gliding discharges were excited under atmospheric and increased pressures at various rates of air flow in
horn-shaped Cu electrodes.

In the theoretical part are described methods of evaluation and determination of temperatures of
universal use for both D.C, A.C. and RF discharges of all types, from arc discharges to plasma JETs,
etc.

Theoretical analysis
The temperature-related spectral diagnostic of a nonisothermic discharge plasma is basically the

finding of a relationship between the electron temperature TE, the vibrational temperature TV, and the
rotational temperature TR.

These temperatures are the kinetic temperatures of plasma, and they are always higher than the
macroscopic temperature of neutral gas in plasma Tjy, which is, under normal conditions, measured by,
e.g., a termocouple.

If we suppose LTE (Local Thermodynamic Equilibrium) in the discharge plasma, then the virtually
measured temperatures may be within the relations TN < TR < Ty < TE- These differences are even
more markedly expressed in the flowing discharge plasma, [2].

The utilisability of the standard spectral diagnostic methods depend on the working gas used in which
a given type of discharge is excited. When exciting discharges in air, we may preferably make use of the
spectral methods elaborated for molecular nitrogen N2 and OH radicals. The abrasion of the electrode
material permits, under specific physical conditions, to employ also atomic spectra for the determination
of the electron temperature.

The vibrational temperature TVx of the ground electron state X £+ of the N2 molecule was de-
termined by means of the "effective" vibrational temperature Tvc of the excited electron states C3Tlg

measured from transition C3Hg —• B3IIU, ( 2nd positive system ). The effective vibrational temperature
Tyc was calculated by means of the relative intensity of heads of vibrational bands of the sequence
Av = +2, ( 2 - 0 , 3—1, 4 — 2), of the N2 band system mentioned above. In accord with the paper [8] ,
the vibrational temperature Tvx of the electron ground state X E+ was then determined based on the
functional dependence of Tvx = /ce(TVc)-

The rotational temperature TRI of the molecule Ni was determined from the relative intensities of
rotational lines of the .R-branch of the vibrational band 0 - 0 of the N2 molecule, [3], [5], [6].

The rotational temperature TR2 of the OH radical was determined from the relative intensities of
the first five rotational lines of branch Q\, of the vibrational band 0 - 0 of the transition A2Y,+ —* X2U.
of asystem of 306.4nm. The rotation lines with the following values of quantum rotation numbers of the
lower electronic state X2II are involved : J = (3/2, 5/2, 7/2, 9/2, 11/2, 13/2), [9]. This rotational
temperature TR? has been corrected according to paper [10] to a temperature TRN — TR2(1 1

where 7 = 3.24 x 10~5, which is in very good approximation with the temperature of neutral gas

The electron temperature TE was determined by means of the relative intensity of the atomic lines
of Cu of wavelengths A = (521.82, 515.32, 510.55) nm, [7].

For the evaluation of vibrational, rotational and electron temperatures, the pyrometric line method
was generally used, [3], [5].
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The basic expression for the intensity of atomic emission lines which is used for determination of the
electron temperature TE has the form:

/ = h/Z(T) x n x Ag'v x exp{-E /kTE) (1)

where A...is the Einstein coefficient of transition, /(...is the Planck's constant, k ...is the Boltzmann
constant, v... is the frequency of the atomic line, Z(T)... sum of states, n...concetration of particles,
g'... statistical weight of upper state, TE--- absolute temperature of plasma in Boltzmann's distribution
of energy.
The products Ag' and energy E' are tabulated, [7]. These data are sufficient for the contruction of the
pyrometric line.

The vibrational temperature Tvc of N2 is part of the general relation for the intensity of heads of
vibrational bands, [5], [11], [12].

/„,„„ = Ki x uhAv<vn x ihAJ x exp{-(Ev + ERv)/kTvc}, (2)

where A'j...is a constant of the same value for all vibrational bands of the transition C3U.g — B3UU ,
Aviv« ...is the Einstein coefficient of transition from the upper state v' :

Av.v.. = (647rV3|#e|V..")/(3/>c3) (3)

uh ...is the frequency of the band edge, i/, ... is the corresponding intensity factor, .Re...is the electronic
transition moment (electric dipole moment atomic units), qviv" ...is the Franck-Condon factor, c ...is the
velocity of light, AJ ... is the number of captured rotational lines in a vibrational band head for a selected
slit width of a photometer or a photomultiplier, E'v ...is energy of the upper vibrational state, E'Rv ...is
the energy of rotational transition at the band edge, TVc.-.is the effective vibrational temperature.

The intensity of general rotational-vibronic transition Cv J -* Bv J of N? is given by the relation
[12]:

Ij,j,, = K7 x t/4 x i x exp{-hcB[j\j' + l)]/kTR} (4)

where A'2 ...is a constant of the same value for all rotational lines in one electron-vibronic band,
i = Sj'j" ... is the Honl-London intensity factor [13], B ...is the rotational constant of the upper
vibronic state, w ...is the frequency of the rotational line, J , J ... are the rotational quantum numbers
of the upper and lower rotational states, Tfl...is the rotational temperature.

For the intensity of OH rotational lines of general rotational-vibronic transition the relation (4) was
used. The intensity factor z of the Qx branch, 0 - 0 band A = 306.4nm of OH ,(42E+ —<• X2II) is given
as [14], [15]:

i = {{2J + 1)[(4J2 + 4J - 1) + V(8J* + 12J2 -2J + J + 2a)]}/{32J(J + 1)} (5)

vhere V = [a2 — 4a + (2J + I)2]"1/2 , a = —7.454, and J is the rotational quantum number of the
lower electronic state A'2 II.

Experimental arrangement
Primary very short arc discharges were excited in a pressure vessel between horn-shaped Cu electrodes

according to Fig. 1. The minimum distance of electrodes was 0.25 to 0.40 mm. This arc discharge was
blown out by a stream of air from a jet of a dia. of 1 mm at flow rates of 10 to 70 1/min. The blowing-out
of the ionised plasma of the arc upwards in between the extending horns caused the short arc to change
into a spark discharge. The plasma of the spark discharge then faded out in a vague from of coronal
discharge.

Having analysed its spectra, we called this type of discharge occurring in flowing air the "high-pressure
glow discharge", [2].

The thin and flat discharge area between the horn-shaped electrodes is thus filled out with two types
of discharges. In the narrowest part and immediately over it is the region of spark discharges with a high
intensity of the electric field in the spark channel at a high current density. Sparks are excited in each
half-period of the alterning voltage at a frequency of IQQHz.
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In the extended part of horn-shaped electrodes, there prevails the plasma of sparks disintegrating
into coronal discharge.

0.25-0/.0mm

/.- Cu (f 3mm

quartz
<f 20mm

ilowmeter
110-GOI/min)

manometer

air (1-12110 Pa

A B 10-20000 V~) FIG. 1.

100 W 120 ]sec!mA)

no. 2.

Fig. 1. The pressure vesel and the arrangement of horn-shaped Cu electrodes for the excitation of gliding glow discharges.
Fig. 2. The V-A characteristic of the discharge l/,ec = /(/jec)- The flow of air is an independet parameter.

Results of measurements
The electrical parameters of discharge (Usec, Isec, cos<p) were monitored by placing an electrostatic

voltmeter and an A.C. ammeter in the secondary circuit of leaked transformers of Italian product,
10 000/100 CM (prim. 230 V / 4.8 A; sec. 2 x 5000 v / 100 mA ).

The primary side contained, in addition to a voltmeter and an ammeter, a wattmeter, cosy? in a
discharges on the secondary side of the transformer was determined on account of minimal heat losses in
the transformer.

The electric parameters and corresponding data of excited discharges are given in Figs. 2 to 5.

'sec
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FIG. 3. FIG. A. FIG. 5.

Fig. 3. I,cc — /(flow of air). The dependence of discharge voltage on the flow of air for various pressures.
Fig. 4. Ulcc = /(flow of air). The depandence of the discharge current on the flow of air various pressures.

Fig. 5. cosv = /(flow of air). The dependence cosî > of the phase shift between the discharge current It(c and the voltage
U,tc on the flow of air for various pressures.

The spectral analysis of the individual parts of a discharge under various physical conditions was
performed by means of an optical spectrograph ISP 21 with quarz optics, the spectrum of 600 - 250nm
being recorded on a Fomapan technical sheet film with variable curves of blackening for the parts of
spectra studied. The expesure time was 20 - ZOmin on the average. The molecular spectra of Ar

2, A7
2
+,

and OH were recorded only, up to a pressure of ((3 ~ 4) x 105Pa with varying intensity in various parts
of the discharge. For pressures of (5 - 12) x 105Po with a preserved form of the discharge, only the lines
spectrum of Cu atoms was recorded.
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The temperatures presented in Table 1. and Table 2. were measured in the position where the light

irradiation in the plasma is maximal.

a i r

prtssvrt
xlOb Pa

1.0
2.0

3.0

5.0
7.0
9.0
11.0

.V; = (CJnu - B ^ n j
TvclK)

air, flow ~ [l/min]

25
3570
5790

-
-
-

-
-

34
4420
5940

-
-
-

-
-

46
4380
4580

-
-
-

-
-

A :
2= ( A T p - )

TvX\K)
air, flou: — [l/tnin]

25
2400
5000

-

-

L _ L _
- -

-

34
3500
5130

-

-
-

-
-

48
3470
3630

-
-
-

-
-

Cu. A = (521.82, 515.32.510.55)nm

TE\K)

air,flow ~ [l/min]

25
-

8200
9200

9050

8600

11050

10400

34
-
-

8460

9300

9400

9900

11100

48
-

8600
9400

8870
8830

9950

-

commini

Table 1: The vibrational temperatures 7V'C: T\>x and electron temperature TE-

air

pressure

xlO1 Pa

1.0

2.0
3.0

4.0
5.0

A'2 = (C*nu - B*n,)

Tm \K]
air, flow ~ \l/min]

25
3080

4960
5500

5850

-

34
3060

4620
5220

5700

-

48
3080

4330
4080

4200

-

OH = (/J-E+ - A^D)

TR, [K]

air, flow ~ [//min]

25
1100.

1250
1200

-
-

34

1240
870
790

-
-

48

930

810
720

-
-

TRN [K]
air, flov ~ [l/min]

25
1140
1300
1250

-
-

34

1290
890

810
-

-

48

[ 960
740
740

-

-

Table 2: The rotational temperatures , 7 /j.v.
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GLIDING ARC TREATMENT OF AQUEOUS SOLUTIONS:

ACID AND OXIDIZING EFFECTS OF AN HUMID AIR TREATMENT.

David MOUSSA and Jean-Louis BRISSET.

Chemistry Dpt. (LEICA) - Universite de Rouen -

F-76821 Mont-Saint-Aignan Cedex- France

Abstract. The gliding arc presents interesting possibilities for the treatment of liquids and
aqueous solutions in particular. The working parameters must however be adapted to these
particular conditions and have to be precised.

The treatment of alkaline solutions by an air glidarc performed for demonstration
purposes evidences a strong acid effect, and provides classical protometric titration curves (pH
vs. treatment time plots). These plots allow to emphasize the effects of the gas flow, the
dimensions of the feeding nozzle and the distance from the electrodes to the liquid target, on
the position of the neutralization point, in relation with the quantity of active species emitted in
the discharge.

The protons generated in the liquid phase by the discharge are balanced by the
occurrence of anions. Nitrite and nitrate ions are evidenced as the main matching ions.

The gliding arc system was proposed few years ago by Czernichowski et al. (1) and

more recently modelized by Fridman et al. (2). The "glidarc" is classified as a cold plasma

operated at a pressure close to 1 atmosphere and developed for gas cleaning and depollution

purposes by plasma techniques. This kind of discharge presents the properties of a non-

equilibrium plasma, close to the corona discharge, since its is operated in similar conditions (i.e.

at high pressure and low temperature). It was then of fundamental importance in the scope of

further applications to check the chemical properties of such a plasma with respect to those of a

corona discharge, and to precise the main working parameters.

We selected water saturated air as the plasma gas for comparison purpose with the

corona discharge, since the chemical properties of humid air plasmas were investigated in the

case of a point-to-plane discharge (3, 4) and later applied to the removal of organic solutes (5).

Acid and oxidizing effects were evidenced in aqueous targets exposed to the neutrals

of a corona discharge. They were attributed to the occurrence of radicals such as OxHy and NOx

as the main active species. A glidarc is an other convenient source for neutral activated species,

and we thus focused on the acid-base properties induced by a glidarc in aqueous solutions.

Since numerous chemical reactions are catalyzed by acids or bases, the glidarc treatment

appears as a "physical" catalyst and is expected to be a useful tool to favour chemical reactions

in a liquid phase.

The working parameters considered in this study are connected to the geometry

parameters of the reactor: the diameter 0/mm of the air feeding nozzle, the gas flow Q /NLh1 ,
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the distance d /mm between the target and the electrodes, the minimum electrode gap e /mm

and the length b /mm of the major axis of the elliptical electrodes (length of the minor axis: a =

30 mm).

Experimental procedure.

An electric arc is created between two diverging aluminum electrodes raised to a

convenient voltage difference (10 kV in this study). The arc is blown away by a gas flow along

the axis of the system and glides towards the end of the electrodes before it breaks and a new

arc forms. A plasma is generated by the arc in a volume located at the extremities of the

electrodes. An aqueous solution is exposed to the plasma flux according to the device shown

(Fig. 1). In the reported experiments, the glidarc is feeded with humid air, i.e., water-saturated

pressurized air resulting from bubbling in a water filled vessel, and passing through a flowmeter.

The standard targets exposed to the plasma are 125 mL NaOH (5 103 M) aqueous

solutions disposed in a thermostatted vessel fitted with a water circulating jacket cooled at 10°C

to limit water evaporation and temperature changes.

pH is measured for various exposure times in given experimental conditions by means

of a classical Tacussel mV-pH meter fitted with standard glass and SCE electrodes .

The NO2" and NO3" concentrations are determined by the Hach technique using

specific reagents.

Fiq.1: Experimental device
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Results and Discussion

For given treatment conditions (i.e., 0 , Q, and the distance parameters d, e and b), the

basicity of the solution decreases as the exposure time t/ min increases. The acid effect is

quantified by pH measurements at various t values and all the relevant plots are similar to

classical titration curves of strong base solutions by a strong acid. The pH values spread in the

range 12- 3 and the neutralization curves pH vs t is characterized by the neutralization time teq

corresponding to the neutrality. It refers to the time needed by the discharge at constant

intensity, to generate a number of protons equal to that of OH" in the solution.

Typical pH vs t plots present several parts. In the high pH range, (i.e., for t « teq), the

hydroxy ions present in the solution are neutralized and the proton concentration obeys a

monologarithmic variation law with t, as expected for the titration curve of a strong base by a

strong acid. Protons are generated by the discharge, according to a complex mechanism

studied by Peyrous (6) for the corona discharge. The primary step is likely the dissociation of N2,

O2 and H2O by electron impact yielding reactive OH°, HO20, 03 and NOx. These active species

react in the presence of water vapour and yield HNO2, HNOs which drift in the solution where

they dissociate.

For long exposures, (e.g., teq a 10 min) the titration curves present more or less

important artefacts as shoulders for t > teq which can be interpreted as the neutralization of a

weak base which may be the hydrogenocarbonate ions HCO2' (pKa = 6.3). For t > 2teq the pH

stabilizes at a value close to 3 which may be related to the NO27NO2H buffer system (pKa = 3.3).

This assumption is backed up by specific tests performed on the treated solutions.

Several experimental parameters may be related to teq. For example, the gas flow of the

activated species is the ratio of the reactor volume by teq (i.e.,Q = VAeq. (Eq.1)) where V is

supposed to be a cylinder limited to the gas flow (V = jr02d/4). Hence teq. = Q'1. Also, the

number of active species present in V are assumed to result from the quantity of electricity I teq

Hence j i02d/4= Iteq (Eq.2) and teq is proportional to both 0 2 and d. We have now to check

this primary model by experimental results.

Influence of the feeding nozzle diameter 0

Experiments performed in the same conditions with three different nozzle diameters

(i.e., 0.99 ; 1.5 ; 2 mm) give similar pH vs t plots. However the characteristic value teq depends on

0 and as a first approximation, the teq values are linearly correlated with 0 2 (Fig.2).

Influence of the gas flow Q

The teq values relevant to the neutralization curves performed with various flows

decrease as Q increases, according to an hyperbolic function of Q (i.e., teq = Q"1). The

experimental results (Fig 3) agree with (Eq.1).



168

Fig. 2bis: Example of typical experiment:
Neutralizations with different nozzle diameters
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Influence of the electrode to target distance d

The distance between the electrodes and the target was varied. This induced a linear

increase of teq with an increase of d, as expected from (Eq. 2). Fig.4 illustrates this correlation for

given working conditions.

Influence of the electrode gap e.

The electrode gap was then varied for given working parameters", the resulting teq values

present a minimum for e close to 3 mm (Fig. 5) which may be related to the life time of the arc.

For e < 3 mm, the electric field between the electrodes is enhanced and the potential reaches

very quickly the threshold for a new arc. For e > 3 mm, the arc reaches more rapidly its

maximum length. In both cases, the life time is reduced , and hence the efficiency of the

discharge.

The influence of the electrode geometry is still investigated, and no confirmed results

are available.

Oxidizing properties.

The oxidizing properties of the humid air glidarc treatment is also demonstrated by the

analysis of aqueous targets: NO2" and NO3" ions result from the air N2 oxidation. For given

working conditions, the overall concentration of oxidized nitrogen increases with t, while the

NO2" concentration presents a maximum for t close to 20 min. A similar result was observed for

the corona treatment of aqueous solutions (4).

Conclusions

The reported study shows that a humid air glidarc treatment induces strong acid and

oxidizing effects. The relevant efficiency (i.e., a short teq value) of the treatment results from the

following conditions: i) a high gas flow, which is however limited by hydrodynamic interactions

with a liquid target, ii) a small nozzle diameter, iii) a reduced target-to-electrode distance and iv)

an electrode gap close to 3 mm for elliptical electrodes (excentricity :0.75).
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Introduction

There are two, besides the others, conspicuous differences between the
positive and the negative discharges in air observed in small discharge gaps:
1. The mean discharge current I of the negative corona discharge (NCD) is
substantially higher than the positive one at the same voltage and air parameters.
Therefore from the current voltage characteristics calculated mean mobility of
charged particles drifting through the drift region of NCD is evidently higher (2-10
times) as these, corresponding to the mobility of ions which were detected in drift
region of NCD by masspectrometric measurements. On the contrary to this, the
accordance between calculated mobilities and known mobilities of positive ions can
be concluded.
2. The mean current I is strongly influenced by the addition of gaseous
electronegative impurities in air. An addition of some halogencarbons or other gases
can cause a remarkable decrease current even if concentration of the impurity is very
low(10ppm)[l].

The third, but only rarely discussed phenomena, is the time dependence of
current I, called by Gagarin like "relaxing of CV-characteristics" [2]. At the same
conditions the mean current I is stable. This phenomena can be easily observed only if
NCD is initiated between electrodes situated in closed discharge reactor (no-flowing
regime). When the suitable step-like voltage is applied on electrodes, the main current
I continuously decreases from initial value Io, to the saturated value Is, which is 30 -
50 % below the initial value. The saturated value and the rate of decay depends on the
volume of the discharge reactor as it was conclude by Schwab and Zentner, who first
described such phenomena [3].

The observed phenomena was explained by two theoretical models [4], [5]
considering the ion-molecule and chemical reactions in the NCD in air., especially
the ozone production. The aim of presented paper is to discuss the discrepancies of
above mentioned models, to re-examine the earlier experimental data and
presumptions used in models in a light of the latest experimentally confirmed facts

Experimental Apparatus

The experiments have been carried out in ambient air at pressures 40 - 80 kPa
and at temperature 20 ° C. All details concerning to apparatus are described in our
earlier paper [4].
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Experimental results and discussion

One set of selected time dependencies of mean current I and ozone
concentration measured by absorption of UV light in discharge reactor C are shown in
Fig. la and lb.

3000-

2500-

2000-

1500-

1000-

500-

. , p-—, , ,

p=66.S kPa
l>4.6kV

20 40 SO 80 100 120 140 160

time(s)

Fig la

0,5
20 40 60 80 100 120 140 160

time [s]

Figlb

The similarity of both curves as well as the time Ts needed for saturation of I and C
suggests, that the decay of mean current is caused by the increase of the ozone
concentration in the discharge gap. This is a basic presumption of both models,
confirmed later by measurements in flowing air mixtures with ozone [6]. The
principal difference between above mentioned models is the mechanism of ozone
effect. Gagarin [4] presumed only the charge transfer ion-molecule reactions in which
the primary negative ion O", created via dissociative attachment

e + 0 2 - > 0 ~ + 0 (1)

are changed to ions having smaller mobility like previous ion

O 3+NO->NO 3"+O.

(2)
(3)
(4)

He did not take into account the most important reaction

O"+CO2+M-*CO3~ (5)

in which the important ion CO3 is created. These ions or their hydrated forms was
experimentally confirmed to be the dominant ions in NCD in air [7], [8], [9].
The first weakness of discussed model is the reaction (2) producing free electrons.
These should cause the increase of the mean mobility of charged particles and thus
the increase of mean current. The second disagreement with experimental facts is
contained in the presumption used for calculation of time for saturation of current Ts.
He presupposed that the equilibrium of process influencing the current decay is
reached if the concentration of ozone in discharge gap C is of range 1019 cm"3, i.e.
comparable with the concentration of oxygen in air. As it follows from theoretical
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calculations [10] and experimental measurements [11], the saturated concentration of
ozone produced by NCD in air can not be higher like 10l6cm~\ Thus the calculated
values of Ts should be 103 times shorter as measured data. It must be noted that
Gagarin did not take into account the volume of the discharge reactor. The role of this
was confirmed experimentally earlier [3].

On the contrary to the model [4], in our calculations the free electrons are
taken into account. We presumed that a part of nonattached electrons via reaction (1),
very effective only near a high stressed electrode, is attached by three-body process

e + O2 + M -» O2~ + M (6)

or by ozone molecules

e + o 3 + O2 -» O3~ + O2 (7)

Ozone is generated in separated kinetic structure, the base of which are two processes

e + O 2 -»O + O + e (8)
O + O2 + M -» O3 + M (9)

Similarly, like in Gagarin1 s model, the reaction (5) was not considered. Later
performed experiments shown that the increase of ozone density in discharge gap
causes the apparent increase abundance of CO3' and CO3".(H2O)n ions in the spectrum
of ions extracted from the drift region of NCD, whereas only a small increase of
ozone negative ions or theirs hydrated forms was observed. The retarding potential
method, used in experiments also shown the decrease of free electrons component,
especially these having low energies (estimated 2 eV). On a base of these new
experimental facts the doubtful process (7) was replaced by dissociative attachment
[6]

e + O 3 -»O' + O2 (10)

Taking into account processes (1) and (10) the ratio of the rate attachment
coefficients of mentioned two reactions was calculated. The calculated values kjo/kj
were of the range (180 - 270). Our last cross beam experiments confirmed that
reaction (10) has its maximum of attachment cross section at energy of electrons 1.5
eV[13].

The revised model was used for calculation of attachment coefficient k10 by
simple formula presented earlier [6] from the old experimental data [5], The mean
value klo=2.5 xlO"9 cm\s"' is very close to the values calculated from attachment
cross section [13] and practically in agreement with data Gibalov et.all [14]. Due to
the fact that in model the influence of space charge distribution on electric field
distribution was not considered and the mean values of electron velocity in the drift
region of NCD as well as the mean value of k, were used, we can not make no claim
for the great accuracy of the calculated values kl0. Despite of it a rather good
.agreement of calculated data with known is surprising.
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Conclusions

1. The current of free electrons trough drift region of NCD in air free of
electronegative impurities is an important part of the total current if the discharge gap
is small.
2. The decay in time of the discharge current of NCD in air is caused by dissociative
attachment of free electrons by ozone molecules, generated in the discharge.
3. In all NCD experiments performed in non-flowing or very slowly flowing air, the
existence of ozone impurity must by taken into account[15].
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FTP archives for physics

D. Trunec
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1 Introduction

We have established archives for programs, data, papers etc. in physics (mainly for

plasma physics). The archives are located at computer ftp.muni.cz in the directory

pub/muni.cz/physics. These archives can be reached by anonymous FTP, by gopher

server gopher.muni.cz (menu item Local Services and FTP server) or by WWW server

(URL http://www.sci.muni.cz /"physics).

At the present time, programs for PC, cross sections for electrons, swarm parameters

and rate constants are stored in the archives. We would like to collect the programs for

calculations in physics (mainly for PC). We suppose that each program should have a test

example and some description.

We would also like to collect physical constants and experimental or theoretical data

(e.g. cross sections, swarm parameters and rate constants), which are important for other

calculation or for comparison with the results of others studies. Interested scholars are

invited to sent us their programs, data, preprints and reports for these archives. All files in

the archives are in public domain and can be obtained using computer network Internet.

We believe that our archives will contribute to faster dissemination of information

between scientific community and give the possibility to obtain very easy up to date

information. The archives also enable you to publish your results, reports etc. in very fast

way and do not restrict you as to the length of you contribution.
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2 FTP archives

The archives contain public domain programs for calculations in physics and other pro-

grams that we suppose about will help during work with the computer. Physical constants

and experimental or theoretical data as cross sections, rate constants, swarm parameters,

etc., that are necessary for physical calculations are also stored here. Also PhD theses,

diploma theses, papers, references and short information can be found in the archives. The

programs are mainly for computers compatible with PC IBM. If the programs do not use

graphics, it is possible to use them on other computers, too. It is necessary to reprogram

the graphic parts of programs in the other cases.

The programs and data are mainly oriented on plasmaphysics, numerical methods and

experimental data processing. Programs are stored in the directory pub/muni.cz/physics/prog,

data are stored in the directory pub/muni.cz/physics/data, texts are stored in the direc-

tory pub/muni, cz/physics/texts. The programs and texts (in Czech) for the education are

in the directory pub/muni.cz/ physics/education.

Contents of each directory is always described in the text file index. All files with suffix

.Izh are compressed by means of lha program, that makes also possible decompression

and additional activity. Program lha and its documentation are in file lha.213.exe in the

directory pub/muni.cz/physics. This file is selfunpacking, i.e. after transferring you run

it and individual files are automatically extracted into a current directory.

Files with suffix .Z are compressed by means of program compress. Decompression

can be made under UNIX system by program uncompress and under MS-DOS system by

program uncomp. Then it is necessary to correct the end of lines for text files for MS-DOS

(lines are ended only by mark LF under UNIX system, and by CR and LF under MS-DOS

system). This correction is possible to do by cr//program. Both actions can be realized

simultaneously by means of batch file unz.bat. Programs uncomp, cr//and unz are also

stored in the directory pub/muni.cz/physics.

Files with suffix .zip can be decompressed under MS-DOS by means of program un-

zip. Program unzip and its documentation are in the file unz512x.exe in the directory

pub/muni.cz/physics. This file is selfunpacking, i.e. after transferring you run it and
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individual files are automatically extracted into a current directory.

You can use the programs and data in the archives for noncommercial purposes, copy

and further distribute them, only under the condition, you state copyright. Contact the

author of programs in the other cases. If you use the programs or data from these archives,

we would welcome, if you give an acknowledgement in your publications. If you decide

to send your programs or data to these archives, you can do it by e-mail to the address

trunec@sci. muni. cz.

We recommend all programs to be detailed commented, to include test example and

description of program. We also recommend to use MjrX , PostScript or clear ASCII text

for the writing of your text. Send, please, all remarks and suggestions to e-mail address

trunec@sci.muni.cz.
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Loeb's and Streamer-based Mechanism for Negative Corona Current Pulses

L. Vagnerova, J. D. Skalny, M. Cernak

Plasma Physic Department, Faculty of Mathematics and Physics, Comenius University, Mlynska
Dolina F-2, 842 15 Bratislava

Introduction :
Although a great deal of information on corona phenomena in the technically important

electronegative gaseous mixtures has been collected, for negative corona the existing information
is more limited than for positive discharge and the complex negative corona mechanism needs
further study to be clarified. As a result, in technical literature (see for example,[2]) the traditional
Loeb model for negative corona Trichel pulses [2] seems to be yet frequently applied, even when it
has been contradicted by numerous experimental and theoretical studies [3-9]. As discussed in [10]
the use of the Loeb model hinders a fuller understanding of basic physical mechanism of many
important technical applications of negative corona discharges as, for example, in ozone
generation, in electrets preparation and in pulse energised electrostatic precipitators.

We suppose than the study of the negative point-to-plane corona in a N2+CC12F2 mixtures is
not only a useful means to provide insight into the basic mechanisms controlling corona
phenomena, but it has also some implications of negative corona in plasmachemistry and for
high-pressure gas insulation.

Experimental:
Measurements of repetitive negative corona current pulses were carried out in

N2+O.43CC12F2 and N2+O.85CC12F2 at pressures 15-45 kPa using a negative point-to-plane gap with
the stainless-steel cathode curvature of 0.063 mm. and the point-to-plane spacing of 1 cm. The
experimental set-up and method used were identical to those described in [9].

A typical train of repetitive negative corona current pulses is shown in Fig.l. Comparing
with common regular Trichel pulses observed in air the measured current pulses were less regular
in period and shape. In the conditions of our measurements three types of pulse shape were
observed, which are exemplified in Figs.2 -3.

Figure 2 illustrates the pulse waveform characterised by a gradual current rise to the pulse
maximum with the rise time on the order of 10 ns. The pulse shape in Fig.3 is characterised by the
steep pulse leading edge with the rise time roughly 8 ns. Pulses with the shapes similar to that
shown in Fig.4. were observed less frequently. In these cases the current firstly gradually rose to a
current plateau with the height of some 0.25 mA and subsequently, after a delay of 30 ns a sharp
current spike riding on the plateau appeared. This sharp current close similar in shape to that
shown in Fig.3.

Discussion :
The formation of the pulse shape shown in Fig. 2 can be explained in terms of the theory by

Loeb 2: In time sequence, the pulse is initiated by electrons ejected from the cathode surface by
some mechanisms such as positive ion or excited molecules bombardment and generate primary
avalanches. From the primary avalanches further generations of avalanches will result by electron
liberation at the cathode mainly due to photo emission feedback. In this way a discharge is
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produced with positive ions being formed between the cathode and some position where ionisation
ceases due to the drop in the laplacian field, and with negative ions being formed further out from
this position. The discharge cannot continue indefinitely since the negative ions will create an
electric field opposite to the main field which eventually, when a sufficient number of negative
ions have accumulated, reduce the field below the level for self-sustained ionisation. The pulse
current rise is given mainly by the effectivity of secondary electron photo emission from the
cathode surface, and is relatively slow and occurs, as suggested by Alexandrov [11], in two
separate stages, the first stage (see current rise in times up to roughly 30 ns in Fig.2) being a slow
current rising Townsend phase, and the second phase of short duration (30-50 ns in Fig.2)
dominated by an increase of the field near the cathode surface vicinity due to positive ions space
charge.

The pulse shape in Fig.3 is remarkably similar to the typical shape of regular Trichel pulses
observed using sharp cathodes in air at pressured higher than some 50 kPa (see, for example, [9]).
Formation of such fast-rising negative corona current pulse can be explained in terms of the
positive-streamer-based model [8, 9, 12] as follows:

The first phase, which is not normally measured, is an initial Townsend phase. If during this
initial phase , the critical number (108) of positive ions is accumulated in the cathode vicinity, the
current rise is drastically increased by the formation of a cathode-directed wave of ionising
potential (positive streamer), which results in the formation of steep pulse leading edge. Movement
of the streamer head is a phase movement and thus easily can be much faster than the charged
particles it contains. The pulse maximum is attained just as the streamer reaches the cathode and,
subsequently, the current begins to fall because of a rapid field decrease behind the streamer head.
Current signal induced by the streamer arrival to the cathode was analysed by computer
simulations in [13].

The most complicated form of the current pulses exemplified by Fig.4 can be explained as
follows. Firstly, due to a Townsend ionisation mechanisms a cathode structure similar to that in an
abnormal glow discharge was established, and then the positive streamer was formed as a
"break-up" of this cathode region. The reader is referred to [12,14] for more details on this
phenomenon.
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Fig. 1 A train of negative corona current pulses.
Fig.2 Regular current pulse characterized by a gradual current rise.
Fig.3 Regular current pulse characterised by a steep current rise.
Fig.4 Complex form of regular negative corona current pulses.

ro=0.O63 mm

p=15kPa
[CCI2F2]=0.43

80 100



180 CZ9827312

The Trichel Pulse Corona in N2 + CC12F2 Mixtures: The shape of pulses.
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Introduction:
An important feature of the point-to-plane negative corona discharges in air, or

in some other electron attaching gases, is a fact, that over a wide range of applied
voltages the regular current pulses of amplitude mA can be observed. The negative ions
are believed to be responsible for an appearance of a such phenomena named Trichel
pulses, because if electronegative component in the gas mixture absents, the first
current pulse leads to a glow or arc transient phase of the discharge. However, if
sufficiently high resistance is used in the external circuit and the capacity of the
discharge gap is low, even in electropositive gases the Trichel-like pulse regime can be
initiated [1]. If some critical amount of electronegative gas is added, the pseudo Trichel
pulses regime is altered to the regular one. Although lot of papers paid the attention to
this peculiar phenomena (see ref. in [2]), further studies are needed to clarify the
differences in the minimal concentration of the electronegative impurity in the mixture
needed for the occurence of the regular Trichel pulse regime. Most of studies has been
done in N2 + SF6 mixtures because of their technical importance. In the present study
the formation of regular Trichel pulses in N2 + CC12F2 is studied. The emphasis has
been on the consequences of different electron attachment mechanism in SF5 and
CC12F2 on the behaviour of the discharges.

Experimental apparatus:
The experimental set up designed by Cernak [2], partially reinstated, was used

in our experiments. The gaseous mixture of nitrogen with freon R-12 was prepared by
mixing the flows of these gases in the mixing tube. The flow-by volume velocity of both
gases was controlled by the mass-controlled flowmeters. The discharge tube was filled
with the prepared mixture and the pressure within the interval (10-50) kPa was adjusted.
The concentrations of R-12 in the mixture was changed within the interval of 0.05 to
2.0 % by volume. Two stainless steel, hyperbolically shaped (radius of 37 ^m or 63 \im
respectively ) electrodes were used in the experiments.

Experimental results:
The experiments has shown that the traces of freon R-12 in the electropositive

nitrogen are sufficient for the existence of the regular Trichel pulse regime of the
negative corona discharge. The critical concentration for the appearance of regular
Trichel pulses lies below the value 500 ppm, what was the lower limit of the used
mixing system. At all pressures and concentrations of freon R-12, the negative corona
was observed independently on the value of the resistor used in the external circuit.
Three differently shaped pulses, shown in Fig. 1, 2, 3a and 3b were observed. The first
type, wave-like, was dominant at voltages slightly above the onset voltage, when the
electrode, having the larger radius, was used. In experiments with sharper point
electrode wave-like pulses were registered rarely and if, only at pressures below 20 kPa
and low overvoltages. In both cases the repetition frequency of pulses linearly increased
with the increasing mean value of the. discharge current. The form of the observed



current pulses, which is far of the form of the typical Trichel pulse in air, is very similar
to this, reported by Cernak for experiments performed in N2 + SF6 at very high
concentrations of SF6 in the mixture (30%).
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There is no mention about the existence of such kind of pulses at the densities of
SF6 relevant to our experiments [3], [4]. From the large values of the rise time of pulses
in both mixtures (15 ns in SF6 and 50-60 ns in CC12F2) we conclude that the avalanche
mechanisms is only active at the formation of the wave-like pulses. The differences
between two measured values, corresponding to the mentioned mixtures, follows from
the different mechanisms of the electron attachment by used electronegative impurities
in nitrogen. While in SF6 the generation of F- or SF5- negative ions is possible via
dissociative attachment at relatively high energies of electrons, the dissociative electron
attachment by freon R-12 needs the nearly thermalized electrons and is active father
from the cathode. That is why the ionization process of the first avalanche is stopped in
SF6 containing mixtures at the position, which is closer to the cathode than in the
mixtures containing freon R-12. The rise time of pulses corresponds to the transport
time of the positive nitrogen ions created by the first avalanche from the points where
the head of the first avalanche was stopped.

Fig. 2 shows the form of the second type of pulses. These were predominantly
recorded at higher overvoltages for both used electrodes and practically everywhere in
experiments with sharper electrode. This type of pulses is characterised by very fast
current growth and relatively very small half width of the pulse which decreases
substantially, if the concentration of R-12 in the mixture increases. The measured rise
time of leading edge of pulses does not depend on the concentration R-12, what is in
agreement with results of Zentner [4] and Cernak [3] accomplished in mixtures of N2

with SF6 at very low concentrations of SF6 c < 1.0 %. The measured mean value of the
rise time T = 2.5 + 0.5 ns was very close to values, reported by foregoing authors and
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was not apparently influenced by the pressure of the gas mixture within the interval
(20-50) kPa. Both the amplitude and the maximum rate of the current increase in the
leading part of the pulse, increased at decreasing gas pressure as well as if the
concentration of R-12 was increased. The measured form of pulses is very similar to the
Trichel pulses measured in pure O2. Thus we believe the mechanism associated with
their formation is the same like in oxygen, and we can call them Trichel pulses.
Randomly the third type of pulses was registered, especially at pressures 30 and 40 kPa.
The existence of these, rather peculiar, double peaks were experimentally proved earlier
by Cernak [2] in N2 + SF6 mixtures. He attributed that the change of the pulse shape is
caused by the transition from the mechanism proposed by Morrow, valid for I type of
pulses, to the mechanism associated with the formation of a cathode directed streamer,
proposed by Cernak. The last one mechanism describes well the form of II type of
pulses. Thus the camel-like pulse is the intermediate form between these two,
previously reported forms. Because in are experiments the continuous regime of the
discharge was use, the chances to observe this curious form was limited. The best way
how to observe them, is to use the single shoot pulse regime, recommended by Cernak
[2]-

Conclusions:
Despite of the different attachment processes of electrons by SF6 and CC12F2, the

increasing part of the current pulses observed in N2 + CC12F2 mixtures were very similar
to those, observed in N2 + SF6. That is an evidence the origin of the negative ions does
not play any substantial role in the formation of the initial part of the Trichel pulses.
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The evaporation of carbon rod by strong microwave
discharge between the stubs at atmospheric pressure

K. Hayase, M. Kando

Department of Electrical and Electronic Engineering,
Shizuoka University, Johoku 3-5-1, Hamamatsu 432, Japan

The ability of microwaves to sustain the discharges over a huge range of pressures and
frequencies opens a whole field of possible applications. In this work we carried out the
experiments with the evaporation of carbon rod in 2.45 GHz microwave discharge in He
and Ar to produce the Fullerene C60- The discharge was kept between two carbon stubs
positioned on both H-planes of WR430-waveguide with TElO-mode standing wave at gas
pressures from 200 Torr to 760 Torr. The outer and inner diameters of the carbon stubs
were 6 mm and 4 mm, respectively, and the discharge gap was 10 mm. Through the stub
hole was into the discharge gap inserted the additional, 3 mm diameter, moveable carbon
rod. When the tip of this rod is placed about 2 mm apart from the other stub the discharge
with strong light intensity occurs and carbon is soon heated and starts to evaporate. It
is found that more than 90% of microwave power is absorbed in the plasma. As to the
evaporation of carbon, rough estimation of heat losses indicates that the electronic cooling
is dominant over all other loss processes. This means that more effective evaporation of
carbon in microwave discharge can be achieved by biasing the carbon rod on the potential
higher than the plasma potential.
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Some results of the plasma-solution
system investigation.

A.I.Maximov, S.M. Kuzmin.

Institute of the Non-Aqueous Solution Chemistry
Russian Academy of Science, Ivanovo, Russia.

In order to combine the plasma activity and the selectivity of the solution reactions we have
investigated some physico-chemical processes in the plasma-solution system. Three variants
were used - corona discharge, "glow arc"and the discharge in the gas-vapour layer between the
electrode and solution. The water solution was used as the cathode. The cupper, steel or
graphyte pointed rod with the diameter about 1-2 mm was used as the anode (Jdu « 20-100mkA,
20-50mA and 70-200mA accordingly). Three processes were investigated - 2J- ->J2, the oxidation
of the monoclortriazine blue dye and the flax bleaching. It was shown that in all the investigated
cases the oxidation process may be realized without any oxidizer addition. The measuremet of
the electric field strength and the cathode potential drop in the "glow arc" allow the comparing
of its properties with the data for the free burning arc as well as for the low pressure glow
discharge and to develop the discharg model. We take into consideration the electron balance as
well as the energy balance. The calculated plasma parameters are in good agreement with the
experimental results.
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CORONA DISCHARGE AS GENERATOR OF AEROSOL

P. Paris1, M. Laan1, A. Mirme1, E. M. van Veldhuizen2

'University of Tartu, Tdhe 4, EE2400 Tartu, Estonia
2Eindhoven University of Technology, Eindhoven, The Netherlands

Introduction

Streamer corona has proved itself to be a efficient tool for removal of harmful polluting

components like NOX, SO2 from flue gases (deNOx, deSC>2 processes) [1]. The obtained

efficiency of removal of NOX is much higher than its estimations from theoretical models which

take into account only plasma-chemical reactions in the gas media [2]. The most likely

explanation is the assumed participation of aerosol particles in the deNOx processes.

It is known that aerosol particles can be generated by corona discharges. One of the first studies

of aerosol spectra generated by corona discharges is performed in [3]. There is still very little

known about relation between the corona and aerosol parameters. The creation of nuclei of

aerosol by corona discharge and their further growth due to the condensation of vapour is

assumed. The nature of nuclei is quite obscure.

The purpose of our study is to find out the dependencies of aerosol spectra on the corona

regime and humidity with the further aim to investigate the correlation between the existence of

aerosol and the deNOx process.

Experimental set-up

The experimental set-up is presented in Fig 1. Corona discharges were generated in the coaxial

wire - cylinder discharge gap. The cathode cylinder with diameter of 69 mm is made of brass,

the anode is the copper wire 1 mm in diameter and 40 cm in length. The anode is stressed from

the DC HV (1-15 kV) source which could be superimposed by positive bell-shape pulses with

amplitude of 1 - 30 kV and half-width of 50 ns. For most of experiments the repetition rate of

pulses was 100 Hz. It was possible to measure simultaneously the mean corona current with the

micro-ampermeter and to record the waveforms of the voltage and corona current pulses with

the help of 350 MHz bandwidth oscilloscope. The discharge was generated in air of controlled

parameters. The air flow (in most experiment its rate was 1 1/s) was produced with the fan.

Laboratory air passed through the silica-gel air dryer, what was able to desiccate it to less than

1% of relative humidity (RH). To change the RH of the air, a humidifier was used. To eliminate
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the aerosol entering the discharge chamber the high efficiency fibre filter and special design of

the humidifier was used. The concentration of aerosol entering the discharge chamber at 80%

of RH was 500 - 1000 I/cm3. The
AEROSOL

SPECTROMETER

Osc

Illlll
FAIR COOLER]Vina*

humidifying system was different to that

used in [4] where humidifying was

accompanied with generation of water

droplets. The humidifier consisted of the

stainless steel vessel half-filled with distilled

water and was supplied with a bypass pipe.

The humidity level of the air could be varied

by the changing the temperature of water

or/and by the regulating of three valves of

the humidifier. To hold the temperature T of

air flow constant, the water cooled air cooler

was used. In all experiments the temperature

in corona chamber was kept 20° C. After

flowing through the discharge chamber the

air was directed into the electric aerosol spectrometer (EAS) designed and elaborated at the

Institute of Environmental Physics of University of Tartu [5]. The nominal measuring range of

EAS turned out to be unsuitable as most of particles were recorded only in limits of two

channels (10-18 nm and 18-32 nm of diameter). For this reason the measuring range of EAS

was changed and the particles recorded in the next channels: 2.4-3.2, 3.2-4.2, 4.2-5.6, 5.6-7.5,

7.5-10, 10-13 and 13-18 nm of diameter.

HEATER

Figure 1. Experimental set-up

Results and discussion.

The threshold of positive DC corona was 13.2 kV, the discharge current changed in limits of 5 -

50 uA when the gap voltage was increased from 13.2 to 15 kV. Applying the pulses of short

rise time to the positive DC bias it is possible to initiate streamers even in the region of steady

corona [6]. In present experiment it was possible to create streamer corona in a wide range of

DC voltages. In the region of steady corona every pulse initiated streamers, the minimum

amplitude of voltage pulse for streamer initiation at 13.6 kV bias was 1 kV. The distribution of

streamers along the gap was uniform («5 streamers per centimetre) and they started almost

simultaneously - the half-width of the corresponding current pulse was 40 ns. It was possible to
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vary the amplitude of current pulses in limits 4 - 15 A changing DC and/or pulse voltage. The

spectra of aerosol produced by steady corona and by streamer corona are presented in Fig. 2.

The efficiency of streamers in generating of aerosol is much higher. To explain such a large

Steady corona
UDC=13.8kV,imean=36mA

RH = 2.3 %

.o

Streamer corona
UDC=13.2kV,imean=36mA

UpUi,e=9S kV, RH=2.3%
2.0E+06

1.5E+06

- E 1.0E+06I"I 5.0E+05

0.0E+00

ro* -<f in
diameter nm diameter nm

Figure 2. The aerosol spectra of steady corona and streamer corona.

The mean discharge currents are close

Upuis.=10.5kV, RH=1%

Eo

o

a
u
c
o
u

voltage kV

Figure 3 The total number of aerosol particles

as a function of bias voltage

difference it must be taken into account

that only neutral aerosol could enter the

spectrometer as the charged particles

were removed by electric field in

discharge chamber. In the case of

steady corona aerosol particles were

generated close to the wire where the

probability of their charging is high and

afterwards they could be easily

removed by the electric field. Streamers

developed farther into the region of low

field where the probability of aerosol charging is much lower and aerosol created by streamers

could remain uncharged. This assumption is supported by the dependence presented in Fig. 3:

starting from the onset voltage of steady corona the decrease of the aerosol concentration

occurs.

Distributions presented in Fig. 4 demonstrate the influence of humidity on aerosol spectra. Two

most important trends were observed:

(i) the increase of humidity from 1% to 20 % leads to the significant increase of aerosol

concentration. Further increase of RH up to 60 % does not change considerably the total



188

concentration of aerosol particles. At higher RH>60% the maximum of spectra is out of

measuring limits of EAS and so we have not information about the total concentration of

particles.

(ii) the increase of humidity causes the shift of the maximum of spectra towards larger

diameters.

The last result coincides with the supposed mechanism of aerosol formation: the total

concentration of aerosol particles is determined by the nuclei created by discharge and water

vapour causes only the increase of their size. Increase of particles follows also from Fig 5: the

ageing time does not change considerably the concentration of particles but only their size. In

contrast the growth of total concentration with humidity (RH=1 - 20%) does not match with

proposed mechanism.

In present experiments we did not get the expected rise of the concentration of aerosol when the

repetition rate of streamers was increased. Partially it is explainable by the probable saturation
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Figure 4. The influence of humidity on the aerosol spectra

UDc=13.8kV,Upulse=16kV

effects of EAS, most likely due to the lack of charging electrons in the charger of EAS. Another

factor may be the increase of the probability of charging aerosol particles at higher repetition
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rates - the charged ones do not enter the EAS. Neutral aerosol particles generated by previous

pulse will be charged by the following discharge pulse and the DC bias removes them

effectively.

Ageing 10 s
1.6E+06

Ageing 35 s

diameter nm diameter nm

Figure 5. The effect of ageing on aerosol spectra

UDC= 13.6 kV, Upulse = 16 kV, RH = 60 %

For further more detailed studies at least two problems must be solved:

(i) To avoid the possible saturation of EAS the diluted mixture must enter it;

(ii) EAS of more suitable measuring range must be elaborated.

This study demonstrated that streamer corona is an effective source of fine aerosol particles.

The next step is to find out the correlation between aerosol generation and NOX removal.
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Thin surface layers of SiO2 obtained from tetraethoxysilane (TEOS)
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1. Introduction

The processes of thin layer formation under plasma conditions (PE-CVD) may be

applied e.g. in the fields of optics (protective and anti-reflective coatings), microelectronics or

in the packaging industry (oxygen and water vapour barrier films) [1,2]. Lately, a new kind of

discharges, glow discharges operating at atmospheric pressure are used in the area of plasma

processes. Such discharges, named by its inventor Satiko Okazaki an Atmospheric Pressure

Glow (APG), can be received when a dielectric barrier is used [3,4]. The following research

was devoted to the process of thin surface layer deposition in the process of discharges

stabilized by a dielectric barrier, which is different from the process of APG discharges. The

discharges studied are of a non-uniform character and are similar to the silent discharges.

2. Experimental

Thin surface layers, composed mainly of silicon dioxide were produced by

polycondensation of tetraethoxysilane (TEOS) vapour in mixtures with helium gas with small

content of oxygen. These layers were prepared in a reactor with two flat parallel electrodes

separated by a discharge gap of a 1 - 3 mm width. The discharge was stabilized by means of

a dielectric barrier - a 1 mm thick glass plate placed directly on the electrode, or a 0.1 - 0.2

mm thick foil made of an organic polymer attached to the surface of the electrode [5]. After

carrying out a number of experiments with one or two barriers (placed on both electrodes), a

system was selected, in which the dielectric barrier made from a poly(ethylene terephthalate)

foil was placed on the high voltage electrode (Fig.l). The grounded electrode was left

uncovered and the substrate (silicon wafer) was placed on it. A constant gas stream was passing

through the discharge gap. The flow rate and discharge conditions were chosen in such a way

that the product layer was formed on the whole surface of the wafer. The frequency applied was

50 Hz and the temperature inside the reactor was close to ambient temperature.
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i
3

F

time

Fig.l. The silicon wafer P
inside the reactor (Series K.L)
Et - high voltage electode,
Ej - grounded electrode
D - dielectric foil

Fig.2. Discharge current;
TEOS - O2 - He mixture,
1 At, 50 Hz

3. Results

3.1 . Characterization of discharges

Oscilloscope observations of discharge currents showed that irrespective of electrode

configuration, placement and material of the dielectric barrier and gas composition, always

discharges are to a significant degree of non-uniform character. Similar to the silent discharges,

its structure is composed from numerous, short-living microdischarges (Fig.2). Under such

discharge conditions a uniform, continuous layer of the TEOS polycondensation solid product

can be obtained only if separate channels of microdischarges do not leave on the just created

surface solid, lasting traces. These traces were observed, when non-uniformity of discharges

increased and the energy carried by specific channels of microdischarges were sufficiently high.

This is observed when the gap between the electrodes as well as the voltage applied increased.

Also the gas composition influences the degree of discharge non-uniformity and energy carried

by separate channels. In the TEOS + He gas mixture microdischarges with low energy do not

create defects in the deposited layers. Oxygen addition may trigger the discharges with higher

energy causing easily observed traces (defects) on die deposited surface. A majority of the

experiments performed with TEOS + He + O2 gas mixture were carried out under the

conditions given in the Table I and (with proper arrangements of electrodes) uniform, pin-holes

free layers were obtained.
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3.2. Thickness, composition and properties of the layers

Surface layers of up to 2000 nm thick were obtained from a TEOS + He mixture.

Directly after deposition onto the surface, the layers were soft and the thicker layers were

sometimes of a semi-liquid form. When stored at ambient temperature they underwent slow

transformations, which resulted in the formation of solid coatings well adhering to the surface

of the silicon wafer. The observed transformations have a healing effect on the properties of the

SiO2 layers. Pin-holes, voids and other defects which can be created during deposition of a layer

in non-uniform plasma discharges are disappearing by viscous flow of the not solidified SiO2

precursor. This advantage of SiO2 layer formation enables to deposit a pinholes-free layer onto

solid or plastic substrates at relatively low temperatures.

Changes in the composition of the deposited layers during storage were observed by

means of FTIR spectra. It was found that a layer deposited from a TEOS + He mixture,

besides the basic component (silicon dioxide) also shows the presence of a considerable amount

of organic species, which is indicated by the clear absorption bands at 3000 - 2850 cm'1. The

intensity of these bands decreased during storing of the sample at ambient conditions, and at the

same time absorbance of silicon dioxide increased (band at 1080 cm'1). An increase was also

observed in the broad 3600 - 3000 cm"1 band originating from the hydroxyl groups bonded to

silicon (Fig. 3).

0,19 -r

2
D

u

s
o

0,095-•

0.0
1,000 3000 2000

WAVENUMBER CM-1

1000

Fig.3. FTIF spectra of the layers deposited from the TEOS - He mixture;
1 - after deposition, 2 - after 6 days, 3 - after 12 days.
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By using a TEOS + O2 + He mixture thinner layers were obtained (up to 500 nm), and

their composition differed from that of the layers deposited from a TEOS + He mixture. No

clear bands assigned to organic fragments were found in a majority of spectra recorded directly

after depositing the layers. A strong band at 3000 - 3600 cm'1 derived, as mentioned, from the

hydroxyl groups bonded to silicon is a characteristic feature of these spectra (Fig.4). The

properties of these layers depended on the oxygen content in the gas mixture. By selecting an

appropriate gas composition, discharge conditions and process duration layers of good

mechanical properties were obtained. They were mainly composed of silicon dioxide.

Ellipsometric studies also confirmed that silicon dioxide was the main component of these

layers.

The described above differences between the composition and properties of layers

obtained from TEOS + He with or without oxygen can be attributed to the different chemical

reactions proceeding during discharges. In the presence of oxygen, a faster and more deep

decomposition process of the organic species derived from TEOS takes place. From the very

beginning, the layers produced are composed mostly from SiO2. In the case of constant gas

composition and flow conditions it can be stated that thickness of the obtained layers depends

on the voltage applied (i.e. on current density) and time of deposition. The thickness of layers

was not uniform for all the substrate surface. Nevertheless, in the centre part of the wafer,

where discharges were not disturbed by electrode edges, a uniform thickness of the layer was

obtained. The influence of the voltage applied and time elapse of the process on the thickness

of the layers is presented in Table I.

O.ST

0.0
iOOO 3000 2000

WAVENUMBER CM-1

1000

Fig.4. FTER spectrum of the layer deposited from the TEOS - Oj - He mixture
(33 OOOppm
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Table I. Polycondensation layers obtained from TEOS + He + O2

Ellipsometric measurement of thickness. Helium flow rate 9 Nl/h;

TEOS content about 200 ppm (mol); O2 content about 550 ppm (mol); Frequency 50 Hz

Series/
/Wafer

No

K/l

K/2

K/3

K/4

L/2

High voltage
electrode

covered with PET
foil .188mm

as above

as above

as above

covered with PET
foil . 125 mm

Grounded
electrode

without
dielectric

as
above

as
above

as
above

as
above

Gap
distance

mm

2.5

2.5

2.5

2.5

2.5

Voltage

kV

6.2-6.6

6.2-6.6

6.4-6.6

6.4

4.7

Deposition
time
min

120

60

30

15

120

Layer
thickness

nm

400-480

150-200

80-90

50-60

300-330

4. Conclusions

1. Under conditions of electrical discharges, stabilized with a dielectric barrier at

atmospheric pressure, passivating layers were obtained from tetraethoxysilane (TEOS).

2. The layers deposited from a TEOS + He mixture, besides silicon dioxide, also

contained organic species, the share of which decreased during storing.

3. The layers deposited from a TEOS + O2 + He mixture (33000 ppm Oj) contain

mainly SiO2 and exhibit only a small amount of organic fragments.
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Introduction

Altering current discharges between two isolated electrodes are interesting because of both a

scientific point of view and many plasma applications. A characteristic peculiarity of these

discharges is a strong time change of their parameters (currents, densities of charged particles

etc.) according to essentially other dependences than one for a applied voltage. For example,

short current impulses can appear in the external electric circuit so that their duration does not

depend on the cycle of a apphed altering voltage. The last property of these pulsing discharges

is very attractive from the point of view of their energetic efficiency.

There are wide fields of possible applications of these non-equilibrium pulsing discharges

namely: the plasma chemistry, ozonizers, excimer lasers, plasma indicators, high-voltage

techniques, etc. Detailed knowledges of complex discharge properties are necessary for

indicated applications. Therefore computer modeling of such discharges has been performed

for this purpose earlier [1-7].

Dust particles can appear in many cases of plasma applications, especially in chemical active

plasmas. Therefore plasmas with dust particles has been intensively investigated in recent

years. These particles can strongly influence on various plasma properties including electron

and ion energy distribution functions [8,9]. It is of interest to study pulsing discharges with

dust particles in particular their development what is the aim of the presented work.

Model

The plane dielectric cell consists of two dielectric plates with the thickness L and the dielectric

constant e. These plates are separated by the gap with the size d which is filled by a gas. Dust

particles with radius a and density N d are uniformly placed in this gap. A dust particle charge

changes according to plasma parameters. External sides of these dielectric plates are covered

by metal electrodes to which the sustaining voltage V(t) is applied.

Computer modeling of a pulsing discharge development was performed by the finite

difference method using the model of two fluids for electrons and ions and taking into account

Townsend electron ionization, the surface adsorption of electrons and ions as well as the
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electron heat conductivity. The second electron-ion and photoelectron emission from the

cathode was taken into account also. These emissions were caused by non-stationary ion and

photon streams from all discharge volume. The charge of dust particles was determined by a

collection of electrons and ion from a plasma into a dust particle according to the theory of a

spherical probe. The electron temperature is determined from the heat balance in the

discharge. Ion temperature is assumed equal the atom one.

The set of the corresponding fluid equations reads as:

m

(2)

where pe, pt Je j t are charge and current densities of electrons and ions, respectively, a is the

Townsend ionization coefficient which is approximated according to [10], Nd is a density of

dust particles, /,, and /, is electron and ion current flowing into a dust particle which can be

written as

(la)

1/2

\ CTJ

where Qd, a and C - 4neoa are the charge, radius and capacity of a dust particle

respectively.

The set of these fluid equations is completed by the following equation of the full current

J and one (4) of the dust particle charge Qd :

, t) = J{t) - Ck f ̂ p- + ~jj(x, t)dx\ , (3)

• = / . + / „ (4)

where j ~ je + j), E is a electrical field, J is a current in the external circuit, Ck is the cell

capacity and Fis the external voltage.

The given set of equations is completed by the following electron heat conductivity

equation:
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dx e + Qion-rec '
nt J7 + V* f J nJt T T

2 V at dx) dx dx a

where s is the conductivity, Te , Ve , ne , me , xe are the temperature, velocity, density, mass

and collision time of electrons, respectively. The heat flow qt , the thermal force Rr, the

electron Qe , and ionization-recombination Qion_rec heat origins can be written as:

me

(5a)

en,
(5b)

= - 0 . 7 1 B . (5c)
dx

Qion-rtc. = 'Hi ( » A r ( * - ".2".rn*)> (5d)

where Ti ,Vi , mi , are the ion temperature, velocity and mass, respectively, Ht is ionization

enargy, na is density of neutral atoms. Ionization r,on and recombination r rec rates can be

written as:

rfa, = av., (5c)

ei0

Boundary conditions can be written as:

d

.7.(0,0 = Y ,7,(0,0 + ey J a(x,t^je(x,t^dx + j p ,

= «2fl(0,

(6a)

(6b)

(7a)

(7b)

2a-Qk)+l(pe(
x>0+Pi(x,t))dc

'o oo o

(7c)

dt
(8a)
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dt
(8b)

Equations (6-8) are the boundary conditions for electric current densities j , electric fields E

and surface charges Q, respectively. Here Ek , Ea are electric fields inside the cathode and

anode walls, e is dielectric constant of these walls, y, and yp are the secondary ion-electron

emission coefficient and the photoelectron emission coefficient on the cathode wall,

respectively, j p is some phenomenological electric current density from the cathode wall.

Results

Spatial distributions were simulated of main plasma parameters, namely: electron and ion

densities, the self-consistent electric field, the dust particle charge, ionization and excitation

rates etc. in the pulsing discharge for various times.

E, kV/cm E, kV/cm

Nd=3x108cm"3

impulse fronf / /••
impulse maximum/
impulse backside

without dust

impulse front
impulse maximum/
impulse backsic

0.0 0.5
x/d

1.0 0.0 0.5
x/d

1.0

Fig. 1 Fig. 2

These results allow to investigate a evolution of plasma parameters during a half-cycle of

the sustaining voltage. Some typical obtained results are shown in Fig. 1 -4 for the pulsing

discharge in neon at the pressure 100 Tor and L= d = 0.05 cm. The discharge is sustained by

the external "meander" voltage with both the amplitude 250 V and the frequency 100 kHz.

Simulations were made both without dust particles and with dust particles with radius

a = 0.5H/M and density Nd .

Following parameters are shown in these figures: spatial distributions of the self-

consistent electric field E in the gap in the various moment of the current impulse with dust

particles (Fig. 1), and without one (Fig. 2) as well as the current impulse J in the external

electric circuit (Fig. 3) and the spatial distribution of a dust particle charge (Fig. 4). Dotted

lines are obtained for plasmas with dust particles, solid lines are related to the case of a plasma

without dust particles.
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Fig. 3 Fig. 4

As can be seen from these figures, dust particles influence essentially on external and

inner parameters of pulsing discharges. First of all, dust particles smooth an electric field in

the gap due to a collection of electrons and ions and the creation of a non-uniform charge of

dust particles (Fig. 4). This circumstance causes a decrease of the current impulse maximum

as well as an additional delay of the impulse maximum relative to the "meander" front (Fig. 3).

Other parameters of pulsing discharges are essentially changed by dust particles also.
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Introduction

Surface discharges appear when high voltage is applied to an electrode posi-

tioned on a dielectric layer. In the case of an extended wire electrode on a dielectric plate

the surface discharge propagates normally to the wire along the dielectric surface. The

knowledge of the discharge development is of importantance for the construction of high

voltage equipment and e. g. ozonizers.

Simulation method

To simulate the surface discharge development the following set of equations

have been solved:

- Continuity equations: d^/dX + div(nrV|) = S, (1)

where n,, vi? Sj are the particle density number, drift velocity and source term,

respectively,

- Poisson equation: div(E) = e/e0 (n+ - ne - n) (2)

The secondary electrons on the surfaces are created by photons and positive

ions so that ne-ve = y+- n
+- v+ + yph- ty (3)

with ythe second Townsend ionization coefficient by ions and photons, respectively.
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The photon density § on surfaces was obtained by integration of the ionisation rate over

the whole volume of the discharge region. The photon emission at each point was con-

sidered to be proportional to the ionisation rate.

In the source terms of equations (1) ionisation, attachment and detachment pro-

cesses were taken into account.

The potential distribution on the dielectric surface and on the boundaries which sur-

round the integration region have been calculated with a charge-image method in a 3D

approach. The solution of the continuity equations was corrected by a flux correction

transport (FCT) routine in order to eliminate the numerical diffusion effects in the 2D

approach. A grid of up to 310 x 144 cells was used.

The modelling was performed for wire diameters from 0.6 up to 2.0 mm, a thickness

of the dielectric of 2 mm, a dielectric constant of about 8 and oxygen of 1 bar as sur-

rounding gas.

Results and discussion

At positive polarity of the voltage discharge channels appear [1]. The potential

distribution around such channels just on the dielectric surface is presented in Fig. 1. The

highest field strength is on the tips of the channels. This is why the channel develop-

ment is hardly influenced by the dielectric thickness and the value of the dielectric con-

stant [3]. The channel growth is mainly determined by the shape of its tip.

The potential curves between the discharge channels are less steep. The maxi-

mum field strength is in the middle of the interchannel distance. This potential gradient

increases when the interchannel distance and/or the applied voltage rises. If the electric

field strength reaches the breakdown value a new channel appears. By this effect the

number density of the channels per unit electrode length is determined.

At negative polarity the following phases of the discharge development can be

distinguished: In the initial phase electrons are moving in the gas volume without signifi-
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cantly distorting the electric field distribution. The further development depends on the

actual value of the voltage at the electrode and/or the initial electron density. If these val-

ues are high enough the electrons distort the electric field strength significantly and the

discharge passes over in a cathode directed streamer. If the distortion is insignifi-

cant the electrons are collected on the dielectric surface. The cathode directed streamer

terminates in the formation of a cathode layer. After this the discharge propagation

phase takes place. Finally, the discharge decays.

X, mm

-5

Fig.1: Potential distribution on the dielectric surface at a positive voltage of 5 kV (Z is

the direction of the electrode, X is the direction perpendicular to it on the dielectric

surface, numbers in volts)

At the end of the initial phase electrons are collected on a distinct area of the dielec-

tric surface and positive charges are accumulated in the gas volume. Secondary elec-

trons from the cathode (photoemission, positive ion impact, detachment) create by colli-
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sion processes additional positive charges in the region between the cathode and the

adsorbed electrons. By this effect a field strength maximum appears between the cath-

ode and the positive ion density maximum which leads to the cathode directed streamer

(Fig. 2a). At the beginning the cathode directed streamer velocity is low. Closer to the

cathode the movement accelerates. The electron density maximum moves 0.5 mm in the

interval between 10.9 to 20.1 ns, at 24.3 ns only 2 ns are needed for the same distance

(Fig. 2b). After the cathode layer formation (24.6 ns, Fig. 2b) a reconfiguration of the field

strength distribution takes place. This leads to a field strength drop down to the equilib-

rium value at which (a - r|) • (E/n) = 0 (Fig. 2b, 24.6 ns).

2.2 ns

4.6 ns

6.4 ns 2.0-10"
0.0

2 0
1.5

1.0 X, mm

23.8 ns
300

-Ex, Td
200

0 5

0.5
0.3

0.4

a) b)

Fig. 2: Distribution of the electron density a) and the field strength component in

propagation direction b) at negativ polarity of the surface electrode
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The channel propagation can be explained by the following mechanism: The

charges which are adsorbed at a certain position on the surface change the Y-compo-

nent of the electric field strength (perpendicular to the dielectric plate) and a further

adsorption of electrons takes place at a larger distance from the electrode. Finally, the

propagation of the discharge is stopped by the decreasing field strength nearby the

channel tip caused by positive charges which shield the cathode.
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Introduction :

Inception and development of an ionizing front (streamer) in a gas may be obtained in

inhomogeneous fields by accelerating the electrons of the cosmic rays ionization background,

provided the gap voltage is above a threshold value depending on nature and pressure of the gas,

and on geometrical configuration of the electrodes. In this study, we shall consider a point-to-

plane configuration with 100 urn curvature radius for the anode point, the plane being grounded.

In dry air at atmospheric pressure, the average background density of charged particles is

about 103 cm"3 and the discharge radius in the 150-200 fim range [1]. For a 1 cm gap, this

allows a single electron to be present inside the volume defined by this geometry. This volume

within which the discharge occurs will be, for simplicity, hereafter designed as the tube. As the

streamers are initiated inside the active region located in the vicinity of the stressed electrode, the

average number of electrons in this region is clearly less than one, and a model based on a

uniform background may appear as not physical.

To avoid this, the background is modelled by a random density distribution with an

average value about 103 cm"3 so that, after a time lag, one electron (or more) is certainly present

in the grid cells close to the point electrode.

Averaging problems :

As, for a 150 (am discharge radius and 1 cm interelectrode gap, the volume of the tube is

V = 7r x(150 xlO~4)2 xl « 7.07 xlO"4cm 3, one single electron (or ion) in the tube

corresponds to a mean density of 1.41 xlO3 cm~3 which, for simplicity, will be hereafter

considered as the density of charged particles in the background. If now one considers a

localization of this single particle within a few cells of the spatial grid, the averaging of density
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must be performed in space (along the discharge axis) and in time so that the mean number of

particles at any instant is one for the whole tube.

One way to perform the spatial averaging in the case of a one-dimensional model is to

consider for instance a 106 cm"3 density on 3 consecutive grid points, and zero at the other grid

points. In the case of a 2000 cells uniform spatial mesh, one electron (or ion) is then surely

3V _*, i
present in the volume AV = « 10 cm , but it is the only one in the whole tube. These 3

2000 '

consecutive points may be randomly chosen along the axis. Of course this is not fully realistic

because AV is clearly much larger as the volume of a particle. However, it is small enough (when

compared to the interelectrode gap) to locate the particule "somewhere" in the inhomogeneous

field.

Time averaging is more tricky, because background particles may present various

behaviours. For instance, a fast electron created by ionization of an atom by a hard 7-ray and

crossing transversally the tube at a relativistic velocity spends only a few picoseconds inside and

may be replaced (without changing the average density) as soon as it leaves the tube by an other

one randomly located along the axis ; however, it can produce an avalanche. But this case is very

unlikely : most part of the electrons are "slow" and when they enter the tube, they are captured by

the field lines and derive towards the anode. The corresponding time is a few nanoseconds before

they are absorbed at the point or by an incoming ionizing front if the discharge is already

incepted. After this time lag, one can consider that the background electron has disappeared, and

a new one may be found anywhere in the tube.

Physical and numerical model:

Thus, the initial background density of charged particles is modelled by a 106 cm"3

density randomly located over 3 grid points for electrons and positive ions, but the random

position is different for each species. As a consequence, two cases must be considered. If the

electron appears between the ion and the point, the electron will derive towards the anode,

creating an avalanche and eventually a cathode directed streamer which will meet the positive

distribution on his way. Inversely, if the ion is located between the electron and the point,

recombination could occur before the development of an avalanche sufficiently important to

create an ionizing front, but generally, in air, attachment will overbalance recombination.

The processes taken into account are ionization and attachment with dependence on

reduced electric field adjusted from available data [2,3], and the hydrodynamic transport

equations concern electrons, positive and negative ions. The numerical model, presented in

previous papers [4-6] is a one-dimensional explicite finite-difference scheme, using the F.C.T
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method [7,8] with an amended version of Zalesak's flux limiter [9]. The electric field is computed

by the classical "discs method" [10].

Results and comparisons with previous simulations :

Localization of the initial particle density allows to follow the avalanche growing and

deriving towards the anode (Fig. 1) before leading to an ionizing front (Fig.2) propagating back

to the cathode. This streamer inception is not very sensitive on the initial localization of the

charged particles (comparison between Fig. 2a and 2b) but, as expected, the appearance of an
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ionizing front is delayed by several tens of nanoseconds if the electron has a long way to derive

before reaching the anode, i.e. when its initial position is far from the point. Various

computations showed that the initial localization of the positive ion is of negligible importance,

so as its position relative to the electron.

Four main significant results of the simulations performed with this model can be noted :

(i) As the avalanche arrives in the vicinity of the anode, a modification of the electron density

profile always occurs a few hundreds of nm before the point. This could be put in parallel with

the "ionization distance" (related to the curvature radius of the stressed electrode) which would

replace the interelectrode gap as characteristic length in the case of inhomogeneous fields [11].

(ii) As the initial background density corresponds to one electron (and one ion) in a volume AV,

one particle is represented by the area beneath the initial ion density peak in linear coordinates

and, with this unity, the growing number of particles in the avalanche can be evaluated (the result

being reliable only when this number is much larger than one). An evaluation of the number of

electrons present in the vicinity of the point when the avalanche turns into a streamer yields in all

cases a value close to 108, which is the well-known Raether's criterion [12]

(iii) Comparison with the case of an uniform initial density of electrons and positive ions [5,6]

(with ne = IL = 1.41 x 103 cm"3) shows that the streamer inception is very similar (Fig. 2c), but

the evolution and distorsion of the electron density profile is not displayed.

(iv) In all cases the value of the electron density in the streamer is uniform, and ne ~ 1014 cm3.

The authors are indebted to the following offices for numerical computation :
- Centre Informatique de I'Universite' de Pau et des Pays de VAdour (C.I. U.P.P.A.), Pau, France.
- Centre National Universitaire Sudde Calcul (C.N.U.S.C), Montpellier, France.
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1. Introduction
The mobilities of SF6~ in SF e [1][2] and 0 2" in 0 2 [3] have been measured at

atmospheric pressure. This high pressure condition gives very low reduced field intensity,
so it is suitable for the determination of zero field mobility compared with other methods
which are measured in the low pressure condition. In this paper, we report the values of
the negative ion mobilities of 0 2 in 99.9% 0 2, 99.9995% 0 2, and 0 2 /O 3 mixtures.
A cascaded gap, which consists of an ion drift gap and an ion detecting gap, is used for the

experiment. The positive corona gap, which is formed by positive point and plane
electrodes, is used as the ion detecting gap, and it is called sometimes the Geiger Counter.
The ion detecting gap can operate at atmospheric pressure. The zero field mobility of O 2 ~
is determined to be 2.07 ± 0.02 cm 2 /V s in this experiment. While, another ion mobility is
detected in 1.0 ^ E/po^ 4.0 V/cm Torr region, and it is presumed to be due to negative ions
o f O s .

2. Experiment
Fundamentals of this experiment is originated from the study by Gosho et al [4]. The

mobility spectrum was obtained by measurements repeated more than one hundred times by
using an improved apparatus. From the mobility spectrum we confirmed the field intensity
dependence of the mobility, and we made the identification of the ion species in the ion drift
space. The schematic diagram of our experiment is shown in Fig.l. A cascaded gap which
consists of an ion drift gap G 1 and an ion detecting gap G 2, was mounted in the main
chamber CH. The chamber which was made of acrylic resin, was cylindrically shaped, 230
mm in diameter and 420 mm in length. A uniform electric field for the drifting ions was
applied to the gap G i which was constructed from a pair of plane parallel electrodes
(cathode C and anode A) and guard ring electrodes D. Another gap G 2 was constructed
from a positive point electrode P (0.2 mm 0 Pt) and a plane electrode A. The central part of
the anode was a wire mesh M. As compared with the anode of zero potential, the point
electrode became positive potential and the cathode became negative potential. This G 2
acts as the negative ion detector by applying the voltage corresponding to the Geiger
Counter region. Negative ions were produced by the attachment of electrons to oxygen
molecules near the surface of cathode and mesh electrode. The electrons were emitted
from both the surfaces of the electrode and the mesh by a pulsed Ultraviolet illumination. If
negative ions came close to the point electrode, electrons were detached from the negative
ions, and they produced the secondary electrons by collisional ionization, that is electron
avalanche. Then we were able to observe a burst corona pulse on the oscilloscope through
the detecting resistor r (=100 k Q ). Typical waveform of two burst pulses is shown in
Fig.2. The pulsed UV is illuminated on the cathode and the mesh electrode at 10 .
Furthermore, t 1 and 12 represent the arrival times of two successive pulses at the point
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electrode. The first pulse departed from the mesh arrives at the point electrode at t i , and
the second pulse departed from the cathode arrives at the point electrode at 12 . We
determined the mobility of negative ions 11 ~ by measuring the time interval x between
two burst pulses (BP 1 and BP 2 ).

H =\\ ( cm ' /Vs) (1)

Here, £ is the drift distance between the cathode and the anode ( = 5.5 cm), E is the
electric field intensity of the gap G 1 . The measurement was repeated at about 1 Hz by
controlling the repetition time of the pulsed UV generator. The negative ion mobility fi is
the mean value of the measurement of one hundred times. We obtain the mobility of
negative ions £i 0 (the reduced value under standard conditions, that is 760 Torr and 273
K) as a function of E/p 0 as follows. Here, p 0 is the reduced pressure at 273 K.

We also examined the mobility in O 2 /O 3 mixtures using above apparatus and the same
procedures. Ozone was generated by the silent discharge tube SD located at upstream side
of the gas inlet of the main chamber. The concentration of ozone was measured by the
ozone monitor (Gastech model 801). The concentrations of ozone in the main chamber
were maintained at 270 or 500 ppm during the experiment

The samples were 99.9% O 2 gas, 99.9995% O 2 gas, and O 2 /O 3 mixtures.

3. Results and Discussion
3.1. Measurement of mobility in O a

Fig.3 shows the experimental results of the mobility of negative ions y. o~ against the
reduced electric field intensity E/p 0. The reported values by Snuggs et al [5] are shown in
the same figure. Our experimental values are shown by closed circles and by open circles
in the range of E/p 0 from 0.019 to 4.0 V/cm Torr. The measured range of E/p 0 for our
data is the lowest among in the reported ones.

In the region for E/p 0 ^ 1.0 V/cm Torr, both circles show constant values. As compared
with the mobility of O 2 in 99.9995 % O 2, that in 99.9 % O 2 decreases in 2 %.
Furthermore, the scatter of the closed circles is smaller than that of the open circles.
Consequently, we decide that the value of the zero field mobility of O 2 is 2.07 ± 0.02
cm 2 /V s. This is tabulated in Table "I with the reported values. The fact that our
measurements were made at atmospheric pressure seems to be the origin of the low values
of ours compared with the reported values. We presume that the values of other
investigators contain the influence of diffusion owing to the measurements made at low
pressure. Accordingly, we consider that our method is the best among the various methods.

In the region for E/p 0 ^ 1.0 V/cm Torr, both circles increase clearly. The value of the
mobility of O 3 ~ by Snuggs et al is 2.55 cm 2 /V s. From this result, we consider that the
increase of the mobility for E/p 0 ^ 1.0 V/cm Torr is composed of not only the negative ion
species of O 2 but also that of O 3 .

3.2. Measurement of mobility in O 2 /O 3 mixture
Two kinds of mixtures are used the mixture of 99.9% 0 2 and O 3 which is produced from

99.9% O 2, and the mixture of 99.9995% O 2 and O 3 which is produced from 99.9995% O 2.
Fig.4 shows the mobility in O2/O3 mixtures on varying E/p 0 upward from 0.03 to 4.0
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V/cm Torr. As compared with the mobility in 0 2 , the mobility in O2/O 3 mixtures
decreased monotonically with an increase in E/p 0. Moreover, the mobility in 500 ppm 0 3

concentration becomes smaller than that in 270 ppm 0 3 concentration.
In contrast, Fig.5 shows the mobility measured on varying E/p 0 downward from 4.0 to

0.03 V/cm Torr. The mobility of O 2 in 270 ppm O 3 concentration takes higher values
than that in 500 ppm O 3 concentration. This tendency is similar to the tendency in Fig.4.

About the reason for the result that the mobility of O 2 in O 2 /O 3 mixtures becomes
smaller than the mobility in O 2, we imagine the accumulative effect of particles other than
0 3 produced by silent discharges.

4. Conclusion

The values of the negative ion mobilities of O 2 in 99.9% O 2, 99.9995% O 2 and O 2 /O 3
mixtures are reported. The zero field mobility of O 2" is determined to 2.07 ± 0.02

cm z /V s. While, another ion mobility is detected in 1.0 ^ E/p 0 ^ 4.0 V/cm Torr region,
and it is presumed to be due to negative ions of O 3 .
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Table I Reported values of zero filed
mobility fj. 0" in O 2 unit: (cm 2 /V s)
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Langevin(theo.)[61

Present data

Sunggs151

Voshll171

Burch181
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quartz window

pulsed UV light

Gi ion drift space
C cathode
A anode
D guard ring
G2 positive corona gap
P needle electrode
R series resistor (lOOMfi)

OSC oscilloscope

r detecting resistor
DR. potential divider
SD silent discharge tube

V] ,V2 stabilized DC supply
CH main chamber

Figure 1 The schematic diagram of experimental apparatus.

Figure 2 The typical waveform of two burst pulses.
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INTRODUCTION

This contribution is a result of thorough analysis of numerous experimental data obtained

in the past by high-speed streak photography [1,2], and recently by cross-correlation spectroscopy

[3,4]. Both optical methods have been demonstrated to be very informative ones to investigate such

a tiny (of a few millimeters size) and short (of nanosecond duration) object as a microdischarge in

anozonizer.

Detailed descriptions of the corresponding experimental apparatus and procedures are

given in [2,3]. However, to clarify some peculiarities of the results described below, two main

differences between the optical methods under consideration should be pointed out: (I) High-speed

streak photography deals with a real single microdischarge, i.e. each photo corresponds to the only

one breakdown process, while cross-correlation spectroscopy provides an averaged picture of the

phenomenon, i.e. every spatio-temporal distribution of the microdischarge luminosity is a result of

the accumulation of a tremendous number (usually about 105 - 106) of independent measurements.

(II) Cross-correlation spectroscopy allows to record spectrally resolved data, while the high-speed

streak photos reveal effects of light emission in a wide range of wavelengths.
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Thus, these optical methods can be treated as somewhat complementary ones, and the

comparative analysis of the corresponding data of measurements obtained under similar

experimental conditions is expected to provide an aUround description of the microdischarge

development. In this paper we consider only two most important items of this analysis, namely the

phenomenon of the pre-breakdown glow and that one of the afterglow.

1. PRE-BREAKDOWN GLOW

An example of the contour maps for luminosity of the microdicharge channel is presented

in Fig.l. These experimental data were obtained by the authors of [3] by means of cross-

correlation spectroscopy. Dashed lines with arrows indicate the positions of electrode surface (both

GLASS (-)

GLASS (+)

, , , , 2 P , , , , 3 P , , , , 4 P . , , , 5 P , , , *?r,Tine (nsec)

GLASS (-)

GLASS (+)

10 20 30 40 50
i I I I I I I I I I I J i i i i F I I i i l i i

gn Tine (nsec)

Scale of relative intensity
1.0 0.3 0.1 0.03 0.01 0.003 0.001

Fig. 1: Spatio-temporal distributions of the luminosities of microdischarges in air

for k = 337 nm (at the top) and X = 391 nm (bottom), gap width d = 3 mm.
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electrodes were semi-spherically shaped with a curvature radius of 5 mm; the discharge gap width

was 3 mm). Contrary to the maps of luminosities presented in [4], the results shown in Fig. 1 are

not smoothed. That is why the influence of statistical noise can be clearly seen here for levels of

relative light intensities less than 0.03.

Apart from the cathode-directed streamer phase (more profound in the bottom part of the

figure, i.e. for the light emission of the 1-st negative system of nitrogen) and that of the discharge

decay (in both parts of Fig.l it starts at the time point of about 22 ns and is characterized by the

gradual almost exponential decrease in light intensities), a pre-breakdown phase (an anode glow

before about 15 ns in the top part of the figure) can be distinguished. The pre-breakdown anode

glow was observed for all discharge cell configurations and gap widths within the range between

0.5 mm and 3.0 mm [4]. This glow was found to be rather weak (for example in Fig. 1 it is less than

10"3 with respect to the maximum intensity) but long lasting and gradually increasing, hi some cases

its duration was demonstrated to be even in the order of a few microseconds [4]. The most weak

(although noticeable) glow was observed in the case of metallic anodes, hi this case the anode glow

was accompanied by a simultaneous and sometimes more strong pre-breakdown cathode glow.

All the above listed experimental findings can be explained (at least qualitatively) taking

into account the effect of surface charges remaining on the dielectrics after the preceding

breakdown events of opposite polarity. These surface charges cause a local rise of electric field near

the dielectric electrodes and by this an increase of ionization and electron detachment rates. The

following growth of local electron concentrations near the dielectric surfaces is registered by the

optical detector. Obviously, this growth should be expected to be more profound near the anode

because of the appearance of seed electrons there due to electron drift and detachment processes

within the whole gap. The latter mechanism seems to be predominant if the pre-breakdown phase

lasts for microseconds and all the elementary processes occur in a non-homogeneous electric field

with a minimum strength in the midst of the discharge gap.
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2. AFTERGLOW

This phenomenon was originally already observed during the experiments on high-speed

streak photograhy [1,2], but it was treated as experimental error caused by apparatus noise. That is

why these results were not published before. Recently we performed a thorough analysis of the

original experimental data and came to the conclusion that the observations of the afterglow should

be attributed in fact to the behaviour of the microdischarge. Streak-photos of microdischarges in air

were recorded with different temporal resolution. Examples are shown in Fig. 2 (electrode

configuration as for Fig. 1, curvature radius 10 mm, gap width 4 mm). The left column of Fig. 2 a)

corresponds to the best achieved level of resolution and contains the same results as described in

[1,2], The time scale for the right column (Fig. 2 b) is 5 times greater. The first light phenomena

correspond to the events shown in the left column. Their internal structure is hardly distinguished

GLASS (+)

GLASS (-)

GLASS (+)

METAL (-)

METAL (+)

GLASS (-)

Time scale: a) 14 nsec b) 183 nsec

Fig. 2: Streak-photographs of microdischarges in air (a), with afterglow (b).



because of lack of temporal resolution. After a time delay of 50 to 70 ns a new light emission

appears in different discharge gap regions depending on the arrangement (see Fig. 2).

The most probable reason for the appearance of these afterglows seems to be recombination

processes occuring as well near the dilectric or metallic surfaces (arrangements with dielectric

anode, see Fig.2), as within the microdischarge channels (configuration "metal (+) - glass (-)").

SUMMARY

Apart from the already described phases of the microdischarge development, two more

optically observable ones can be distinguished: (I) a pre-breakdown anode glow, and (II) an

afterglow phase. The latter phenomenon can be interpreted resulting from recombination processes

within the microdischarge channel. The detailed analysis of phase (I) leads to the conclusion, that

electron drift as well as other elementary processes during the pre-breakdown period occur in a

non-homogeneous electric field which is determined by surface charges on the dielectric electrodes.
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Negative corona - low current discharge between a cathode (a wire or a point) and a

plane anode - is a quite common object widely used in industry. While studying the negative

point-to-plane corona in air G. W. Trichel revealed the presence of regular relaxation pulses [1]

Qualitative explanation given by him included some really important features like shielding

effect produced by a positive ion cloud in the vicinity of the cathode. The role of negative ions

was practically ignored. In the following work [2] it was stated that the Trichel pulses exist

only in electronegative gases, and a particular emphasis was put on the processes of electron

avalanche triggering. It was stressed also that, usually, the time of the negative ion drift to the

anode is much longer than the pulse period. More detailed measurements of the Trichel pulse

shape demonstrated that the rise time of the pulse in air may be as short as 1.3 ns [3] and a step

on a leading edge of the pulse was observed [4], Later, the systematic study of the electrical

characteristics of the Trichel pulses was Undertaken [5], and some empirical relationships were

found for the pulse repetition frequency, a charge per pulse and so on.

Among attempts to give theoretical explanation for discussed phenomena the work of

R. Morrow is most known [6], where the preceding theories are reviewed also. Continuity

equations for electrons and positive and negative ions in a one-dimensional form were

numerically solved together with the Poisson's equation computed by the method of disks [7].

It was supposed that the electric charges occupy the cylinder of a given radius. One of
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electrodes, cathode, was spherical. The negative corona in oxygen at a pressure 50 Torr was

numerically simulated. Only the first pulse was computed, and extension of calculations on

longer time showed only continuing decay of the current. In Ref. [6] the shape of the pulse was

explained while practically ignoring the ion-secondary electron emission. In the following

paper [8] the step on the leading edge of the pulse was attributed to the input of the photon

secondary emission, and the main peak was explained in terms of the ion-secondary emission.

This explanation was criticised later in [9] pointing at the importance of an ionization-wave-

like evolution of the cathode layer on early stages. To authors' knowledge, up to now the

detailed analysis of the nature and mechanism of the Trichel pulses based on numerical

simulations is absent. In this paper, the results of detailed numerical studies on the Trichel

pulses formation for dry air in short-gap (<1 cm) coronas are reported. The numerical model

capable to reproduce the established periodical sequence of the pulses is formulated for the first

time.

We developed the quasi-one-dimensional numerical model. To derive equations of this

model we supposed that all the physical quantities are constant in every cross section of the

discharge current. The same approximation was used for example by R. Morrow [6]. However,

it is well known from numerous experiments that the discharge current is concentrated near to

the point and occupies comparatively large area in the anode surface. If to introduce the current

channel width, this width grows strongly from the cathode to the anode. The ratio of the current

spot radii on the anode and cathode is on the order of 10^. Here, we took the radius of the

current channel to be a function of the axial distance, x. Continuity equations for electrons,

positive and negative ions, and Poisson's equation averaged over the current cross section were

solved numerically. The boundary conditions for positive and negative ions are self-evident:

their number density is equal to zero at anode and cathode, respectively. For electrons we, in
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contrast to R. Morrow, include only the ion secondary emission. In the current channel two

different regions can be discerned: one corresponding to the active zone of the negative corona,

and the second corresponding to the unipolar ion drift zone. The shape of each of pointed zones

is determined by quite different processes, hence should be chosen almost independently. The

shape of the active zone was taken as a paraboloid of revolution. This paraboloid was

characterised by three parameters: 1. the radius at the cathode surface, Rc; 2. the radius at the

boundary between two zones, /fy; 3. the length of this zone, x^. All three parameters were

varied in calculations seeking the best agreement in the Trichel pulse parameters with the

experiment. The shape of the ion drift zone was taken also as a paraboloid of revolution,

parameters of which are fitted to make the current channel radius a continuous function of x.

The radius at the anode, Ra, served also as a fitting parameter. The resulting parameters of the

current channel are following: for the point curvature radius Rp = 0.008 cm and the point to

plane distance 0.7 cm the chosen values are Rc = 0.004 cm; Rfr = 0.0046 cm; x\) = 0.02 cm, and

Ra = 0.517 cm.

Solving the system of equations with the boundary conditions the development of the negative

corona current was simulated. It was found that after interval not greater than 8OJJ.S the

continuous sequence of pulses was established with good reproducibility of all parameters of

each pulse. Comparison of a computed pulse with the experimentally measured one is

demonstrated in Fig. 1. The calculated and measured shapes of the pulse are rather close each

to other. The computed amplitude of the current pulse is 7.5 mA in comparison with

experimental 1.3 mA. The computed charge per pulse is 57.4 pC in comparison with 60 pC

measured. However, the agreement between the repetition frequencies is not so good: /= 160

kHz in experiments against /= 254 kHz in calculations. As a result, the calculated average

current is also higher than experimental one (75.7 pA and 10 fjA respectively). In fact, the
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calculated fine structure of the pulse waveform shown in Fig. 2 with a high time resolution is

much more complicated. In the leading edge of pulse the very sharp peak can be observed

associated with the displacement current. This peak has no relation to the

1500

< 1000

500

A Simulation

1
* s Experiment

-0.1 0.1 0.2

-6
Time (10 s)

Fig. 1. Comparison between experimental (dashed curve) and calculated (solid curve)
waveform of Trichel pulse for negative corona in dry air at atmospheric pressure,

h = 0.7cm, Rp = 0.008 cm, V = 4.5 kV

photon secondary emission, as it was supposed by Morrow in [8] because this mechanism is

ignored in our model at all. More detailed analysis shows that the first peak in the leading edge

of Trichel pulse is due to formation of the cathode layer in a way of propagation of ionization

wave in direction to the cathode. The results of numerical simulations allow us to analyse in

detail the trailing edge of the Trichel pulse and inter-pulse pause responsible for the value of

the of Trichel pulse is due to formation of the cathode layer in a way of propagation of

ionization wave in direction to the cathode. The results of numerical simulations allow us to

analyse in detail the trailing edge of the Trichel pulse and inter-pulse pause responsible for the

value of the period between pulses. In particular, the variations of the total number of negative
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ions in the corona spacing occurring for typical conditions of pulsating corona are quite

insignificant. Comparison with experiments demonstrated a reasonable agreement as in the

shape of the pulse, as in average characteristics of the negative corona.

2000
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< 1000

u

-500
90.21 90.22 90.23

Time (1Q6 s)

90.24

Fig. 2. Calculated current waveform the same as in Fig. 1, with high time resolution. The
components of total current at the cathode are shown also
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Abstract
Helium atmospheric pressure glow discharge between parallel plate dielectric elec-

trodes at driving frequency of 100 kHz is studied to investigate its peculiar stable
discharge characteristics experimentally and theoretically. The spatiotemporal behav-
ior of high energy electrons contributive to ionization is clarified by the time- and
space-resolved optical emission spectroscopy. Numerical simulation based on the con-
tinuity equations of charged species is also performed with consideration of metastable
atoms. The result suggests that the ionization by the secondary electrons due to the
ion bombardment is essential to maintain the discharge at low driving frequency.

1. Introduction
Generally, a high pressure glow discharge is unstable and tends to change into high-

current arc discharge rapidly. Okazaki et al. pointed out that the atmospheric pressure
glow discharge (APGD) could be stabilized when three conditions were satisfied; (i) use
of a source frequency of over 1 kHz, (ii) use of dielectric electrode, (iii) use of a He
dilution gas[l]. They emphasize that the low breakdown voltage of He gas is important
for the formation of APGD. However, the necessity of these conditions is not clear, and
it is necessary to investigate the mechanism of a stable high pressure glow discharge from
microscopic viewpoint for its better understanding and wide application. Massines et al.
have investigated the structure of He APGD at 10 kHz by electrical measurement, short
time exposure photographs and numerical modelling[2]. One of their interesting results
is that the residual electron density higher than 106 cm"3 at the breakdown voltage is
necessary to obtain APGD.

In this work, time- and space-resolved' optical emission spectroscopy is applied to in-
vestigate the spatiotemporal behavior of high energy electrons in the He APGD at 100
kHz. Discharge simulation is also performed by the continuity equations of charged species
and metastable atoms coupled with Poisson's equation.

2. Experiment

2.1. Experimental arrangement

Experimental arrangement is shown in Fig.l. The parallel-plate electrodes with 8 cm
diameter and 5 mm spacing are positioned in the center of a stainless steel chamber. The
electrodes are made of stainless steel, whose surface facing to the discharge is covered with
3 mm thickness dielectrics made of silica glass. The relative dielectric constant of silica
glass is 3.8. The chamber and the lower electrode are grounded. An rf voltage at 100 kHz
is applied to the upper electrode through the matching network. The voltage waveform
is measured by a high-voltage probe at the upper electrode, and the current is monitored
by a current probe. During the measurement, pure He gas is fed into the chamber with
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constant gas flow rate. The gas pressure is
kept at 1 atm. The optical emission $(z) pro-
duced on the axis at a distance z from the
lower electrode is collimated on the entrance
slit of the monochromator through a pin holl,
lenses and an optical fiber. Photon counting
method is applied for the optical measurement.
Time to amplitude converter(TAC) is used to
achieve a time-resolved optical emission spec-
troscopy. The time resolution is about 50 ns.
In this work, we mainly obtained the informa-
tion of high energy electrons from He i(4s3S —>
2p3P,A = 706.5nm,£th = 22.72eV ) and that
of low energy electrons from the second positive
band of N2(C

3IIU -+ B3IIg, A = 337.1nm,£th =
11.03eV). The emission of N2 is from the impu-
rity in the discharge chamber.
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Fig. 1 Experimental arrangement.

2.2. Experimental results
Current characteristics are shown in

Fig. 2(a). Here, the whole applied voltage, Vapp,
is given in the form of Vapp = Vamp sin(ut) V. Each current waveform has two peaks during
one cycle with the duration time less than 1 fis. With increase of applied voltage, these
peaks shift to the earlier phase of the rf period and become larger. To investigate the
voltage drop in the gas-gap between the electrodes, a capacitor of 330 pF is inserted in
series between lower electrode and the ground (at point P in Fig.l). The voltage drop
in the lower dielectric electrode is estimated from the capacitor's voltage drop. From the
assumption of discharge symmetry, the voltage drop of upper dielectric electrode is also
estimated, and the gas-gap voltage is obtained. Figs.2 (b) and (c) show the voltage drop at
the lower dielectric electrode and the gas-gap voltage. When the ionization becomes active,
the rapid charge accumulation on the dielectric electrodes due to the current flow reduces
the gas-gap voltage and the ionization becomes passive. The chrage accumulation on
dielectrics limits the further current growth and avoids the transition to an arc discharge.

80 Vamp=2.5kV
Vamp=2.2kV
Vamp=1.9kV

4 6
Time Ins]

Fig. 2 Voltage and current waveforms in He APGD at 100kHz. (a) current, (b) voltage
drop at dielectric and (c) gas-gap voltage. The applied voltage is in the form of Vapp =
VampB\n(vt)V.
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One current pulse in a half cycle results from the ra-
dially homogeneous voltage drop of dielectric elec-
trodes due to the radially homogeneous charge ac-
cumulation in AGPD. On the other hand, the thin
discharge columns in silent discharge(SD) only in-
duce the partial voltage drop on the dielectrics, and
many current pulses are expected. Therefore, it is
proper that the difference between AGPD and SD
is judged from the current waveforms as pointed
out by Okazaki et al[l].

Fig.3(a) shows the time- and space- resolved op-
tical emission of He i(A = 706.5 nm) at Vamp = 2.2
kV. The spatiotemporal optical emission of He has
two peaks, both of which appear in front of the
instantaneous cathode at the same phase as cur-
rent peaks. This strongly suggests that the cathode
sheath similar to the low pressure glow discharge is
formed and the high energy electrons concentrate
here. Since the ionization voltage of He is 24.48 eV,
it is reasonable to consider that the ionization has
a spatiotemporal profile similar to that in Fig.3(a).
The spatiotemporal optical emission of N2 second
positive band (A = 337.1 nm) is shown in Fig.3(b).
The emission intensity of N2 is relatively high even
in the bulk plasma. This shows that the electron

density is higher in the bulk plasma though the electron energy is low. The other peaks
of N2 are observed in front of the instantaneous anode in addition to the cathode sheath
peaks. These peaks can be generated when the electric field near the anode accelerating
electrons toward the anode is larger than that in the bulk plasma. That is, the region
where negative charge overcomes the positive, must be formed near the anode.

3. Numerica l s imulation

3.1 . Simulat ion me thod

One dimensional numerical simulation is performed under the same condition as our
experiment between the parallel plate dielectric electrodes. In this simulation, we con-
sidered electron, two kinds of ions, He+ and He^, and two kinds of metastable atoms,
He(2xS) and He(23S). The continuity equations of each species are expressed as follows;

Fig. 3 Time- and space-resolved op-
tical emission of (a) He (706.5nm)
and (b) N2 (337.1nm) in He APGD
at 100kHz and V;mp=2.2kV.
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dn3S

dt = kex3neN - D3S
d2n,3S

(5)

Here, n, V and D are the number density, drift velocity and diffusion coefficient, while
the subscript, e, pi, p2, 15 and 35 represent electron, He+, He2+, He(21S) and He(23S),
respectively. The rate coefficients in these equations are listed in Table 1. The equations
(l)-(5) are solved with Poisson's equation. For the transport of charged species, an explicit
FCT technique is used to reduce the numerical diffusion[3]. In this calculation, Az and At
are 40 fim. and 40 ps, respectively. The surface charge density on the dielectric electrode
is calculated from the electron and ion fluxes and is taken into account for the voltage
boundary condition. The secondary electrons by the ion bombardment is considered.

Table 1: Processes and coefficients considered in the present fluid simulation.
Process Rate coefficient
e + He -» He^+2e
e+He-»He(21S) + e
e + He -> He(23S) + e
He+ + 2He -> He+ + He
He+ + 2e -> He* + e
Het + 2e -- 2He + e

He(23S) + 2He -* He2 + He
He(23S) + e -* He + e
He(23S) + He(23S) -» He+ + He + e
Diffusion of He(21S)
Diffusion of He(23S)

k

Keel

fas

D is

(as a fuction of E/N)
(as a fuction of E/N)
(as a fuction of E/N)
6.3 x 10-32cm6s-1

7.1 x lO'^cm^" 1

2.0 x lO'^cm^" 1

6.0 x 10-15cm3s-x

2.9 X lO-^m^- 1

2.9 x l O ^ c m V 1

NDiS = 1.4 x 1019cm"
ND3S = 1.15 x 1019cn

3.2. Results of simulation

The calculated current and gas-gap voltage in Fig.4 agree with the experimental results.
The secondary electron emission coefficient by the ion bombardment, 7,-, is set at 0.01.
Fig.5 shows the calculated spatiotemporal profiles of electron and ion densities, net-charge
density, net-ionization rate and electric field at Vapp = 2.2sin(u;f) kV. The densities of
metastable atoms are quite low because of the large quenching at atmospheric pressure.
The maxium densities of He(21S) and He(23S) are 3.1 x 106 cm"3 and 2.2 x 107 cm"3,
respectively. As a result, the ionization through metastable atoms is less effective for
the discharge structure. Spatiotemporal electron density is largely modulated. The net-
charge density has negative regions in front of the instantaneous anode as predicted from
the experiment. Though the primary ion species by the electron impact ionization is He+,
it is immediately transformed into Hê " with the time-constant of about 27 ns. Massines
et al. have shown that the residual electron density higher than 106 cm"3 at the breakdown
voltage is necessary for the self-sustained APGD[2]. However, our results suggest that the
electron multiplication by the secondary electrons is essential to turn on the dischage. In
fact, the 7; coefficient drastically changes the discharge structure such as plasma density
and current waveforms. Large 7, leads to the increase of plasma density and current.
The ionization forms the cathode sheath immediately. We conclude that the necessity
of driving frequency over 1 kHz is to keep the ion density in the gas-gap enough for the
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(a)

4 6
Time [us]

10

Fig. 4 Calculated current and gas-gap voltage waveforms in He APGD. The
applied voltage is given as Vapp = Vamp sin(wf) V. The secondary electron
emission coefficient by ion bombardment, 7,, is set at 0.01.

10

Fig. 5 Calculated spatiotemporal profiles of (a) electron density, (b) HeJ density, (c)
net-charge density, (d) net-ionization rate and (e) electric field at Vapp = 2.2sin(u;2)kV.
7,-, is set at 0.01.
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mixtures
I.P. Vinogradov and K.Wiesemann

Ruhr-Universitat Bochum, D - 44780 Bochum, Germany

1 Introduction

Besides for ozone generation [1] silent discharges are of technical interest for NOX removal
from flue gas. NOX may be either oxydized or reduced, the latter process being of special
interest as corrosive end products can be prohibited. With regard to this application it is
our aim to study the chemistry of nitrogen oxides in silent discharges in N2/O2 mixtures by
using absorption and emission spectroscopy and comparing results with model calculations.

2 Experimental set-up

The discharge used is a parallel plate discharge. The gap between the electrodes was 1 mm,
the dielectric was a plate of tempax glass 2.2 mm thick. The grounded electrode is water-
cooled, the high voltage electrode cooled by air. For the spectroscopic measurements the
discharge vessel is equipped with suprasil windows for the ultraviolet and the visible.
The gas flow is controlled by mass flow controllers. The total pressure is controlled by
a smart valve together with a pressure gauge. Typically the residence time of the gas
in the discharge vessel amounted to t — 1.1 s in the discharge and 12 s in the exhaust
volume for a gas flow rate of 1 ln/min. The discharge power was measured by applying
the Lissajous-figure method [2, 3]. The gas temperature was evaluated from an analysis
of the rotational structure of the N2 spe'ctra in a similar discharge [4]. As power supply
served an ac generator with variable frequency (50 Hz to 15 kHz) and a voltage of up to
20 kV.
For diagnostics we applied emission and absorption spectroscopy using a spectrograph
with CCD-camera and an optical arrangement including a Xe-lamp as continuum light
source [5]. The absorption spectra could be measured in the exhaust volume and space
resolved inside the discharge. Thus the absolute densities of O3, NO, NO2, NO3 and N2O5
molecules were obtained.
Absorbances between 10~3 and 10~4 have been measured by adding up more than 100
stripes in the imaging mode of the CCD camera .

3 Absorption spectroscopy

The most important problem for density determinations by absorption spectroscopy is the
reliability of the data base used. For obtaining reliable data for our density determina-
tions we have measured the integrated NO absorption coefficient for our case by using
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calibrated mixtures of N2 and NO at a total pressure of 1 bar. The absorbances depend
linearely on the NO partial pressure i.e. Beer's law is observed. From the slope of these
curves we obtain for the integrated NO absorption coefficients a value of 35.1 cm^bar" 1

(base e, T =300K) for the (0-0) transitions at 224 nm which we used for all our NO
density determinations. At a total pressure of 1 bar we could measure NO concentrations
down to 0.1 ppm.
For NO2 the absorption coefficient data from Refs. [6, 7] were taken. Concentrations down
to 4 ppm could be measured. For N2O5 the absorption coefficient from Ref. [8] was taken.
Our limit of sensitivity was around 1 ppm.
NO3 plays an important role in the reaction kinetics. In Fig. 1 our measured NO3 absorp-
tion spectra and the dependence of the NO3 concentration on the discharge power and on
the gas flow rates are shown for discharges in O2 + 500 ppm NO. We can easily measure as
small a NO3 amount as 0.1 ppm i.e. the absorption spectroscopy of NO3 is very sensitive.
The NO3 absorption coefficient data from Ref. [9] were taken.

O2 + 500 ppm NOx, exhaust volume, 8 Watt

co

I
8

Gai now r«l«
2 tn/m In

Power /Wat t Gas flow rate / (In/min) X I nm

Figure 1: (a) Power and (b) gas flow rate dependences of the NO3 concentrations in the
exhaust of a O2/NO discharge, (c) Absorption spectra of the NO3 molecule for different
gas flows (raw data for Fig. lb)

For the ozone density determination the absorption cross-section data tabulated in
Ref. [10] were used. Due to the interference with NO2 the detection limit was around
5 ppm.
The dependence of the densities of all mentioned particle species on the NO concentration
are shown for one set of discharge parameters in Fig. 2. There is a pronounced threshold
for the ozone production at nearly 1000 ppm of NO in the O2/NO mixture. The particle
densities are presented for two different residence times, which are obtained from space
resolved measurements. These results can directly be compared with kinetic model calcu-
lations. The model calculations and the experiment are in good agreement.

Both modelling and experiments yield for O3, NO, NO3 and NO2 a pronounced
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Experiment, O2 + 14 %NO + 86% NO2, d = 1 mm, f=14.3 kHz, P = 1 bar, 2 In/min
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Figure 2: Particle densities versus NOX concentrations for discharges with a frequency of
14.3 kHz, l m m gap width, and a gas flow rate of 21n/min, (a) residence timel50 ms,(b)
450 ms,c) exhaust, residence time 6s

dependence of the particle densities on the residence times. Therefore the amount of
nitrogen oxides is different in the discharge and in the exhaust volume.

4 Emission spectroscopy

Emission spectra were measured in the spectral range of 200.. .1100 nm with a resolution
of 0.15 nm. The spectra turned out to be very similar to spectra measured in corona
discharges [11]. In the 200.. .290nm range, the A- Xemission of NO dominates (7 bands
of NO). The most intense radiation in the region from 295 to 500 nm is due to the second
positive group of neutral molecular nitrogen (C-B transition). In this region the N ^ B -
X) band was also observed. At longer wavelengths the intensity is comparatively low. The
first positive group of N2(B-A) is clearly recognized. No atomic nitrogen lines are found.
In N 2 /N0 discharges usually

N - + N 2 + O (1)

is considered as the main reaction for removing NO [12]. N is formed by electron impact
dissociation:

e + N 2 - ^ e + N + N. (2)

We found that at NO concentrations above 4000 ppm also the electron impact induced
dissociation has to be taken into account. This can be clearly seen in experiments with
O2/NO mixtures. In high frequency (14.3 kHz) discharges an emission of the nitrogen
C - B transition was observed, however not in low frequency (50 Hz) discharges in the same
mixture.
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5 Influence of surface reactions

Even in pure N2 discharges we observed NO bands in absorption and emission. In dis-
charges in pure oxygen or argon no NO could be detected which excludes effects due to
physisorbed NO. Both spectroscopic methods yield for the N2 + 5000 ppm NO mixture an
increase of the NO concentration when increasing the residence time from 0.05 s to 0.15 s.
These results demonstrate the importance of surface reactions on the silica containing
dielectric. I.e. NO is most probably formed by reactions of nitrogen atoms with oxygen
adsorbed on surface sites. The surface radical sites can be created by the interaction of
highly excited species from the gas phase with the surface (see Ref. [13]). This may have
happened when discharges with oxygen were run in the same vessel.
The existence of adsorbed oxygen on the surface is further proofed by the fact that in pure
N2 discharges O atoms appear in the gas discharge: The emission spectra shown in Fig. 3a
include the well known green line due to the atomic transition O(15 - XD) at 557.7 nm
and a molecular band with a half-width of 2.3 nm due to the emission of a loosely bound
N20-excimer. By adding a small amount of Xe this radiation transforms to the radiation
of the XeO excimer. The intensity of the XeO band is proportional to the Xe pressure
in the mixture. The XeO excimer is known to be produced according to the following
reaction:

O(1S) + Xe + N 2 ^ X e O ( 1 E ) + N2, (3)

if oxygen atoms in the excited (*S) state are present in the discharge i.e. are formed in
collisions of oxygen with electrons. The molecular band and the oxygen atom emission
at 557.7 nm are quenched by a small amount of oxygen or NO molecules (see Fig. 36).
Thus in discharges in N2/O2 mixtures this atomic oxygen line and the molecular band at
557.7 nm are not observed and the XeO excimer is not formed when admixing Xe.

Emission spectra
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- - • N, + 1000 ppm NO
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O
557.7 nm
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Figure 3: Emission spectra of discharges in pure nitrogen and with admixtures of Xe (a)
and after admixture of NO (b)
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6 Conclusions

1. An experiment was built and reaction product concentrations in silent discharges
in N2/NO and O2/NO mixtures were obtained by applying classical absorption and
emission spectroscopy. Both methods are very sensitive and could be used for de-
termining densities as function of the discharge parameters both inside the active
discharge and in the exhaust.

2. The measured densities are in good agreement with those calculated from a kinetic
model.

3. The Nj band emitted by the O2/NO discharge clearly demonstrates the importance
of NO dissociation by electron impact for relatively high NO concentrations.

4. In discharges in pure N2 production of NO was observed, which demonstrates the
importance of reactions on the surface of the silica dielectric barrier.

5. By changing the relative NO concentrations in the O2/NO discharge a threshold for
the ozone production was found experimentally and confirmed by the kinetic simu-
lation.
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A gTeat interest in plasma physics is attended now to studying the

properties of the contact between plasma and liquid. Such a system in which the

properties of such interaction are used will have a practical utilisation in ecology,

microtechnology, microbiology et cetera.

In our experiments we used a semiself — maintained (SSM) discharge

stimulated by plasma stream [*] for plasma column stabilization and also for

increasing the contact area between plasma and liquid. The aim of the

experiments was to understand the nature of physical and chemical processes

proceeding in the interaction system of SSM — discharge and liquid. We carried
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concentrations on these distributions. We also investigated the spectral

composition of SSM — discharge plasma radiation and the influence of steam

pressure on this composition, the chemical modification of zinc nitrate and

aluminium nitrate aqueous solutions under the influence of plasma contact, and

the chemical composition of aqueous sediments.

In the investigations we used

experimental apparatus previously

described in [*] and the apparatus

that shown schematically in

Fig. 1. This system made the

possibility to apply the voltage of

any polarity in the liquid to the

Fig. 1 discharge space consisted of steam —

gas environment and liquid. This application did not essentially change the

external characteristics of discharge. The main peculiarity of such a system was

that two parallel electrodes 1 of cylindrical configuration form the auxiliary

discharge plasma and the electrode system 2 defines the electric field of SSM —

discharge. These electrodes 2 can had the same configuration (for example, disks)

or the different. The electrodes were cooled by water flow.

We used a mobil thin Langmuir probe for measurements of the radial and

axial flow potential in plasma and liquid. The maintenance of neutral plasma

components was determined from analysis of the optical radiation spectra in

visible part.

For chemical analysis of the solutions and sediments we used the analysis

by absorbed atoms, the titration of solutions, and the analysis by means of
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thermo — differential technique. Distillate water and the aqueous solutions of

KOH, NaCl, Na2SO4, ZnNO-, and A12NO3 were used as the initial solutions.

The investigations were carried out at steam pressure varied from 1 to 340 Torr.

The investigations showed that concentrations of alkaline aqueous

solution had a very little influence on the voltage measured on plasma column

and on the potential jump occurred on the boundary between gas and liquid.

These results we obtained from the analysis of SSM — discharge

current — voltage characteristics. We also obtained that complete voltage

measured on SSM — discharge and liquid falls by exponential law with

increasing of the concentration.

The form of plasma column was depended on solution

concentration. Unlike the case of distillate water there was no region of sharp

enlargement of plasma column near the liquid surface if we used any solution and

any of two discharge configurations (Fig. 1). The plasma column had a cylindrical

configuration or even narrowed near the liquid surface.

We investigated the potential distributions in discharge space with distillate

water and with some of alkali aqueous solutions (NaOH, KOH). The potential

distributions directly on the liquid surface and on the depth of 5 mm under the

surface had almost the same profile like that one for potential of plasma axis area.

The maximums of these distributions were on the periphery of distributions. The

bend in axis region became smaller with increasing the depth under the liquid

surface. There was no any potential gradient in the axis region on the distance of

5 mm from the electrode.

It is important to note that non —monotonous profile of plasma potential

radial distribution in the discharge over the distillate water occurs in the region of

sharp enlargement of plasma column near the liquid surface.
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In this case of NaOH aqueous solution there was no any bend of

potential in the plasma — liquid contact region.

One can put the case that positive particles are heavier than negative

particles in region near the liquid if liquid is the alkali aqueous solutions. In the

case of clean water the negative ions are the main negative particles in region

near the liquid. It is obvious that mass of negative ion is more than mass of

positive one. And with this one can explain such a behaviour of potential

distribution that describes above.

We obtained the radiation spectra of plasma column that contact with

liquid. These spectra were very complicated. One could see the atom lines of

H a I Hp, HY, H5 and also the strips of OH molecules (A2I -> X2ri) and N2

(C3IIU —> B3IT ). For the strips of N2 it is interesting to note that relative

change of stripes intensities observed for transitions from different vibrational

levels of C FIU electron level is almost the same with varying of steam pressure

from 0.1 to 120 Torr. If we increased the pressure (120 — 340 Torr) then

intensities of stripes became different. Moreover, the increasing of vibrational

quantum number (v = 0 — 2), that corresponds to the upper level, caused the

increasing of relative maximum value. Such a dependence one can explain if

assume that electron temperature is nearly constant in the pressures range

from 1 to 120 Torr. The increasing of pressure (120 —300 Torr) causes the

increasing of electron temperature. Visually we observed the appearance of

highly radiate narrow region in plasma column near the axis at the pressure of

120 Torr.

We measured the quantity of metal extracting from the aqueous

steam of nitrate solutions when used a plasmachemical processing of these
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solutions and also calculated by Faraday's law the analogous quantity if

used the electrochemical processing. From the comparison of these

measurements and calculations it is clear that

a) metal extracting from aqueous solutions was more effective (about in 2

times for Zn) if used plasmachemical processing with the decreasing of

pressure in low pressure region. This effectivity increased because the contact

area between plasma and liquid increased too;

b) the increasing of plasmachemical extracting effictivity with increasing

of pressure in the high pressure range depended on increasing of the electron

temperature in plasma (about in 4 times for Zn).

Chemical analysis of the solution shown that if we applied

plasmachemical processing to the nitrate metals aqueous solutions then the

metals were precipitated as the hydrooxigen combinations.

* V.Ya. Chernyak, E.V. Martysh, S.V. Olszewski, V.S. Sidorenko,

M.A.Evstigneev, P.N. Tsybulev, P.N. Voronin, Proc. of Conf.

Plasmotechnologiya — 95, Zaporojye, the Ukraine, 1995.— P.24 —27 (in Russian)
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Introduction

Plasma jets are apph'ed to many laboratory and technological devices, for example to MHD -

generators and plasma dynamic lasers, to the plasma processing of various materials and the

plasma etching, etc. A good control of the plasma parameters is very necessary for these

applications. However in all these cases, plasma jet interactions with solid state surfaces take

place so that essential changes of plasma jet parameters can take place, especially at ionization

-recombination processes in plasma jets. Experimental difficulties cause the necessity of

theoretical simulations of these parameter changes, especially closely to solid state surfaces.

The aim of this work is numerical calculations of parameters of the supersonic

quasineutral argon plasma jet expanding into the cylindrical vacuum vessel and interacting

with inner surfaces of this vessel.

Model

The quasineutral low ionized argon plasma jet enters with the axis supersonic velocity Wo into

the cylindrical vacuum vessel with radius R^. and length Lc through the round hole with radius

RJJ (Fig. 1) at some initial time. All plasma parameters are constant in this cross-section during

a simulation time. The plasma consists of heavy particles (neutral atoms and single ionized

ions) as well as electrons.

The plasma jet moves in this vessel with some expansion, interacts with its walls and

departs trough the side hole with the length Lh. Some elementary processes take place in the

plasma jet, namely: three particle electron-ion recombination, the ionization by the electron
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impact, the electron-ion energy exchange due to Coulomb collisions, the surface

recombination as well as the electron heat conduction and the viscosity of electrons and heavy

particles. It is assumed that the electron density ne is equal the ion density nt, (n^n^ and the

ion temperature Tt is equal the atom temperature Tn (Tt = Tn-Th). Some difference between the

electron temperature and the temperature of heavy particles is assumed in this plasma due to

the large difference between the electron mass and the ion one.

In some cases, an interaction is investigated of this plasma

jet with a plane wall for comparing.

The following set of hydrodynamic equations are used for

electrons as well as for heavy particles (ions and atoms) with

taking into account elementary processes indicated above:

(1)

(2)

(3)

~ + div{wnt) = «e«Ar, - n

~ + div{wnn) = n]ntTr - n

dt
= Q

eh

dt
• + div(nejew) + wgrad(Pe) + div(x( Je )gradJe) = -Qeh + Qion_r

(4)

(5)

where p is the total plasma density, P = Ph+Pe is the total plasma pressure, vP is the

plasma velocity vector, Ph= Pi +Pn and Pe is the partial pressure of heavy particles and

electrons, ne, nn, nh is the density of electrons, atoms and heavy particles, J e , Eh is the

density of the heat electron energy and the total energy of heavy particles, respectively.

The rate of the energy exchange between electrons and heavy particles due to elastic

collisions is given by [1] Qeh =3ne(me/mh)vehk(Te -Th), (6), where veh is the mean rate of
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electron collisions with heavy particles, me and mh is the electron mass and the heavy particle

one, respectively.

The rate of both the three body recombination Yr and the ionization Tt is given according

to [2]. One electron received at one act of three body recombination the energy given by

Qion-rec = ~^i\nenh^i ~nlni^r)^ (7)- The flu* of electrons and ions to vessel walls is given by

f = new{\ + Cji/|w|)/ 4, (8), where Cy = ̂ jkTe Imh is the ion sound velocity. It is assumed that

all electrons and ions which reach vessel walls, recombine there and return back as neutral

atoms.

The member div(x{Je)gradJe) describes in (5) the electron heat conduction where

X( Je) = -0.97 j / 7 2 / (mlnZe4 A) is the coefficient of this heat conduction.

The viscosity heat extraction is given by £ W = -na$dWa/dxp, where

uap = ~ tl° **ap = ~(Tloe + T H) ^ap = ^ap + ^ap *s tensor °f the viscosity strength without a

magnetic field. Following viscosity coefficients are taken for electrons and heavy particles:

3 fm T 3 lm T
^oe=0.73 ne Teze, T\oh =0.96 nh Thxh, where xa = ^ L ' ' , xk = Xh *_4 and

4V27i Ae Z n 4V2TI Ae Z

3 fm~ T3/2 3 lm~ T^L ' ' , xk = Xh *_4
7i Ae Z ne 4V2TI Ae Z nh

A is Coulomb logarithm.

The modified method of big particles [3] is used for the computer modeling of this

problem. In this method, the complex set of equations is separated on simpler components

which describes separated physical processes. The general solution consists of additive

members of time influences of each process on spatial parameter distributions. Each process is

simulated with the corresponded minimum characteristic time what allows to obtain higher

simulation precision. The dynamic separation boundaries are marked by some special symbols

what allows to follow up a motion of these boundaries.

Results

Spatial distributions were simulated of main parameters of argon plasma jet for different times

after the enter of this jet into the vacuum vessel, namely: the jet velocity field, the full plasma
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pressure, the electron temperature, the temperature of heavy particles as well as the ionization

degree. Simulation parameters are shown in Table 1.
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Table 1

hi these simulations, the pressure, the temperature, the velocity, the coordinate and the

time are divided by the characteristic parameters, namely: the neutral atom pressure

P0=nQkT0, the characteristic temperature T0=mhWQ /k, the initial jet velocity Wo, the

characteristic size R,, and the characteristic time t0 =Rn/W0, respectively. Values of these

parameters are shown in Table 2.

Variant

1

2

6.01

1.67

,Pa

xlO4

xlO3

To,

4.36>

1.21*

K

< 1 0 4

103

io-3

io-3

%

3

5

, m/sec

xlO3

xlO2

3.33

2.00

, sec

xlO"7

xlO^

Table 2

Simulation results show that jet velocity fields differ essentially from these fields for the

case of a plasma jet reflection from a plane wall and depend from the relation of the plasma jet

velocity and the characteristic molecule velocity. In case of relative large jet velocities

(Variant 1 in Tab. 1). a opposite plasma flow is formed along walls in the direction to the exit

hole of the vessel due to the interaction plasma jet with the vessel wall. In case of relative

small jet velocities (Variant 2 in Tab. 1), the plasma flow is only in the region between the

enter hole and exit one but the larger part of the vessel is filled by a non-moving plasma

Spatial distributions of the total static pressure are shown in Fig. 2 and Fig. 3 for variants

1 and 2 in Tab. 1, respectively. These distributions show a complex phenomena in the vessel.
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As can be seen from Fig. 2 in the case of relative small jet velocities (variant 2 in Tab. 1), the

region is formed of high pressures with some waves which have nearly a plane front and

propagate under some corner to the vessel axis. These waves propagate in the region of non-

moving plasma where a flow velocities are very small. In the case of relative large jet

velocities (variant 2 in Tab. 1), the region is formed of nearly uniform and relative low

pressures which is separated by a steady shock wave from the region of a moving plasma.

P/PQ fO.10

0.05

Fig. 3

Spatial distributions of main plasma jet parameters were obtained at different times,

namely: the jet spread, the full plasma pressure, the electron temperature, the temperature of

heavy particles as well as the ionization degree. These results show the essential influence of

the plasma jet interaction on plasma parameters. First of all, shock waves can be appeared due

to the plasma jet interaction with vessel walls. Besides, the rotate motion of plasma is

appeared near the inner vessel angles.
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NUMERICAL SIMULATION OF NO OXIDATION IN PROCESSES OF
FLUE GAS TREATMENT BY PULSE CORONA DISCHARGE
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A numerical model for N O oxidation in gomogenious flow of combustion products

has been developed. The flow contains cold (T=300-400 K) background components N2,

CO2, H2O, O2 and impurities NOX , CO. A source of chemically active species is an

electrical streamer discharge of corona type (duration is about 10 ns, the pulse frequency is

several hundred times per second, electric field ranges up to 1000 Td) .

An applications software, calculating NOX removal, consists of a chemical database

(83 reagents and 506 reactions), a program of kinetic calculation and auxiliary units. The

model uses the following main parameters: pulse frequency / , an average specific energy

input in a streamer Wst and in a discharge chamber W^, a fraction of energy that consumes

for production of active components q. The spatial nonuniformity of gas parameters,

associated with existence of many streamer channels in discharge chamber, is taken into

account. Concentrations of active components in streamers are calculated in the frame of G-

factors approach utilizing Wst and q values. These concentrations are used as initial

conditions for a set of differential equations which describes chemical transformations in the

flue gas and in the diffusion expanding channels. The calculations have been carried out for

pulse series (about 1000 pulses in a series) considering change of the gas composition after

each pulse.

N O removal fraction has been calculated as a function of all parameters. It was found

that, if the total energy input in the discharge chamber is constant, the removal efficiency

decreases as Wst and q increase. The reason is nonlinear chemical processes between active

components leading to their vanishing. The numerical results correspond to experimental

data.
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Abstract

Polyester vascular prostheses were treated in radio frequency and barrier (corona)

dischrage plasma. On the inner surface of polyester prostheses were deposited thin

coatings of plasma polymerized tetrafluorethylene, cydofluorbutane and hexam-

ethyldisilazane. The plasma treatement of inner surface and plasma polymerized

coatings improve the thrombogenic properties of small diameter textile polyester

vascular grafts.

I N T R O D U C T I O N

Textile vascular prostheses made from polyester fibers are used for replacement, of the

larger blood vessels. Despite the large number of clinically available polyester grafts,

small diameter synthetic grafts (6 mm up to 2 mm) have not performed satisfactorily in

peripteral vascular repair. During the last time, the attention is concentrated (focused)

particularly on the evaluation of thrombogenic properties of the prepared vascular pros-

theses because these properties are decisive in the selection of suitable vasculat prostheses.

Radio frequency plasma discharge polymerization and barrier discharge plasma poly-

merization at atmospheric pressure, provides the oportunity to deposit a thin polymer

coating on the inner surface of the vascular grafts without affecting their mechanical prop-

erties [1). This contribution reports on the development of two pla.sina discharge systems
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with a moving plasma region to deposit a uniform coating along as much of 30 cm of

6, 4 and 2 mm i.d. polyester vascular prostheses and the results obtained by these two

deposition systems are evaluated and compared. In vitro microembolization studies have

been performed to study blood interactions with the deposited plasma polymer film or

only plasma discharge modified inner surface.

EXPERIMENTAL

Apparatus

The schematic representation of the design of the two systems for the deposition of plasma

polymer coatings are presented in Figs. 1 and 2. Plasma discharge treatment of the

cleaned substrates was carried out in 40 cm long 6.5, 4.5 and 2.5 i.d. silica tube reactor.

Polyester vascular grafts to be treated fitted inside the reactor tube with their outer walls

contacting the inner walls of the silica reactor tube. An power system generator supplied

the r. f. power at 13.5 MHz. The reflected power was minimized by adjustments of the

variable inductor and parallel capacitors of the matching network. The flow rate gases

(Ar+monomer) were monitored by rotameters with needle valves. The power output from

the matching network was capacitively coupled to the plasma reactor via two external

copper electrodes. The electrodes, separated two centimeters apart over a silica sleeve,

were moved across the length of reactor at predetermined constant speed. The pressure

was measured by Pirani vacuum gauge. A conventional oil pump evacuated the system to

a base pressure of 2-3 Pa. An argon plasma was generated at 10 watts and moved a.cross

the graft in the direction of gas flow and inversely at a speed 4.2 mm/s. Argon flow was

maintained for 1-2 minutes at pressure 25 Pa and after turning off the r.f. discharge the

composition of reactants was established. As a monomer were used hexamethyldisilazane

Si,NH(CH3)6 (HMDSZ), tetrafluorethylene C2F4 (TEF) cyclofluorbutane C4 H8 (CFB).

Various glow discharge conditions differing in initial monomer and argon pressures (typical

25 Pa argon + 10-15 Pa monomer), flow rate and speed of plasma movement were tested.

The second plasma reactor was constructed in the same dimensions as the r.f. reactor.

In the centrum of the discharge tube and also in the centrum of vascular graft was fed
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Figure 1: Diagram of the radio frequency plasma polymerization system.

the 1.5 mm thick molybdenum wire (earthed electrode of the barrier discharge) and the

external electrode (3.6 cm length) was moved across the length of the reactor. The movable

external electrode was connected with AC high voltage (14 kV, 0.06 mA, 50 Hz). The

power supplied in the excited barrier discharge is appprox. 1 watt. As a buffer gases were

used argon (flow rate 5 seem) and nitrogen (2 seem) The nitrogen flow is fed through a

bubble system with liquid HMDSZ. Flow rates of tetrafhormethane and octafluorbutane

were maintained on 2 seem.

The rate of polymer deposition was measured by the help of colour changes on the

small pieces of polished silicon (111) placed in the silica discharge tube. These visual

evaluations were verified by ellipsometric measurements (refraction indices are 1.4 - 1.5.

absorption in MS is negligible but remarkable in UV). The morphology of the inner

surface of textile vascular prostheses after treatement was by SEM and ESR (election

spin resonance) examined.
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Figure 2: Diagram of the barrier discharge plasma polymerization system.

RESULTS

Mikroembolization studies

Thrombogenity testing was carried out in co-operation with a specialised centre. In its

first phase it was concentrated on selection of an appropriate methodology so that it may

be possible to find out the differences between the individual groups of samples. On

the basis of the findings obtained., the method of measuring of blood platelet adhesion

to the surface of tested materials was chosen as the most suitable method of evaluation

and promising variants of plasma treatement and type of knitted fabric were assessed.

The testing method was further modified in such a way that it may better render the

thrombogenic characteristics of the vascular prosthesef. In vitro measurements proved that

the amount of adsorbed blood platelets on inner surface of plasma polymerized vascular

grafts is significantly reduced (10-25 percent) with respect to untreated surface.

Surface characterization

Very interesting result is that the samples treated (polymerized) in barrier discharge are

without any radical free signal in ESR spectra. The plasma polymer coating prepaied in

barrier discharge is white (colourless), but the polymers prepared in r.f. discharge ai l<"lV-
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pressure are slightly yelow.

SEM observat ion

The substrates were observed by using SEM too (figures 5, 6, 7). It proved presence of the

polymer at the surface. Figure 7 shows that thin layer can be destroyed by using focuse

electrons in SEM with increase of the enlargment. The local electrons attaching leads to

the local temperature increase and then to the local destroying of the layer.

Acknowledgement

The work was supported by the Grant Agency of the Czech Republic, grant No. 202/96/0508.

References

[1] D. Kiaei, A. S. Hoffman, B. D. Ratner, and T.A. Horbett, J. Appl. Polym. Sci.: Polym.

Symp 42, (1988) 269.

[2] J. Janca and P. Pavelka,Scripta Fac. Sci.Univ. Brno, vol.14 (1984)No.l-2,(Physica),

p.21.-0.5em

[3] S. Kanazawa, M. Kogoma, S. Okazaki and T. Moriwaki, Nucl. Instr. and Meth. in

Phys. Res. B37/38 (1989), 842.

[4] S. Kaqnazawa, M. Kogoma, S. Okazaki and T. Moriwaki, J. Phys. D. Appl. Phys. 21

(1988), 838.

[5] M. Kogoma, S. Okazaki. N. Kanda, Proc. Jpn. Plasma Chem. 4 (1991), 345.

[6] A. M. Sarmadi and Y. A. Kwon, Text. Res. J. 25 (1993), 33.

[7] S. Nowak and O.M. Kuttel, Materials Sci. Forum vol. 140-142 (1993), 705.



251 CZ9827322
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Abstract. Arc plasma generator requires a supplying system of several hundred kVA and with

such operating characteristic as to ignite the discharge at high voltage of 10-20 kV and then to

maintenance the discharge at even ten times lower voltage. There are many various types of arc

plasma generators and they differ considerably from one another depending on their application,

construction and kind of discharges used for plasma generation. Here, the arc plasma generator

with gliding arc and their supplying systems are presented, mainly from the point of view of the

power flow and efficiency.

1. INTRODUCTION

Recently, non-thermal plasma methods for toxic gas incineration have been more com-

monly applied in modern technologies of environment protection. Whatever the construction and

the type of the discharge are, the plasma generator always represents a rather unusual load for its

supply system requiring supply voltage of 10 to 20kV with operating characteristic to limit the

current after ignition of the discharges. Therefore, every supply system consists of special con-

struction transformer.
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As it is well known, the magnetic circuit of a transformer is nonlinear and under sinusoidal

voltage the magnetic flux is distorted by odd harmonics. If the magnetic circuit construction cre-

ates conditions for the higher harmonics of magnetic flux to have closed ways, they can achieve

considerably large values. At usually applied value of magnetic flux density in transformer cores ,

the third magnetic flux harmonic can be equal to 15-20%, the fifth to 9-11%, the seventh to about

5% and the ninth to 1% of fundamental flux harmonic. This phenomenon allows to build fre-

quency converters known as magnetic frequency multipliers. The main disadvantage of this device

is its inherently large magnetizing current. Their applications in power system were quite large up

to the seventies when they were replaced by more efficient semiconductor frequency inverters. But

in some applications making use of higher magnetic flux harmonics seems to be still reasonable

and advantageous. In our opinion, the supplying systems for plasma reactors belong to these ap-

plications.

The supplying system of the plasma reactor is responsible for its efficiency and reliability.

The paper presents the energetic performances of the supplying system of the non-thermal plasma

reactor with gliding arc (GlidArc). The power flow consideration as well as the efficiency of these

supply systems are given in comparison to the integrated system in which the arc discharge igni-

tion is realized by means of higher harmonics induced in operating transformer cores.

2. INTEGRATED SUPPLY SYSTEM

Although, the idea of operation of the GlidArc plasma reactor is very simple, its effectiveness in

the treatment of various kinds of gases at atmospheric pressures and of large volumes is con-

finned by numerous laboratory investigation [1], [2] and the first pilot plant [3].

The discharge which is gliding through electrodes due to electromagnetic forces and a fast gas

flow is not a typical arc. A, rather, high voltage after ignition of the discharge equal to 1000 -
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2000 V and considerably small current which does not exceed 5A make the reactor differ from

the classic plasma torch and cause that the supply systems applied here have not found an appli-

cation to supply the GlidArc plasma reactor. There have been some approaches to employ leak-

age transformers, magnetic frequency triplers and common transformers with chokes to supply

the GlidArc but they have not found broad use.

The authors have proposed the integrated supply system in which the third magnetic flux har-

monic generated in transformer' cores is used for the arc ignition and the fundamental one for the

maintenance of the gliding discharge.

The scheme connection of the integrated system and the characteristics present the principle of

system operation (Fig.l).

ignition transformer
cftaracteristic

arc discharge diaracterisdc

operatuig transformer
characteristic

Fig. 1 Scheme connection of the integrated supplying system of GlidArc plasma generator
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Fig. 2. Block diagrams of supplying systems of a
GlidArc plasmatron: a- system with trans-
former, b- system with increased leakage
reactance transformer, c- system with
magnetic frequency multiplier, d - inte-
grated system according to Fig. 1.

The system integrates the function of the

transformer and the magnetic frequency

tripler. Such integration not only allows to

reduce the number of system elements but

also considerably improves the system effi-

ciency and reliability.

3. POWER FLOW AND EFFICIENCY

Investigation on power flow and efficiency

are carried out for the plasma reactor model

of 50kW (table 1) and on the basis of the

data of commercially produced transform-

ers, chokes and capacitors. Four types of

supply systems are taken into consideration

(Fig. 2): system with common transformer

and chokes, system with transformer of in-

creased leakage reactance, system with

magnetic frequency tripler and proposed

integrated supply system.

The main advantages of the system in Fig. 1 are: the natural cooperation of the ignition and op-

erating circuits, the symmetrical load of the mains and the possibility to create the multi-electrode

systems. The power losses and efficiency of the discussed system are given in Table 1.
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System

System

element
Capacitors

Transformer
Chokes

System

Plasmatron
power ?2

Power from
mains Pj

Efficiency

2 a/

P2+AP

Table 1. Power
System with

former
and chok

accord, to Fi
S n

kVA
360
400
360
400

AP

kW
3,6
18
11

32,6

rans-

iS

AP

%
1

4,5
3

65,2

82,6

60,5

osses n supply systems of arc plasma
System with

age
transform

accord, to Fi
Sn

kVA

240
320

-

320

AP

kW

2,4
16
-

18,4

leak-

er

i. 2 b
AP

%
1
5
-

36,8

50

68,4

73

System w
magnetic free

tripler
accord, to Fi]
s n

kVA
160
240

-

240

AP

kW

1,6
14,4

-

16

th
jiiency

?. 2 c

AP

%
1
6
-

32

kW

66

76

generators

Integrated s>

accord, to Fi
S n

kVA

-

80
-

AP
kW

-
4,8
-

80 | 4,8

stem

AP

%
-
6
-

9,6

54,8

91

4. CONCLUSION

Making use of the higher harmonics of magnetic flux of the transformer, the fundamental ele-

ment of every plasma reactor supplying system, it is possible to design and build the supplying

systems that integrate all functions of plasma reactor and are more efficient and reliable. Such

systems are already applied in a laboratory and in some small extend in industry and the investi-

gation confirms their advantages. Due to the integration of the system functions its efficiency

increases by about 30%.
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Abstract

Back-corona discharge has been successfully applied as a high-pressure low-temperature plasma

source to decomposition of hydrocarbons. The back-corona discharge is generated in a needle-

to-plate reactor, with a corona-counter electrode covered with a perforated mica plate. The

results of experiments in laboratory scale show that the back-corona discharge can be also

efficiently used for decomposition of hydrocarbons similarly to positive dc streamer corona

discharge.

1. Introduction

Back-corona discharge [1] is a type of gaseous discharge that take place from the

corona-counter electrode covered with a dielectric layer made of a porous material or a solid one

with small holes in it. Former interests in the back-corona discharge were mainly spurred by the

detrimental effects caused by this type of discharge present in electrostatic precipitators, or

electrostatic coating processes. The applications of this type of discharge as a high-pressure low-

temperature plasma source for chemical reactions, specifically for conversion of acid- or green-

house gases, or to other technological processes have hitherto not been reported.

The purpose of this paper is to report the effect of the back-corona discharge, either

positive or negative polarity on decomposition of hydrocarbons in air. The back-corona

discharge as a source of plasma for chemical reactions seems to be competitive to other corona

discharges (pulsed or dc) or other low temperature plasma assisted methods [2].

2. Experimental

The schematic diagram of the experimental set-up is shown in Fig. 1. The gas mixture

was prepared in a mixing chamber from the saturated vapors of extracted petrol obtained in the
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vaporizer, and air as a carrier gas. The concentration of hydrocarbons was 3500 ±50 ppm. The

extracted petrol of commercial standards (n-hexane 38% of mass concentration, methyl-

cyclopenthane - 13%, cyclohexane - 10%, 3-methylpentane - 10%, 2-methylpenthane - 5%, and

other aromatic hydrocarbons, of concentrations below 5%) was used in our experiments. The

plasma reactions were carried out in a glass cylinder of volume of 156 cm^. The back-corona

and dc streamer corona discharges were generated between two electrodes: a stainless steel

needle and a plate, spaced 20 mm. The metal plate was covered with a mica plate 80jim thick in

which seven pinholes 200 urn in diameter were made to generate the back-corona discharge.

The gas samples were analyzed by a Fourier-transform infra-red (FTIR) spectrometer

16PC-FTIR (Perkin-Elmer) in the 1000-4000 cm"1 spectral range with 2cm"1 resolution. The

energy delivered to the discharge was estimated from the oscilloscope recordings of the voltage

between the electrodes, measured by means of a high voltage probe Tektronix P6015A, and the

current waveforms measured with a current monitor Pearson 2878. The plasma processes were

operated in stationary gas and initially near NTP.

blower

glass tube

Xjieedle

mica

windows

vaporizer current monitor

HV probe
.(100 M0hm/3pF)

digital j

storage

oscilloscope I

Fig. 1. Schematic diagram of the experimental set-up for decomposition of hydrocarbons by back-corona
discharge.

3. Results

Three types of discharge were tested: positive and negative back-coronas and positive dc

streamer corona. The back-corona discharge in gaseous hydrocarbons for positive polarity of

point electrode operated initially in the streamer regime, but changed to a pulseless glow when
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Fig. 2 FTIR spectrum before (a) and after gas treatment by dc corona discharge (b),
positive (c), and negative back-corona discharge (d). Residence time - 60s.
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hydrocarbons were partly decomposed. For negative polarity of point electrode, the back-corona

discharge started shortly as an arc discharge, next changed to the streamer mode, and finally the

glow discharge was generated, if only the hydrocarbons were decomposed almost completely. It

should be mentioned that back-corona discharge for negative polarity of point electrode was

unstable in hydrocarbons and sometimes quenched for a few seconds.

air+CxHy (3500ppm)

—n— positive dc corona

— • — positive back-corona

- - o- - negative back-corona

0 15 30

Time (s)
45 60

Fig. 3 Concentration of CxHy as a function of treatment time
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5 200 f

% 150

I 100 +

— a — positive dc corona

• positive back-corona

o negative back-corona

c
50 -

0 -:•••

0.0 0.2 0.4 0.6

CxHy conversion

Fig.4 Energy per molecule as a function of conversion

0.8 1.0
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Typical FTIR absorption spectra before and after the gas treatment for all discharges

tested are shown in Fig.2. The maximum absorbance for hydrocarbons was for the wavenumber

2969 cm"l. The spectra in Fig.2 b-d are for the reactions products such as CO2, CO, NO2, NO,

and N2O (wavenumbers 2362 cm"1, 2110 cm"1, 1599 cm'1, 1903 cm"1 and 2237 cm"1,

respectively). The concentration of hydrocarbons as a function of treatment time for different

discharges tested is shown in Fig.3. The decomposition rate was initially most faster for dc

streamer corona discharge, however the final concentration of hydrocarbons after the treatment

time of 40 s remained at higher level than for positive back-corona discharge. The final

concentration of the hydrocarbons also tends to decrease for negative back-corona after 50 s of

treatment time. The energy expensed for decomposition of one molecule for a given conversion

is shown in Fig.4. The energy delivered to the discharge was estimated from the time-resolved

waveforms of the current and voltage pulses. Although the energy delivered to the discharge is

initially lower for dc streamer corona, the back-corona discharges are more efficient

energetically for higher conversions attainable.

4. Conclusions

The back-corona discharge provides a promising alternative to other plasma methods for

decomposition of hydrocarbons or for other chemical reactions. The vaporous hydrocarbons in

aii" were converted to CO2, CO and H2O as final reaction products in the back-corona

discharges. Such products as N2O, NO and NO2 were also detected. The final concentration of

hydrocarbons for back-corona discharge is lower than for dc streamer corona discharge. The

back-corona discharge operates at lower voltages than the dc streamer corona in the same

geometry, and for the same electrical circuit.
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It is very important to solve the problem of atmospheric air cleaning from hydrocar-
bons. For this purpose the pulsing (dielectric barrier) discharge was choosen because it
allows one to use the separating from agressiv surroundings electrodes, moreover it gen-
erate rapid ions, wich is purifying the surfase of catalyst.

The experimental device was created on the basis of flowing conductive calorimeter,
and the pulsing discharge (f=3.5 kHz, P=0.2-6.5 W/cm3) was arranged within the it's
volume.

The catalyst film was depozited inside of discharge space. The traditional catalysts for
deep methan oxidation (Pt, Pd) was analysed. The 3% mixture of methan with air was
passed through the discharge space.

The degree of methan oxidation at temperature about 200 °C in dependence on specific
discharge power was determined from heating of calorimeter.

We ought to note that it is not possible to burn down the 3% mixture of methan with
air by usual way, because it is out of bound of inflaming range.

The time of mixture being in the discharge region was 2 seconds aproximately, by this
more then 95% methane was oxidated at such low temperature as 200 °C and low specific
power near 4 W/cm3.

The obtained results allows one to discuss about possibility to put given method into
practice.
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Recent advances in high-intensity discharge (HID) lamps have greatly attracted the
interest of people working in academic as well as in industrial laboratories. Especial
interest has been lately given to the microwave-powered family of HID lamps. Such lamps
are electrodeless in nature and suffer from no electrode contamination problems, i.e. no
wall blackening and no unwanted chemical species in plasma appear in these lamps and.
therefore, their life-time is practically unlimited. Moreover, the m icrowaves can sustain
the stable discharges over a very wide range of gas pressures, what even increases the
importance of these discharges from both, technological and theoretic?.! point of view.

In this work the experimental study of microwave discharge in Xenon-bulbs, as a
possible light sources, was carried out. The bulbs were made of 50 mm long quartz-glass
tubes with outer and inner diameters of 4 mm and 1 mm, respectively, ended with 10
mm inner diameter sphere and the gas pressure varied from 10 Torr to the atmospheric
pressure. The bulbs were during experiments partly inserted in coaxial re-entrant cavity,
the dimensions of which were chosen to match the resonant condition and the condition
for electrical breakdown of Xe inside the gap of the cavity. The electromagnetic field
distribution in the cavity was calculated by the finite element method. The microwave
energy was fed into the cavity via capacitive coupler from WR430-waveguide equipped
with the moveable short and 2.45 GHz, 600 W magnetron. The magnetron was powered
with repetition frequency 60 Hz. The discharge at all used pressures enlarged out of the
cavity filling whole bulb volume and is supposed to be sustained by surface wave. In
particular we studied the microwave breakdown and the light intensity of the discharge
versus gas pressure and magnetron input power. At present the influence of geometrical
configuration of the cavity and the bulb is under investigation.
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Introduction

An interest in impulse streamer corona discharge is connected with a

possibility of its application for the gas cleaning from ecologically noxious mo-

lecular additions including NOX, SOX, CO.

However its application is limited by a lack of experimental data both

about process of development of impulse streamer corona discharge and about

the streamer channel characteristics. For instance there is much information

about the characteristics of corona discharge in literature but as a rule the

information was obtain by using a complicated impulse voltage waveform on a

discharge gap and under the different other experimental conditions . That is

why comparison of the information usually results to the contradictory

conclusions.

We have tried to define with the help of experimental investigation

corona discharge characteristics by using an impulse voltage of positive

polarity and waveform near the rectangular. It facilitates the definition of

characteristics. In particular it excludes flowing of capacity currents through the

discharge gap during the flat part of the voltage impulse.

Two electrode systems were used as the discharge gap. First system

was "wire-cylinder". It is more preferable for the gas cleaning application. And

second one was a "point-plane" gap, it more preferable for assumption of

experimental data.

1. Experimental installation
An scheme of impulse voltage generator is shown in the fig. 1. It consists

of two cable parts K 25 m long. The impedance of the cable is 60 Ohm. When
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spark arrester B closes one of the cable parts, the voltage impulse is formed on

the tested object 0 (discharge cell which is shown in the

61
u

V(t)

Jtr

fig. 1 or point-plane electrode system).The waveform of the voltage impulse is

near rectangular and impulse amplitude is equal to the charge voltage value U

or more than it. The voltage divider R1,R2 and current shunt Rs are permitted

to register the voltage impulse U(t) on the load and the impulse of the current

i(t) flowing through it.

The dimensions of the discharge cells and the conditional marks of the

experimental points are given in the table 1. Table 1.

Diameter of inner
electrode, cf

d=0.5 mm

d=1.0 mm

d=1.5 mm

Diameter of discharge cell D and its length ,/

D= 140 mm
1=770 mm

O
•

D=100 mm
1=570 mm

•

a

D=50 mm
/=570 mm

O
a

The point-plane gap consists of electrode tip which curvature radius is

order of 0.1 mm and metal plane. The metal plane has a form of circle which

radius is 300 mm. The distance between the point tip and the plane is changed

from 50 to 150 mm.

The corona characteristics such as linear density of current, volume

density of energy and its variation during the impulse time, resistance of dis-



charge cell were estimated on the base of oscillograms of impulse voltage and

current. The current, energy inculcated in the branching streamer channel and

other characteristics were defined in the case of point-plane gap.

The photographic surveying of the streamer channels were performed in

the visible and UV parts of the spectrum in the single and multiimpulse re-

gimes. The high sensitive photographic materials were used.

2. Results

The typical oscillograms of the voltage U and current / (in the case of the

dimensions of discharge cell D=140 mm, d=0.5 mm, 1=770 mm) are given in

the fig. 2. The current oscillograms in the beginning and in the end

of the impulse contain the capacitance current. It is conditioned by the voltage

changing during the front and fall of the impulse. So, the calculated meanings

of power P, resistance R and inculcated in the cell energy W are given during

the time interval corresponding to the flat part of the voltage impulse. In the fig.

2 it can be seen that by some conditions the resistance of the discharge cell R
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weakly changes during the impulse duration and is about 800 Ohm. The vol-

ume energy W approximately linear rises during the impulse time and reaches
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The experimental data are given in the fig. 3-6. The current density was meas-

ured 50 ns after the start of the voltage impulse. It can be seen the current /

and inculcated energy W sharply rise with the increasing of the mean value of

the electric field E, and all experimental data can be approximately described

by the only curve.

The corona discharge in the small diameter cell is accompanied by the

more sharp increasing of the cell resistance during the impulse time than in

the case of one in the big diameter cell. It results in the speed reducing of the

energy increasing during the impulse time in the case of the small diameter

cells.
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The experiments with the point-plane geometry showed that the current in

dependence on the distance between the electrodes and voltage is changed in

the range 0.2-5 A.

The discharge has a form of a cone. The cone consists of the weakly

lighted streamer channels. In the UV part the channels are more diffusive than

in the visible part of the light spectrum.
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The change of the impulse duration by means of an auxiliary spark arrester

showed that it can be distinguished .two stages of the streamer discharge. The

first stage is the rise of the streamers and intersection by them of the discharge

gap. The second one is heating of the individual streamer channels and rise of

more bright channels which move to the contrary electrode and result in break-

down. So the shown experimental information supplements the published ear-

lier article [1].
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MATHEMATICAL MODELLING OF CHARACTERISTICS
OF CYLINDRICAL ARC ON THE BASIS

OF THREE-TEMPERATURE MODEL OF PLASMA

V.M.Lelevkin, V.F.Semenov

Kyrgyz-Russian Slavic University, 720000, Bishkek, Kyrgyzstan; 44 Kievskaya str.

ABSTRACT

A valuation of thermal non-equilibrium of plasma in a hydrogen arc stabilized by the
cylindrical channel with the diameter of 2-8 mm was conducted at pressure 0.01-1 bar and
current strength 10-100 A on the basis of simplified three-temperature model.

INTRODUCTION

Two-temperature approximation accounting thermal non-equilibrium in translational
degrees of freedom of electrons and heavy particles (atoms, ions) [1] is applied for the
description of plasma of atomic gases. The similar approach is used in [2] for a plasma of
molecular gases, where alongside with temperatures electrons and atoms (Tt ~TJ temperature
of molecules Tm is entered.

The heating of molecular gas occurs as a result of elastic and non-elastic impacts of
electrons with heavy particles. In comparison with the atomic gas an additional channel of
electrical field energy transfer to the plasma through oscillatory levels of molecules to
translational of degree of freedom will be realized in the molecular gas. Thus the stock of
energy of oscillations can exceed the average energy of translational movement of heavy
particles and for simulation of physical processes in the plasma it is necessary, besides
temperatures T, Tc, to enter vibrational - Tv [3,4].

MODEL

During the construction of three-temperature model of hydrogen plasma it is
supposed that the distribution of molecules on rotary levels is close to equilibrium
distribution with temperature of translational movement of heavy particles, the plasma is
quasi-neutral and is in ionization equilibrium (equality of velocities of direct and return
processes), radiation is volume. Vibrational-translational relaxation occurs under the
conditions of quasi-equilibrial distribution of molecules on oscillatory levels described by
Boltzmann equation.

A cylindrical arc in which change of characteristics of the plasma in the axial
direction is not essential in comparison with the radial direction and where properties of the
flow weakly depend on boundary conditions in initial section is considered.

Fig. 1 shows the simplified scheme of distribution of energy in the plasma of
molecular gases: ET - elastic collisions of electrons with heavy particles, EV - excitation of
vibrational levels of molecules by electronic impact, VT - energy exchange between
vibrations and translational energy of heavy particles, qe, qh - conductive flows of heat of
electrons and heavy particles, qv - density of the flow of vibrational energy on the account of
the diffusion of molecules, \\i- volume radiation, o~E2 - dissipation of the electric field energy
by electron gas.
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Fig. 1. Scheme of energy distribution in plasma.

In conformity with the accepted scheme (Fig. 1) the equations of energy of electrons,
heavy particles and vibrational energy of molecules are written in the form:

r di
1 d

dr

dt
r dr \ dr

^k(Tc - T)SenevL.

- KtVntnmhw =0

ET)= 0,

LAL
r dr

rD,
dr

K e V n e h v - K V T n J z v - z T ) = 0 ,

where s r / = hv is average vibrational energy of molecules, s r is its

equilibrium value corresponding to the temperature of gas, h\> =0,545 eV is energy of
excitation of the vibrational level of hydrogen molecule, 5(, = 2me / mn is coefficient of
elastic energy transfer at collisions of particles. The system of differential equations is
supplemented by the Ohm law

R

I = 2nEjaerdr ,

Saha equations

n,,n,

3/2

3/2
Uj-AU,

state equation P = 2_, n jkTj and by the condition of quasi-neutrality nt. ~ «..

Decrease of potential of ionization and Debye's radius:
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eok

n j z j

T

-1/2
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Transport coefficients and thermophysical properties of hydrogen plasma are calculated on
the basis of the elementary kinetic theory:

_ _n/ K , nek
2Te K , 2nenaD^UJ

>\ ( i t

where the kinetics corrections of Ka =1.46, Ki~\, and V • = ^ 9 •nKQk is frequency of
k

collisions. The coefficients of diffusion of atoms ( j-a ) , excited molecules ( j=m ) and
ambipolar diffusion of the charged particles are defined by the expressions:

j

The velocities of vibrational-translational relaxation [5] and excitation of vibrational levels
of molecules by electrons are defined by the expressions:

Where Ko has a value close to the velocity of gas-kinetic collisions of molecules, Pm is average
probability of oscillatory transition 0—»1 at the collision of the molecule with electron [4]. At
lcTv, kTc » hv the value of losses of energy electrons for the excitation of vibrations of
molecules becomes

The cross-sections of collisions of particles with neutral components of the plasma

Qjk • 1020 [m2 ] for the interval of temperatures (0.3-20) KK are set by nonlinear functions T

or Tt. and change within the limits g,,,,,=23-15; g,m = 17-10; QflO=22-10.8; ge(n=8.5-19.5;
(^=44-13.5; Q,,,=25-27.4; gi(=28-30.4; Qjk=Qkj. For charged particles:

Radiation energy of hydrogen plasma is approximated by the expression

vj; = 1,42 • 10'4" (T)l/2n2,

Where s = 6,6 eV.
The boundary conditions are set on the axis of the arc and the walls of the channel

with use of the model of collisionless electrostatic screening layer for electrons

dT T,.Dm,.

TRme

T- T
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Where nt,R is found from the condition:

, 9 =
""' dr J,

The solution of the equations is carried out by the numerical method for the given
current, radius of the arc and pressure..

RESULTS

The results have shown (Fig. 2) that in molecular gases the electron energy is mainly
transferred to vibrational degrees of freedom and only during vibrational relaxation the
energy comes into translational degrees. The main losses of energy of electrons in molecular
gases are stipulated by non-elastic processes having small values of threshold energies and
significant sizes of effective sections. Unlike elastic collisions characterized by small efficiency
of energy exchange ~5 e at each act of excitation of vibrations the electron loses energy equal
to the oscillatory quantum. Exchange of vibrational and translational energy becomes
difficult due to the small period of vibrations of the molecule in comparison with the
frequency of the interaction of colliding particles. It causes "stratification" of temperatures
(Tc>Ty>T) on the section of the channel. At lowered pressure the energy of electrons
essentially exceeds the average energy of translational movement of heavy particles and the
energy of vibrations of molecules.
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r/R

Fig. 2. Distributions of temperatures Te, Tv, Ton section of the arc at 7=50 A, R=\.5 mm
and pressures of 1 and 0.01 bar.

With increasing of the arc current and pressure the exchange of energy of electrons
with heavy particles occurs more intensively the velocity of the relaxation of vibrational
energy into translational degree of freedom increases. The transfer of energy of the field into
plasma through vibration of molecules does not render appreciable influence on thermal and
current-voltage characteristics of the cilindrical arc. At / > 50 A and pressure close to
atmospheric the vibrational and translational temperatures tend up to the level of the electron
temperature, i.e. equilibrium model of the plasma is applicable. The maximum difference of
temperatures Tc, Tv^T\s observed only in the near-wall area and is « 2 KK.
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Unlike atomic gases (argon, helium) in hydrogen the profile of temperature in section
of the arc is non-monotonous and less filled, the "hot" core of the arc with intensive heat
removal by thermal conductivity to the wall with the formation of practically constant
temperature T~2>.5 KK between the core of the arc and the wall of the channel. At R>5 mm the
temperature on the axis of the arc weakly depends on the current strength, and increasing of/
has an effect mainly on the expansion of the conducting border of the arc column.
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Fig. 3. Dependence of E, Te0 on the electric current; R=1.5 mm, P=l bar;

experimental data: * - partial LTE is assumed, o - complete LTE is assumed; lines mean is
calculation.

Fig. 3 illustrates data of the measurements of electric field strength and axial temperature
of plasma depending on the electric current recalculated for a 3 mm diameter channel [6]. As can
be seen from Fig. 3 the conformity of calculated and experimental data obtained on the basis of
partial LTE is good enough.

At P-0.01 bar and / < 50 A the non-equilibrium of the plasma is displayed on all
section hot core of the arc characteristic for P=l bar disappeares, the profiles of temperatures
are evened and practically do not change on the section (at R=2 mm, /= 50 A: 7^,-10 KK, TV

~5 KK, T~3 KK).

Acknowledgements. This work was supported under grant No. 94-2922 of INTAS.

REFERENCES

1. Lelevkin V.M., Otorbaev D.K., Schram D.C. Physics of Non - Equilibrium Plasmas
Elsevier Science: North - Holland, 1992, 418 p.

2. Dresvin S.V. The Fundamentals of a Theory and Calculations of RF Plasmatrons,
Energoatomizdat, Leningrad, 1991, 312 p.

3. Rusanov V.D., Fridman A.A. Physics of Chemically Active Plasmas, Nauka,
Moscow, 1984.

4. Biberman L.M., Vorob'ev V.S., Yakubov I.T. Kinetics of Non-Equilibrium Plasmas, Plenum
Press, New York, 1987.

5. Pirumov U.G. Roslyakov G.S. Gas Dynamic of a Pipe, Nauka, Moscow, 1990, 368 p.
6. Asinovsky E.I., Kirillin A.V., Nizovsky V.L. Stabilized Electric Arcs and their

Application in Thermophysical Experiment. Moscow, Nauka, 1992, 264 p.



CZ9827325
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ABSTRACT

The measurement of current-voltage characteristics of a torch discharge at various

distances from a corona-form ing electrode to a plane connected to earth is carried out

(conducted) on the basis of the developed experimental installation. Power characteristics of the

charge, consisting of many close-located corona-forming elements are considered.

INTRODUCTION

A corona-discharge from a positive point, wire, or sharp edge accepts various forms

dependening on external condition [1]. One of them, named 'Torch' discharge looks like

diffusion glow filling partially or completely the discharge internal. This is a specific type of

discharge in the air at atmospheric pressure. Under certain conditions such a discharge can be

stable, not to be interrupted and not to go over into other forms of the charge: a spark or arc.

EXPERIMENT

The experimental installation (Fig.l a.) principally does not differ from conventional

ways of realization of a corona discharge. The power source allows to change voltage to 25 kV.

The size of the discharge interval was regulated within wide limits. Corona-forming elements (up

to 36), (Fig. 1 b.) in the form of 50 mkm - thick copper plates or 100 mkm - thick steel plates are

introduced into the discharge contour.

The visual and electrical measurement showed the following sequence of the

development of the discharge: with the increase of voltage a torch corona is displayed on the

corona-forming electrode (I max cor. Fig. 1) in the form of a short glowing column surrounded



by a halo of diffusion violet glow; at the voltage Uf the glow reaches \he opposite electrode. The

maximum

t +

0-14 KB =

a b

Fig. 1 Circuit of the experimental installation.

current of the single torch is 375 uA at the voltage of 14 kV and the distance from the copper

corona-forming electrode to the earth connected grid 12 mm. Further increase of voltage causes a

spark or arc breakdown of the discharge interval. The increase of the distance between the

electrodes to 22 mm effects the reduction of the inclination of the voltage-current characteristic.

The area of steady burning AUr increases to 10 kV. It has been found out that a single 'torch'

does not burn steadily and often is transformed into a spark or arc form of discharge. When a

'torch' discharge is carried out from many closely located places it burns steadily and its electric

characteristics do not change for a long time.

The condition of technological use of this discharge is filling a sufficiently large volume

with many single torches. With this purpose a unit consisting of 36 corona -forming elements is

introduced into the discharge circuit. Fig. 3 illustrates the voltage-current dependence for 36

corona-forming elements made of 50 mkm - thick copper and 100 mkm - thick steel for different

distances between electrodes. The figure shows that it is more expedient to use thin copper

electrodes than iron ones, as the inclination of voltage-current characteristics for copper is less,

and, respectively, the area of steady burning AUlorh is 2-5 times aslarge (depending on the size of

the discharge interval).

The maximum power consumed by the charge in these experiments is 210 W for 36

corona-forming elements or ~ 8 kW per 1 m2 of the area covered by the charge. These are good

energy parametres for a corona discharge what allows to use it in various plasma technologies. In

the 'torch' discharge the synthesis of ozone of atmospheric air is carried out without its
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preliminary drying. Specific energy expenses for the ozone synthesis in the considered case are

low.

400
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Fig. 2: The voltage-current characteristics of the 'torch' discharge
for various distances between the electrodes.

10

Fig. 3: The voltage-current corona-forming electrodes mmade of
copper (•- • • ) and of steel (—•—).
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ABSTRACT:

The effect of ,,anomal" dc corona discharge on VOC removal was investigated. The
experiments were aimed to optimise removal efficiency on following compounds:
cyclohexanone, ethyl acetate, toluene, xylene (mixture), ethyl benzene, styrene, monocyclic
terpenes (colophony), phenols and their mixtures. The originated products and removal
efficiency were estimated by IR absorption spectrometry. The measurements were done both in
• stable state regime to gain time development of process and products
• flowing regime variating flowing velocity, flowing direction and concentrations of VOC in

the carrying gas (air)

The effect of outer electrode material and its diameter on the removal processes was also
studied. The influence of ultrasonic aerosolation of water on process efficiency was tested. As
in each case the main product was solid polymer mixture in powder form, the new method for
electrode cleaning was developed.

Introduction:
Volatile Organic Compounds (VOC) comprise to global ecology by smog production due to

specific compound so called peroxyacylnitrate (PAN). The VOC sources are very heterogene and
can be found in all sorts of industry, in heavy industry (oil mining and processing, petrochemistry,
rubber industry, chemical industry, production and treatment of plastic materials, pulp and paper
industry, production and treatment of fat and grease, cosmetic and pharmaceutical industry,
energetics) as well in light industry (production, treatment and use of painting, treatment and
conservation of wood and others). Not negligible contribution to VOC discharge is brought by
communal sources (waste combustion, evaporation and putrefaction of waste) and indoor
emissions as gas stoves, smoking and other. The specific place in VOC discharges has traffic.
Agriculture contributes to VOC discharges especially due to the animal production.

Experimental:
For measurements we have used the anomal corona discharge stabilised by resistance. The

high voltage electrode was in form of internal thread. We suppose, that similarly as glow
discharge with hollow cathode, also this discharge probably burns from holes of internal thread.
The both electrode surfaces were modified due to action of corona pre-discharge so the convenient
areas for the enhanced electron/positive ion emission arise. The transport of metal from HV to LV
electrode occurs similar as in arc. From the IR analysis of electrode surface comes out that
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surface layer/spots with high dielectric permitivity are probably responsible for this enhanced
emission. The discharge travels between these surface spots with high velocity. The anomai
corona discharge arises at higher currents after regular dc corona pre-discharge. This process is

connected with the fall of voltage from 10 kV
(normal corona regime for given electrode
configuration) to several hundreds of volts and
current rise up to ~ 2 mA. The discharge
changes to spontaneously pulsing ,,brush-like"
streamer type of discharge with current pulses
frequency about 1 kHz accompanied by an
intensive sound. The cathode and anode spots
are fully developed in the near electrode region.
The current voltage characteristics of anomai
corona discharge in the frame of whole
characteristics is seen from Fig. 1 (part f and g
of the discharge).

The investigated form of the discharge is
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Fig. 1 The current-voltage characterises of the
anomai corona discharge - part f and g

important for good parameters concerning
chemical reactions especially in VOC removal
The energy accumulated in the discharge is
lower comparing to glidarc so only particular
destruction of organic compound occurs. After

destruction process polymerisation in outer corona region take place. This type of VOC removal
is important concerning the CO2 minimisation in atmosphere.

Measurements were made in static regime in gas cell discharge tube described on Fig.2 (to
gain time development of process and products) or in flowing regime in coaxial corona discharge
system both in positive and negative polarities of dc corona discharge. Flowing mixture of air
with VOC up to saturated vapour pressure was realised by bubbling of air from pressure

HV electrode

Spectrometer

KBr window

KBr window

IS source

Diichtrge current

tank through flowmeter with
needle valve and temperable
bubbler with studied
solution. For tests were used
following solvents:
cyclohexanone, toluene,
xylene (mixture), ethyl
acetate, ethyl benzene,
styrene, monocyclic terpenes
(colophony), phenols and
their mixtures. The
necessary water for process
was introduced via
ultrasonic aerosolator. For
each mixture gas

before/after the discharge and the surface of used plane LV electrode was analysed using IR
absorption spectrometry of gas and reflection IR spectrometry. The water from process was
accumulated and liquid or solid products soluted or suspended in water were analysed by ATR
reflection spectrometry on KRS5 crystals with 45° reflecting angle. The solid product (if was
originated) was separated from water, dried and treated by the KBr pellet making technology for
scanning of IR absorption spectra.

Plate electrode

Fig, 2 Gas cell discharge tube
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Results and discussion:
We present spectra, where the efficiency of liquidation process is greater, the product on the

low voltage electrode is significant or the changes of the studied compound are characteristic for
this group of compounds. From this point of view the mixtures

• air plus cyclohexanone and applied negative polarity of the discharge (Fig. 3),
• air plus ethyl acetate and negative discharge polarity (Fig. 4),
• air plus toluene and positive discharge polarity (Fig. 5)

are important and presented here. Styrene, monocyclic terpenes as colophony and phenols are
more in details described in [1].

Measurements with ultrasonic aerosolidation of water into discharge tube confirmed our
hypothesis that main initiation factor of hydrocarbon destruction is -OH radical. This leads to the
increase of removal efficiency for both positive and negative polarity of the discharge for about
25-30% comparing to dry process. The process is coupled with the increase of CO2 production
of about 3% and decrease of CO production to less than 0,25% The presence of water and its

dissociation products -OH
radicals and hydrogen
influenced the type of
reaction products. Nitrogen
as the air component is
dissociated to nitrogen
atoms, which can be
activated. In spite of this
functional groups -NH and -
NH2 are produced. Their
presence leads to the creation
of oxime of cyclohexanone.
Air oxygen is activated to
primary oxygen, ozone or -
OH radical. These
components of activated air
cause opening of
cyclohexanone ring in the
place of -CO group and
further oxidation up to adipic
acid or other dicarboxylic
acid. Among fragmentation
products also ethanol is
present.
Fig.3 IR absorption
spectra of gas before and
after negative corona
discharge in the mixture of
air plus cyclohexanone and
reflection IR absorption
spectrum of the surface of
low voltage electrode
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The microscopic photography of the solid
dark white product created in negative
corona discharge in the mixture of air
with cyclohexanone is in the figure. The
powder was a mixed copolymer with
following structural components
polyamide, polyimidoester, polyimide,
aminoacid and oxamidato complexes and
malone acid anhydrid.

From the IR absorption spectra on Fig. 4 for mixture of air with ethyl acetate after negative
corona discharge the sharp decrease of hydrocarbon groups -CH3 and CH2 is seen. In the case of
positive polarity the decrease is smaller hi the same time the decrease of carbonyl group-C=O at
1742 cm"1 and -C-O- at 1182 cm"1 occured All these changes were initiated by the -OH radical
created in corona discharge via water activation. Similar as by cyclohexanone also in ethyl

acetate ethanol was produced
in fragmentation process, hi
IR absorption spectrum of
gas products rise the band
group at 1300-1450 cm"1

Activated nitrogen created in
the discharge
hydrocarbone
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broke the
string and

past into carbonyl group to
produce -C=N=O, or oxim
group -C=N-0-. Due to
dimerization bright group of
compounds with IR bands in
the described region of IR
spectrum are produced
These group of gas and
liquid compound are
responsible for origin of
copolymers on the surface of
LV electrode containing
polyimid, polyaminoacid,
polyurethan and polyamid
groups.

Fig.4 IR absorption
spectra of gas before and
after negative corona
discharge in the mixture of
air plus ethyl acetate and
reflection IR absorption
spectrum of the surface of
low voltage electrode
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In the case of positive corona discharge in both ethyl benzene and toluene (Fig. 5) is seen
different character of changes as in the case of ethyl acetate and negative polarity of the
discharge. Similar as in ethyl acetate the decrease of hydrocarbon groups is voluminous
concerning to band at 3000 cm"1 The CO and CO2 are not present between the products. The
character of products is dependent on the destruction degree of benzene ring. The destruction
products concerning the degree of destruction are benzoic acid, adipic acid, malone acid anhydrid.
Also disubstiuated aromatic izocyanates are present. In negative polarity the removal efficiency is
lower. The destruction products have other composition. Between the products dominate CO2,
CO, water and alcoholes.

Conclusions:
The investigated form of
discharge is important from
the point of view of suitable
parameters concerning a
chemical reactions especially
for VOC removal. In anomal
corona discharge electrode
surfaces were modified by the
action of corona pre-
discharge, electron/positive ion
emission arise due to surface
layers/spots with high
dielectric permittivity. Energy
content of anonal corona is
lower comparing to glidarc
and consequently only a
particular destruction of
organic compound occurs. The
process is followed by further
polymerisation of originated
radicals near or on the LV
electrode area. Such character
of VOC removal has a great
importance from the point of
view of CO2 minimisation in
atmosphere.
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Fig. 5 IR absorption
spectra of gas before and after
negative corona discharge in

v[cm"1] the mixture of air plus toluene
and reflection IR absorption
spectrum of the surface of low
voltage electrode
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Instability in the discharge with liquid electrode

E. V. Martysh, V.S. Sidorenko

Radio Physical Department
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vul. Volodymyrska 64, 252601, Kyiv, Ukraine

Investigations of various types of the electric discharges with non traditional electrodes
were held during the least years.In this case, one or two electrodes are under the liquid
surface. Most interesting situations for some applied problems, such as waste water treat-
ment, etc. include the atmospheric pressure and room temperature of gaseous phase.
Some authors report about specific instability of discharges near liquid electrodes when it
is a cathode or near both electrodes when all of these are under liquid surface. We propose
the theoretic simulation of the first situation, which is connected on our point of view,
with high-developed ionize-overthermal instability. Using this model, one can obtain some
parameters of discharge at non-linear stage of this instability.
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Some possibilities of the plasma activation
of the solution processes.

A.I.Maximov , S.M. Kuzmin.
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Russian Academy of Science, Ivanovo, Russia.

The use of the low pressure gas discharge plasma allows the activation many of the

homogeneous and heterogeneous chemical reactions. However on this way it is difficult to

achieve the selectivity of the chemical processes. At that time the selectivity of the chemical

reaction may be attained by means of the solution processes. Therefore the combination of the

plasma activation and solution processes may be very usefull. We have investigated the

physical and chemical properties of the system solution-plasma. Three basic variants were used.

As a rule the water solution was the cathode, the cupper, steel or graphyte pointed wire with the

diameter about 1-2 mm was used as the anode. Wenn the wire was situated over the water

surface the corona or "glow arc" discharge may be ignited. The current of the arc was about

20-50mA and the voltage was about 2000-3000V depending on the distance between the anode

and solution surface (3-10mm). The current of the corona discharge was varied from 20 to

lOOmkA. Besides that the wire may be immersed into the solution. In this case the discharge

was ignited in the gas-vapour layer between the metal and solution. In this regime the discharge

current may be changed from 70 mA to 200 mA and the voltage was about 500 V. Some

physical parameters of the "glow arc"were investigated . We have measured the electric field

strength distribution in the plasma column and the cathode potential drop depending on the the

discharge current and solution composition. Our experimental results are in good agreement with

well known data for free burned arc as well as for low pressure glow discharge. On the base of

these data we have developed the model of the "glow arc". The model takes into consideration

the ionization of the gas molecules by the electron impact, charge diffusion to the plasma

boundary as well as the energy balance. The calculated electric field strength is in good

agreement with the experimental result, the calculated gas temperature is about of 2000K. The

calculation of the cathode potential drop was made assuming the absence of the charged particle

emission from the solution taking into account that the thickness of the double electric layer is

less than the free path of the ion. The result of the calculation is in good agreement with

experimental data. The plasmas mentioned above effect some of solution properties. The action

of the "glow arc"on the distilled water causes the increase of its conductivity about three order of

the magnitude. Simultaneously the acidity of the solution increases essentially. In the case of the

corona discharge this effect is hardly evident. The action of the transitional (from corona to glow

arc) is like to that of glow arc but somewhat less. We have researched some of processes in water

solution under the plasma action. There are the the oxidation of the J' - ion and

monochlortriazine dye solution, the carbon activation and flax bleaching. The adsorption

spectroscopy , the measurement of the pH and ions concentration in solution, ESR spectrum of

the lignin in the flax cellulose were used for this aim. It was found that the oxidation effects

may be achievd by use different of the discharge types without addition any special oxidizer. The

mechanisms and kinetics of these processes as well as the basic active particle kind depend on the

discharge properties. Probably the main stable active particles in the solution are ozone and

hydrogen peroxyde.



283

Development of a Low Ozone Generation Corona Charger

Okazaki S.,Kogoma M.JnomataT.

Department of Chemistry , Faculty of Science & Technology,

Sophia University,

Kioicho 7-1, Chiyoda-ku, Tokyo 102, JAPAN

ABSTRACT

To reduce the formation of ozone in a corona charger for electro-

photography, the heating effect of the fine center wire and the holding effect

of ozone decomposition catalyzer on the wire were examined in air and in

oxygen. Either can reduce ozone formation current efficiencies. The catalyzer

effect reduced the ozone formation to 1/10 of that in the experiment without

catalyzer.

INTRODUCTION

A charge-up process on photo semiconductor surfaces is generally

used for negative corona discharge, but the negative corona charger

encounters more ozone formation than that obtained during application of a

positive corona. But the sensitivity of the photo- semiconductor is not

sufficient for the positive corona, so one must use the negative corona.

In the corona discharge, ozone is produced mainly in the region of

the center wire electrode; this phenomenon has been well studied. The

oxygen atom formation reaction J1J produces the ozone in the next reaction

12].

o2

o2

+

+

e

0 +

. >

M

2 0 +

_ >

e

o + M

[1]

[2]

The main reaction of ozone formation [2] has a negative activation energy, so

the amount of ozone formed shall be decreased with ascending temperature .
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So when a fine wire electrode from which a corona discharge occurs is

heated, this heating effect on ozone formation can be examined. The effect

of ozone decomposition catalyzer coated on the fine center wire was also

examined.

EXPERIMENTAL

A corona discharge tube has a fine wire electrode(50 micrometer radius)

of tungsten in the center of a stainless tube of 2.2 cm diameter. In Fig. 1, a

circuit for applying continous voltage, for heating of the fine wire and for

measurement of wire temperature is shown. Ozone decomposition catalys

(Nickel oxide powder) is coated on the tungsten wire.

Heating of the wire was done by direct current. Wire temperature was

measured from the change of wire resistance, which was analysed in a bridge

circuit. The bridge circuit and the heating circuit are separated by a blocking

condenser.

Sample gases are air and oxygen; ozone value was measured by the KI

titration method.

2200 uF i Fine electrode

Blocking capacitor

Bridge circuit

•Heatingcircuit

1kHz

DC high voltage

Fig. 1 Schematic of an experimental apparatus for the fine wire type corona

discharge tube.

The measurement circuit of electric resistance of the center wire

electrode is put in the dotted column. Tungsten corona wire diameter

:0.05mm;length: 225mm; Inner diameter of tube electrode : 22mm.
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RESULTS AND DISCUSSION

Figure 2 shows the relation of corona discharge current and

ozone formation value. The negative corona clearly forms a larger ozone

o
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Fig.2 Ozone yields as a function of

discharge current in O2 and air with

fixed applied voltage.

Fig.3 Discharge current as
function of temperature

of center electrode in air.

yield than that of the positive corona discharge, in air and also in oxygen. The

amount of ozone formed is directly proportional to the corona discharge

current. The electro-photography in a laser printer uses the negative corona

charger, because photo-semiconductors do not yet have sufficient sensitivity

against the positive ion charge-up. So the amount of ozone formation in the

negative corona must be decreased.
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The results of the first experiment of wire heating method are shown in

Fig. 3. Namely, wire heating increases discharge current for the same

applied voltages.

By corona discharge theory( 1) , discharge current i is shown as the

next equation. When the temperature near the center wire increased, the

gas density d decreases and the electron mean free path le increases. So the

electrolytic dissociation coefficient increases;

i = (V - Vo)Vo k[ r2 ln(r/r')]

Vo .Discharge starting voltage; V , Applied voltage;

r , radius of center wire; r ' , radius nf external electrode;

k , ion mobility; T , Temperature; P , Pressure; d , gas density.

then the discharge starting voltage Vo decreases. On the corona of fine wire,

Vo is very small, so (V-Vo) is about the same as V. Also the mobility k is

shown by the next relation: k oc 1/d oC T/P. Therefore if applied voltage V

and pressure P do not change, discharge current i increases with increasing

temperature.

So the wire heating effect must show the [ozone yield-current ratio]

as shown in Fig.4. For both negative corona and positive corona, the ratio

decreased with heating of the wire. The heating energy which was added in

the center wire is only a few watts, so the temperature of gases in bulk far

from the center wire remains almost the same.

These clear temperature effects on ozone formation as shown in Fig.4

mean that reaction of ozone formation is limited to very near the center wire.

The electrode with catalyzer powder on a wire decreased extremely the

current efficiency of ozone formation, as shown in Fig. 5. All lines of the ratio

of ozone-current with temperature decreased, the value of the ratio is about

1/10 that of the no catalyzer electrode experiment. Namely it is a negative
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corona charger, but the ozone formation efficiency is the same value as that

of a positive corona charger. This method is useful to apply to the corona

charger (2).

10

'"> 5
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o L
o

O3,positive

o
o

o
03
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Temperature/°C

250

O2,positive

AJr, positive
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Temperature/°C
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Fig.4 Ratios of ozone yield - discharge Fig-5 Ratios of ozone yield -

current as a function of center discharge current as a function

temperature in O2 and air. of cataryst coated center electrode

temperature in O2 and air.
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Optical Diagnostics of Laser Produced Plasma

J. Pavlik, S. Novak, R. Hrach, P.Kuba

Faculty of Education, J. E. Purkyne University Usti nad Labem
Ceske mladeze 8, 400 96 Usti nad Labem, Czech Republic

A.M. Kosecek, P. Fodrek, F. Kolenic

Welding Research Institute, Bratislava
Racianska 71, 832 59 Bratislava, Slovac Republic

The method of optical emission spectroscopy was used for
acquiring of basic.data of a so called plasma "plume" formed by
a treatment of metal surfaces or welding of metals (austenitic steel and
low carbon steel). Argon, Helium or their mixture is used as a working
gas for welding. Nitrogen is used as a working gas for the heat treatment
of metal surfaces.

The material is heated by the interaction of the CO2 laser beam
and the treated material. At the same time the ionization of working gas
occurs and the plasma "plume" is formed near the processed surface.
There are both the working gases and vapours of the processed material
in the plume.

We have used a simple system of an fiber optic cable with an fiber
optic probe. It allow us the precise probe positioning toward the plasma
"plume". We have used the mirror monochromator SPM 2 with the Si -
prism .

Results of the measured emission spectra show that the emission
spectra mainly include the emission lines of the processed material
components like as Fe, Cr and Ni. The emission lines of the working
gases are presented, too.
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ESTIMATION OF POWER REQUIRED FOR PULSED
CORONA AIR CLEANING FROM ORGANIC ADMIXTURES

BASED ON IONIZATION CHARACTERISTICS
OF THE ADMIXTURES

A.Z.Ponizovsky*, L.Z.Ponizovsky*, V.L.Boudovich'*,
E.B.Polotnyouk", A.P.Shvedchikov*", E.V.Belousova***

* SEDB "Horizont", 8, 2nd Donskoy pr., 117071,Moscow, Russia
* Chromdet/Analytical Instruments, Moscow

** Semyonov IChPh RAS, Moscow

The work presents the results of experimental investigations on pulsed corona air clean-
ing from organic admixtures. The experiments were performed by means of an experi-
mental installation at air flow rates 0.02 - 0.30 c.m./h and admixtures concentration 100
- 800 ppm.

The process of air cleaning was run inside a grounded stainless cylinder with a volume
about 1.3 1 supplied by a coaxial high voltage electrode attached by means of two bushing
insulators. The high voltage electrode was feed with 20 kV DC voltage superimposed by
high voltage pulses with amplitude of 55 kV, front edge of 100 ns and duration of 200
ns. The pulse frequency was varied in the range 10 - 50 Hz. Starting admixtures and
products resulting from the action of corona discharge were analyzed by means of a UV
spectrophotometer "Specord M-40", a gas analyzer "Kolion-1", and a gas chromatograph
with a flame ionization detector.

In our experiments we have studied the air cleaning from following admixtures: styrene,
M-xylen, toluene, phenol, acrylnitryl, benzene and methylethylketone. Specific power con-
sumption by pulsed corona air cleaning from enumerated admixtures has been determined.
The spectrophotometric and the chromatographic data show that the action of pulsed
corona discharge results in decrease of total organic carbon concentration. The analysis
of obtained experimental data shows a close correlation between ionizing potentials of or-
ganic compounds and specific power required for air cleaning from these compounds. The
possibility of estimation of specific power consumption by this cleaning technique based
on the sensitivity of a photoionizing detector for the admixtures is discussed. The results
obtained in these experiments are not only of scientific interest but may have a great
importance by designing of industrial cleaning devices.
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INFLUENCE OF DC CORONA DISCHARGE WITH ONE ELECTRODE
DEEP IN WATER ON THE MIXTURE OF COMBUSTION PRODUCTS

OF NATURAL GAS WITH NATURAL GAS

ERIKA RUZINSKA, MARTIN KURDEL AND MARCELA MORVOVA

Institute of Physics, Faculty of Mathematics and Physics, Comenius University
Mlynska dolina F2-89, 842 15 Bratislava, Slovak Republic

ABSTRACT:
DC corona discharge in wire - plate geometry with low voltage electrode immersed in

water was applied to combustion exhaust of gas burner. The distance between HV electrode
and water surface was 8 mm and between electrodes 11 mm. The length of discharge gap was
100 mm. Gas flow contains mixture of combustion exhaust with admixtures of natural gas.
Applied gas flow rate was about 5 dm3/min.

After dc corona pre-discharge and current saturation the spontaneously pulsing
discharge with migrating channels was formed. The total current was up to 1.5 mA. The
applied voltage varies between 1+4,5 kV. The consequent strong evaporation of water was
observed.

Input and output gas products, compounds formed on electrodes, solid and liquid
products formed in water were analysed using dispersive IR absorption spectrometry with
various techniques.

Highest decomposition rate of methane was observed in positive corona with HV
electrode from Mo and Cu which reached 77 % and negative corona with HV electrode from
Cu up to 96 %. The main liquid product was ethanol. Minority products were: methanol, acids
such as acetic, malic, tartaric, malonic, carbonic and their esters, aminoacid alanine, nitrogen
containing compounds based on -NCO radical as urea, cyanic, isocyanic, carbamic, cyanuric,
isocyanuric, iminocarbonic and barbituric acids. Solid surface products on electrodes were
especially polyesteroimides.

Transport of wire material inform of organometalic compounds to plate electrode was
observed: in the case of Mo wire Mo(CO)6and ,,Keggins ion ".

EXPERIMENTAL
The experimental apparatus consists of four parts: source of combustion exhaust, electric

discharge reactor, electrical part, gas flow equipment. The source of combustion exhast was
laboratory calorimeter on gaseous fuel (VEB Junkalor Dessau). As a fuel was used natural gas
containing 96% of CH4. The exhast gases were cooled and mixed with additional natural gas
This was because in the calorimeter complete combustion occured, but we were interested in
incomplete combustion exhast The flow rates of combustion exhast and natural gas were 4,2 -5,5
dmVmin and 0,125-^0,5 dmVmin, respectively i.e. the concentration of CH4 was changed between
3.2 and 15%.

The electric discharge reactor was placed into IR spectrometer gas cell, as shown on
Fig. 1. In addition to the presented scheme, plate electrode (Cu) was immersed in water The
distance between HV electrode and water surface was 8 mm and between electrodes 11 mm As a
HV electrode was used wire coiled up on dia 6mm glass tube. The material of wire was varied,
following materials were used: copper, bras, molybdenum and stainless steel. The length of
discharge gap was 100 mm. The scheme of electric circuit is shown in Fig.2. The reactor was
placed between two IR gas cells with KRS5 windows yielding the information about chemical
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composition of the gas before and after discharge exposure. The chemical composition of gas,
water and surface products formed on electrodes was analysed via various techniques of IR
absorption spectrometry. The IR spectra from following samples were used for analysis:
• the sample from water solution in the gas cell-discharge tube with the use of ATR technique

and KRS5 crystal
• the sample from liquid after destilation from the gas cell after discharge with the use of ATR

technique and KRS5 crystal
• the sample from solid product separated from water with the use of KBr pellet technology
• the sample from solid product on central HV electrode with the use of KBr pellet technology
• the sample from solid product on plate LV elctrode with the use of reflection IR spectrometry

These analyses were made for each material of electrodes, polarity and 4 values of add
CH4 concentration i.e. 0.125; 0.25; 0.375 and 0.5 dm3/min.

As the gas flow volume was 6 dm3/min (i.e. 100 cmVs), the discharge volume 6.3 cm3,
the residence time of gases in discharge area were about 0,06 s.

Vacuum
chamber Piimp

HV
electrode

KBr
window

•{ Y Y Y YYYYYY/iHHrf \

Plate
electrode

KBr
window

Discharge
current

Voltag

Discharge
current

Fig. 1 Fig. 1

RESULTS AND DISCUSSION
In most cases after dc corona pre-discharge and current saturation a steady state

spontaneously pulsing discharge with migrating channels was formed. In positive polarity
powerful conical moving streamers were developed. The voltage decreasse to 4,4 kV and the
current reached values between 0,7 and 1,5 mA. In negative polarity the streamers were thin. The
voltage decrease to 1 kV for Cu, 3 kV for Mo, 4.4 kV for brass and 4 kV for stainless steel high
volate electrode and the current reached values 1,3-1,5 mA. hi both cases the consequent strong
evaporation of water was observed.

The input gas are main combustion exhaust i.e. the mixture of nitrogen with rest oxygen,
CO2 and water vapour as the main combustion products As the combustion temperature is not

very high the amount of
produced NO is small. The
water vapour content is about
12-16%. The admiture of
CH, vary between 3.2 and
15%. The IR absorption
spectrum of input gas is in
Fig. 3
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Fig.3 The input gas mixture
The presense of nitrogen in the input gas lead to the origine of modified structure based

on the radical OC-NCO and ON-NCO. This radical is a stable radical, origined also in the
combustion process itself, which was published in [1].

The main gas product was ethanol for each polarity and material of electrode. As it made
a solution with water it was not posible to determine the concentration of ethanol origined in
dynamic regime of discharge operation. The changes of CH, and CO2 concentration were the
following:

negative corona discharge
CH4 CO2

-96% +44%
-53% +80%
-57% +69%
-58% +40%

The typical changes in gas
before and after the discharge is
seen from Fig. 4

electrodes

Cu-Cu
Mo-Cu
brass-Cu
stainless steel-Cu

1 0 °r Pa I 20,20,1 )
T
80 _

positive corona
CH4

-75%
-77%
-67%
-65%

discharge
CO2

+ 4%
+40%
+33%
+ 6%

60

20

4 000 3000 2000 1500 1000 jsOO

Fig.4 The
composition
combustion
CH4 after
discharge
electrodes

changes of gas
for input gas

exhausts and add
positive corona

for Mo-copper

IR absorption spectrum of
solid product in the case of
Mo HV electrode is in Fig 5.
The trasport of central HV
electrode material in the case
of Mo was seen on Cu low
voltage electrode. The origined
MOO3 is converted to so called
Kegin ion (heteropolyacid on
the base of Mo) which is the
important oxidation catalyst [3],

100
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OH

4000 3000
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Fig. 5 IR absorption spectrum of solid product in the
case of Mo HV electrode

The solid products for each polarity and electrode combination contain the green colored
powder. This powder with the great probability contain the components with -NCO, -NH2 and
- COOH groups in urea, cyanuric and izocyanuric acids, carbarn acid, imidocarbonic and
barbituric acids and alanin as seen in Fig 6. Anorganic part of the powder contain mainly
nitrates.
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Fig. 7 IR absorption
spectrum of yelow colored
solid product origined in the
case of stainless steel-Cu
combination of electrodes.

The -NCO and -COO radicals
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dimerization or polymerization
on the metal surface of the

Fig.6 IR absorption
spectrum of green colored
powder and Cu HV electrode

In positive polarity
and stainless steel-Cu
combination of electrodes
yelow collored powder was
present in solid product. In
these powder componds based
on -COOH groups in various
organic acids and carbonates

tooo 3000 2000 1500 1000 soo

Po (65.40,1) Pa(60,20,1) Pa(65, 25>1I

20

(000

we see that the following structure is originated.
0
II

» - N . N - - N ;

V
n
0

«0
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polyimidoesters, as it is
seen from IR reflection
spectrum in Fig. 8.

Fig. 8 Polyimidoesters
type origined on the suface
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the case of copper) for both
polarity of the discharge
and the IR spectrum of this
structure
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The simultaneous presence of nitrogen and water vapour lead to the origin of bright group
of compounds. A part of compounds coming out from -NCO group are the following: cyan acid,
izocyan acid, carbarn acid, imidocarbonic acid and barbituric acid. By the trimerization of -NCO
group in the presence of H from water or hydrocarbons the izocyanuric acid is formed. In
enhanced temperature this acid decompose to CO2 and NH3. The solubility of CO2 in water is
much better in positive polarity then in negative one. This lead to higher concentration of CO2 in
gas phase in negative polarity (40-80%) as in positive one (4-40%) due to accumulation of CO2

in water. The solubility in water on the surface of electrode for NH3 is much greater as for CO2,
i.e. the NH3 is accumulated on the surface. This process stimulate the origin of aminoacids mostly
alanin, which was seen from reflection spectrum on the Fig. 9. The identification was done by
comparing with catalogue spectrum [4J.
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Fig. 9 The IR reflection
absorption spectrum of
surface product on LV
electrode containing alanin

Liquid products were primarily ethanol, then methanol, than solid products soluble in
water as acetic, malonic, malic, tartaric, carbonic acids and their esters; then probably
aminoacids (alanine), carbamic acid, amides (urethane), urea, imidocarbonic acid. Solid surface
products on electrodes were especially polyesteroimides.

CONCLUSIONS:

The most efficient wire electrode material for CH, removal seems to be Cu for both
polarity of the discharge and Mo in positive polarity of the discharge (in combination with Cu
plate). The lowest CO2 production was in the case of Cu HV electrode and positive polarity of the
discharge and highest CO2 production was recorded in case of Mo wire and negative polarity of
the discharge. This was caused in the case of Cu-Cu electrodes and positive polarity due to great
variety of organic chemical product, especially by production of aminoacid in water after longer
time. In the case of Mo-Cu combination of electrode and negative polarity the strong oxidation
effect of originated Keggin ion (very strong Lewis acid) lead to oxidation up to CO2 The polarity
of the discharge is responsible for desorption of CO2 from water, i.e. the output concentrations of
gas CO2.

The primary liquid product was ethanol.
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Introduction

It is generally known that a silent discharge in oxygen gas may give rise to several

dozen reactions between molecules, ions and radicals. One of the products is ozone. Most of

the known kinetic models involved in the description of the process take into consideration only

several (or about a dozen) selected reactions likely to be the most important for the mechanism

of ozone formation [1-11]. By modelling, accepting the necessary simplifications, it is possible

to determine - more or less precisely - essential relationships between the conditions of the

process on one hand and ozone concentration and energetic efficiency on the other. These may

be a basis for optimization in the construction of ozonizers and conditions of the process

[12,13]. Interesting results were also obtained from the system analysis of ozone producing

devices [14-16]. One of the important parameters of the process of ozone synthesis is the

temperature inside the discharge zone [17, 18]. An increase in temperature results usually in

decrease of total rate of the synthesis and of the maximum ozone concentration. However, when

the discharge gap was filled with e.g. silica grains, an inverse effect of temperature was

observed in the range of small ozone concentrations: the increase of temperature gave rise to

increase of ozone concentration [19]. In this paper the effect of temperature on the ozone

synthesis in silent discharges is discussed, basing on a simple kinetic model, as well as on

experimental results.

Experimental

Measurements were performed in an all-glass tubular ozonizer, in which the temperature

of both the internal and external electrodes was controlled by means of a stream of liquid of

a definite temperature. The width of the discharge gap was 1.5 mm, and the active surface area

of the inner electrode was 65 cm2. A stream of oxygen (of commercial purity) introduced into

the ozonizer was dried up to the dew point of -60°C. The inner electrode was connected to

a source of high voltage of frequency 1 kHz. The active power of the ozonizer was measured

by means of a power meter SMMD-01 (Alfine Poland). The concentration of ozone was
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measured with an UV photometric analyzer BMT 961 TC (BMT Messtechnik Germany).

Among two groups of measurements one was performed without filling the discharge gap, and

in the other the discharge gap was packed with pure silica precipitated from a solution and

having the grain size of 0.5-0.8 mm and the specific surface (BET) 357 m2/g.

Kinetic model

The following model of the process was assumed:

- the discharge gap contains only a mixture of oxygen with ozone,

- the microdischarge channel is a site of the reactions 1 and 2 (Table 1), and the temperature

in the channel increases to T (which is higher than the mean temperature of the gas inside the

discharge gap).

- after the period of microdischarge the reactions 3, 4 and 5 are continued in the whole volume

of the former microdischarge space, at constant temperature T, until complete disappearance

of atomic oxygen,

- the whole volume of the former microdischarge space is homogeneous in the gas mixture

composition and energy state of the reactants,

- the rate of the reactions (1-5) depends only on temperature in the volume of the former

channel and on the concentration of the reactants (0, 02, 03) e).

Table 1. Stoichiometric equations and rate constants of the reactions under consideration [4].

1
2
3
4
5

0 2

0 3

O H
0 H
0 H

+ e
+ e
h 02

hO 3

h 0

-»0 +
- 0 +
+ M-
-*02H
+ M-*

0 +
02 +

* o 3
H0 2

O 2 4

e
e

+ M

- M

k, = 2.7
k2 = 3 *
k3 = 6.4

k4 = 1.8

k5 = 3.8

* 10"y

k,
* lO"*5

* 10"11

* i(yM

* exp
* exp
* 1/T

(663/T)
(-2300/T)
* exp(-170/T)

In Table 1 the molecule M, participating in the exchange of molecular energy, may be one of

the three components: O, O2, O3. It had been assumed in calculations, conforming to [4], that

the effective concentration of M is the sum of concentrations of O, O2, and O3 the latter

multiplied by a factor of 2,27 which takes into account the higher efficiency of the O3

molecules. Basing on literature data [1-4,9,11,20] and taking account of the construction of the

ozonizer used the following discharge parameters were assumed:

- the electric charge transferred in a single discharge equal to 0.6 nC,

- the diameter of the microdischarge channel equal to 140 pm, and

- the duration of microdischarge as 4 ns.
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The assumed values were then used for calculating the average concentration of electrons in the

microdischarge channel, the concentration of O in the channel after the end of microdischarge,

and the increase of ozone concentration due to a single microdischarge (taking into account the

reactions 3-5). The calculations were performed for different temperatures of the reagents in the

channels within 250 to 600 K, under atmospheric pressure, for various initial concentrations of

ozone from 0 up to a maximum value for the given temperature. The obtained results, related

to the volume of the discharge zone and the active power in the ozonizer, enabled to find the

relationship between the resultant rate of ozone synthesis and ozone concentration on one hand,

and the residence time of the reagents in the discharge zone on the other.

Discussion of results and conclusion

The results of calculations performed for the temperature of reagents (in the channel

after microdischarge) 400 K and 450 K were confronted with the results of measurements

obtained at two temperatures of the cooling liquid in the ozonizer: 298 K and 323 K.

The measurements were performed with no packing material in the discharge gap. For the

experimental data the values laid on the abscissa axis are the values of corrected active power

P-Po, where P is the active power measured in the given experiment, and Po is the active power

of the system at the voltage at which the discharge begins (Fig. 1 and 2). The results of both

the calculations carried out for the given model and of the measurements performed have shown

a considerable effect of temperature on the results of ozone synthesis, which is in agreement

with the known results of former experiments. The effect is much more evident in the range of

higher power values and of higher ozone concentrations. This is not surprising since under such

conditions the rates of the reactions leading to decomposition of ozone become of importance.

It is known that the rate of these reactions increases with increasing temperature. The

comparison of the experimental results with those of model calculations suggests, that the

temperature in the microdischarge channels in the ozonizer tested is close to 450 K. It is also

to be noticed, however, that the results of calculations obtained for the given model are not in

full agreement with experimental results, as may be seen from comparison of the curves and

the points in Fig. 1 and 2. Hence such evaluation of temperature in the discharge channel cannot

be accurate.

The object of another group of experiments was a catalytic effect of silica packing,

placed in the discharge gap, on the course of ozone synthesis (Fig. 3). The effect was

particularly evident at low intensities of oxygen flow, where high ozone concentrations were

obtained. It was also found that in the presence of a packing ozone may be produced in high

yields even at increased temperatures. Particularly interesting proved to be the experiments

performed at high oxygen flow intensity (100 Nl/h) and ozone concentration not exceeding 2
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mole %. In those experiments both the ozone concentration and the power efficiency, observed

after raising the temperature of the electrode cooling liquid to 50°C (323 K), were not lower

than those obtained at 25°C (298 K). The results even suggest that the increased temperature

promote the yield of the process. This effect cannot be explained in terms of the simplified

kinetic model used, in which an increase of temperature by 25°C should result in a noticeable

decrease of the yield of ozone synthesis. It might be supposed, therefore, that the reason of

these discrepancies lies in the effect of other reactions, not considered in the adopted model.

These may be, for example, reactions proceeding on a dielectric surface, i.e. on the surface of

glass tubes enveloping the discharge zone and, in particular, on the surface of the packing

grains.
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Introduction

The influence of the barrier characteristics on the discharge processes in the gas gap with a

dielectric on one of electrodes is of wide interest as such a discharge is the most convenient

source of chemical products, especially ozone. As is known now the dielectric properties

effect the discharge characteristics and the effectiveness of ozone formation [1-3].

Our previous experiments [4] have permitted us to state that each discharge in a narrow

gas gap with a barrier consists of a volume part and of a surface discharge over the barrier

surface. Now we want to present the results of our further experiments concerning the

characteristics of the charge left on the barrier surface after a discharge in an air gap.

The experimental setup and experimental procedure

To investigate a single discharge in the gap an experiment in a rod-plane gap 0.8 mm

long was carried out. The rod of stainless steel had the diameter 15 mm. The barriers were

planes 40x60 mm of different materials and had a metallic covering on their lower surface

that was earthed during the experiment. A positive d.c. voltage was used. The source was

connected to the rod, the voltage being varied by quick steps till the discharge in the gap

occured. A special experimental method of analysis of the charge left on the barrier

surface was used. This part of the experimental setup consisted of a thin probe covered

with an earthed shield with an opened tip, the probe being connected to an oscilloscope.

The end of the tip 1 mm diameter was cut flat, the shield covering the probe over its full

length.the distance probe-barrier surface being 1.8mm.

During the experiment the barrier was put on a metallic earthed plane that could be

moved in horizontal direction. The plane was moved so as to place the barrier first under

the rod the length of the air gap being 0.8 mm long. The voltage was increased to a certain

value and was immediately switched out after the discharge. The plane with the barrier

was moved to a position where the tip of the probe was. The distance between the barrier

surface and the tip of the probe was 1.8 ram in all cases independed of the thickness of the
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barrier. The probe was placed in a rotating mechanism so as to be moved periodically

across the field formed by the charges left on the barrier surface after the discharge. The

rotation was synchronized with the scanning of the oscilloscope, so the signal

proportional to the potential induced on the probe by the charge on the barrier surface,

could be seen on the screen of the oscilloscope.

The procedure of changing the place of the barrier took several seconds to prevent the

charge to flow over the surface. As the surface conductivity of all barriers (excluding the

glass one) is very high (more than 1014 Ohm) and the time interval between the discharge

and the charge measurment was minimum (not more than 5 s), it is possible to propose

that the air humidity does not influence greately the surface discharge and it is defined

only by the properties of the barrier material.

Some more details of the experimental procedure must be mentioned. Each value of the

potential and the charge spot diameter given in the following section, is the mean value of

parameters of 5-10 pictures. To make each successive picture it was important to remove

the charge left on the barrier during the previous discharge. Before installing the barrier

into the gap it was placed on an earthed plane and washed with benzol, that provided high

conductivity of the surface and made the charge flow down to the earthed plane. To

controle the absence of the charge, the barrier was put under the probe to see that there

was no potential induced on it. But even in the case of such a careful procedure it needed

some time (approximately 20 min) to have near results in the same conditions. Otherwise

after some time the charge began to accumulate, it lowered the field in the gap, and higher

voltage was needed for breakdown and the charge changed.

To stabilise the discharge conditions a very week UV illumination was used, so the scatter

of the measured values was not more then 20%.

The dimensions of the charged spots were found from the dimensions of the oscilligramms

and the value of the scanning of the oscilloscope. The velocity of the probe rotation was 5

m/s and with the scanning being equal to 5 rns/div and 1 division = 0.8 cm it was possible

to evaluate the dimensions of the charge in cm.

The experimental results

The pictures of the curves of the induced potential (fig.l) for different materials of the

barrier were analysed and the parameters of the barrier, the dimensions of the charge
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Material

Polycor (rough)

Polycor (rough)

Polycor (glassed)

HF ceramic (typeBK -94-1)

HF ceramic (typeBK-94-2)

Glass

Plexiglass

5,mm

0.42

0.92

0.92

0.83

0.83

0.8

1.95

6

9

9

9

5.7

5.7

6

3

spot and the amplitudes of the induced potential signal are given lower for several

barriers.

p, xlO12, Ohm U, V Charge diameter .mm

0.75 3

0.6 6.2

0.64 5.6

0.8 3.25

100 0.76 6.2

1 0.2 7.5

1000 0.06 0.5

All values correspond to the same voltage U = 5.6 kV on the rod and the same distance t

= 1.8 mm from the barrier to the probe tip. The influence of the voltage is seen for

polycor:

F o r U = 7.1kV V = 2.4V D = 1 . 6 c m

F o r U = 8.6kV V = 4 V D = 2cm same

For the pure H F ceramic BK-94-1 and ceramic covered by polyimid film :

Pure ceramic (U = 8.6 kV, d = 0.83 mm) V = 4 V D = 2.2 cm

Ceramic with a polyimid film (U = 7.1 kV) V = 4.4 V D = 1.6 cm

For the the same surface roughness and different kinds of ceramic the results are as

follows:

U = 8.6kV S,mm e Induced Charge Total

potential, V diameter, cm charge,nQ

HF ceramic.type BK-94-1 1 5.7 ' 6 1.72 2.1

HF ceramic.type BK-94-2 1 5.7 6 2.2 1.68

Polycor 1.1 9 5 2 2.82

To calculate the value of the charge left on the barrier surface, knowing the diameter of

the charge spot and the value of the induced potential, we used the method that we used

before [5] of calculation of the field, formed by charges distributed over the boundary of

two dielectric mediums and by the image charges induced on the electrodes. We have

assumed that the form of each oscillogram corresponds to the charge density (a)

distribution. The real a was represented by three disks of constant value Ci and the

equation for the field E — f(a) was found, E being the field on the axis of the disks.

On the other hand E is the function of the measured probe potential:
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U t[l / t- l/(r2 + t2 )0-5]

(r2+t2)0.S . t

where t is the distance from the probe to the barrier surface and r - the charge radius.

So the physical charge densities a on the barrier can be found from the values of the

induced potential and the diameter of the charge spot. The value of the summery charge Q

can be calculated using the mean value of the found charge density and the dimension of

the charge spot.

Discussion

The analysis of the experimental results given above, shows that the estimated values of

the charge left on the barrier surface after the discharge in the gas gap, is nearly ten times

less than the whole charge measured in [6] for a series (group) of microdischarges for the

same gap length and with a glass as a barrier. It means that the volume part of the

discharge gives the main part of the charge, measured in the gap. The measured values of

the surface charge strongly increase with the applied voltage and the length of the gas

gap, but the dimensions of the charge spot and the distribution of the charge density

depends on the barrier properties.

There is a marked influence of the e value on the induced potential (for instance ceramic

and glass), ut the summary effect of the thickness and of e (the barrier capacity) is more

pronounced. The charge value Q depends on the dielectric constant as is seen for HF

ceramic and polycor.

It was shown in [6] that the ozone production depends on the roughness of the barrier

surface, the current amplitudes for a glassed surface being much higher. Our measured

surface charge dimensions correspond to this fact but, the difference depends on the

material of the surface layer (rough or glassed polycor and ceramic or ceramic with

polyimid film).

The results we present here, permit us to state that one of the main factors influencing the

work of an ozonizer, is the surface part of the discharge in the gap, and the main factor

defining the surface discharge, is the barrier material.

For other equal conditions the influence of the material on the charge, left on the barrier

surface, can be devided into three parts: the influence of e and of the barrier thickness,

influence of the chemical composition of the material as a whole and the influence of the
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barrier surface conditions: its roughness and its chemical structure. All these factors form

the conditions for the development of subsequent discharges in the gap, their power and

ozone formation.

Of course the above results can not be directly applied to the ozonizer as a whole as they

do not take into account the influence of parallel discharges in the ozonizer gap, where the

diameters of the charges on the barrier surface are of the order of parts of mm. And

besides each discharge in the gap is formed when there is a very complex patteren of the

charge left on the barrier surface after all discharges in previous periods of the applied

voltage. Nevertheless the results presented above, can give additional information as to

the influence of the barrier material, and to the amount of the charge and the distribution

of its density.
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Introduction

A pulsed corona discharge is an efficient source for producing weakly ionised, non-

thermal plasma at atmospheric pressure. Such a plasma can be conveniently used for various

plasmachemical applications, namely for the removal of low level pollutants from carrier gas. In

the present contribution we report on electrical and optical characteristics of the pulsed corona

discharge generated in a coaxial wire-tube electrode geometry in flow of pure nitrogen. For the

design of gas tight coaxial reactor we used the results of measurements previously done at our

laboratory [1] in "wire between two parallel plates" geometry. Also a more powerful pulse

voltage generator with a higher repetition rate was developed.

Experimental set up

Experimental set up is schematically shown in the Fig. 1. The wire anode (Ag coated Cu

Wall probes

Load

JLJILJ
Gas out

Rogowski coil

Discharge chamber

X

Gas in Voltage divider

Marx generator

Trigger

Fig.l. (HJ)

wire, 0=0.75 mm) is placed coaxially inside the grounded stainless steel cylindrical cathode

(O=56mm, 600 mm length). The reactor is gas tight and it is equipped with a system for mixing
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of gases and their flow rate control. The two stage Marx generator of the erected capacity C=2nF

producing positive pulses of the peak voltage up to 100 kV is used for discharge feeding. The

wire anode is grounded through the resistive load of about 100Q to form the voltage pulse. The

discharge voltage and current waveforms have been measured by the high time resolution voltage

divider and Rogowski coil respectively. The discharge was mostly operated at the peak voltage

U=55kV with the rise time T ^ I O ns at the repetition rate f=10Hz. The discharge current reached

the peak value of I=650A with the pulse duration FWHM of T=130ns. All electrical signals

(voltage, total current, probe current as well as signals from photomultipliers) have been

monitored by 2Gs/s, 4 channel, digitising HP54542A oscilloscope. Emission spectra in the

spectral band of 200-450 nm have been registered by J.Y. HR-320 monochromator equipped with

300 G/mm or 2400 G/mm gratings and intensified multichannel array detector IRY512/G/B.

Results

Basic discharge parameters

The typical waveforms of the voltage and discharge current are shown in the Fig.2. The

dischargenet

current has been

calculated by

subtracting the load

and capacitive

components from

the measured total

one. Note the delay

of the discharge

current after the rise

of the applied

voltage. Impedance

of the corona

discharge remains

TO

60000

50000

o
> 40000-

30000-

20000-

10000

Fig.2. Time[jjs]

approximately constant (R=40fi) within the time interval between 40 ns and 160 ns from the

beginning of the voltage pulse.
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Individual streamer current measurement

Three wall current probes {<X>=\ mm) has been used to observe the individual streamer

current. Illustrative

waveform is shown 0.18

in the Fig. 3. <£ o.16

Several hundreds

of such signals

were analysed to

determine that the

mean streamer

current is in the

range of 50-

100mA. Supposing

that the only one

streamer reaches

the probe at the Fig.3.

given time and comparing the typical discharge current (650A) to the mean streamer current (50-

100mA), one could estimate the number of streamers propagating simultaneously in discharge

chamber to be within the range of 6500 to 13000. This corresponds to the linear density of 10-20

streamers per 1 mm of the anode wire. In spite of the complexity of simultaneous propagation of

the large number of streamers, close each other, it seems that the shape of streamer current

waveform could be explained by one dimensional simulation published recently[2].

Average velocity of streamer propagation

The average streamer propagation velocity has been estimated from the measured time

delay between the light signals originated near the anode and cathode respectively. The light has

been collected by two Hamamatsu R928 photomultipliers and monitored by the oscilloscope.

Two appropriate light pipes parallel to the discharge axis (one close to the central wire, another

close to the cylindrical chamber wall) have been determined by using single lens / triple aperture

combination. The average velocity has been estimated to be of 2.106 m/s at typical discharge

parameters. The increase of velocity with increasing value of applied voltage has been observed.
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CO
c

Multichannel emission spectroscopy

We have observed emission spectrum in the region 200-450 nm from the N2 corona

discharge pulsed at 10 Hz along the symmetry axis through quartz window and imaging optics.

The light has been sampled with the integration time of 0.5 sec, thus the spectrum is averaged not

only over many streamers along the axis but also over several discharge pulses.

Emission spectrum consists of intense bands of NO-y system (A2E-X2n) , N2-2.positive

system (C3nu-B
3ng) and quite weak N2M.negative system (B2Iu

+-X2Ig
+). A part of the Av=-3

sequence, displayed

on Fig. 4, of the

2.PG system of N2

((0,3), (1,4) bands )

shows an excellent

separation of

vibronic bands

within the sequence.

No rotational

structure of the

band profile can be

seen due to low

resolution of the

spectroscopic

apparatus. Because

of the low nitrogen flow rate with respect to pulsing frequency minor oxygen impurity is

continuously transformed to NO. In fact we observe emission induced from mixture of nitrogen

with NO impurities. Considering low rotational excitation, vibrational distributions of

N0(A2I,v) and N2(C
3FIu,v) has been determined by integrating area of individual band profiles

within a sequence. Vibrational distributions roughly follow Boltzmann distribution with

Tvib=2540 K for N2(C3nu,v) and Tvib=1600 K forNO(A2£,v) [3].

Population of N2(C3nu) state is balanced by direct excitation from ground N2(X'E) state

by collision with high energy streamer electrons , radiative deexcitation via 2.PG emission and

collisional quenching with N2(X'lg
+,v) molecules. Also for NO(A2I) state several excitation/

quenching mechanisms can be important in addition to y-bands radiation : (i) direct electron

395 398 400 402

Fig.4.

405 407 410

Wavelength [rni]
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impact excitation from ground NO(X2fl) state, (ii) association of N(4S) and O(3P) atoms, (iii)

quenching of N2(A
3ZU

+) metastables by NO(X2FI) molecules.

The gas temperature has been verified from the band profile of (0,3) and (1,4) bands of

N2 2.PG system by means of standard fitting technique [4] using molecular constants by Roux

[5]. Experimental band profiles have been quite well numerically reproduced for rotational

temperature Trol=300±20 K. Such value can be expected as a consequence of low energy deposit

in the discharge.

From the intensity ratio of N2M.NG (0,0) and N2-2.PG (0,3) bands, average electron

energy of -9.5 eV has been estimated by means of excitation-quenching model [6].
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Abstract— The plasma which was generated by the excessive electric current of a thin
wire was investigated experimentally. By applying an electric current of about 50A to
the copper wire of diameter 48 p. m in air, the plasma has been generated. A measuring
means was time analyzed spontaneous emission spectra measurement and relative line
intensity ratio method for the temperature determination was used. A degree of
extension of the plasma was measured by the movable electrostatic probe which was
put by the thin wire and electron density was estimated using the known mobility of
electron. As a typical result, electron temperature was about 8000K. On the other
hand, electron density tended to decrease with time from about 3 xl0 l6cm'\

1. Introduction

The discharge processes occurring in thin conductor wire explosion by the excess current
flow are presently the subject of many investigations due to their importance in
engineering application, and in plasma physics in general. In fact, the knowledge of the
plasma characteristics of this kind of discharge is important to understand the workings of
a fuse used for an excessive electric current interception. Furthermore, the thin wire
explosion plasma has been used for the laser oscillation of metal atom and for the soft X-
ray sources.

Recently, several experiments have been performed on the relatively high current thin
wire discharge, and theoretical models have been developed to analyze the kinetic
processes in such discharge[3]. In a recent paper [1], we have reported an investigation
on the temperature and density of the low current thin wire discharge plasma in air for a
pressure of atmospheric pressure and various current, as a function of discharge time.
This experiment, however, has used single channel spectroscopic system to determine the
temperature from relative line intensities of emission spectra. In this case, the
reproducibility of the discharge becomes a problem

In the present work, the plasma characteristics presented in [1] is improved by using
multi-channel spectroscopic system. This leads to a considerable improvement in the
reliability of the data. Further, in order to understand this kind of plasma we have
measured many emission spectrum from molecules and atoms in the plasma
simultaneously. It is considered these data contribute to a deeper physical insight into the
thin wire discharge.

The organization of the paper is the following. Section 2 described the experiment; a
summary of the apparatus and techniques used is given, and the diagnostics used for the
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measurements are described in detail. Section 3,4 presents a detailed experimental results
and discussion. Finally, in Section 5 we present the conclusions of this work and discuss
guideline for future research.

2. Experimental apparatus and method

The experimental study of the thin wire explosion plasma is performed in air. Diagnostics
used in this experiment are multi-channel spectroscopic system and electrostatic probe. In
spectroscopic measurement, we mainly determine the temperature of the plasma. The
electrostatic probe is used for the determination of the plasma diameter.

A schematic diagram of the apparatus is represented in fig. 1. A thin wire explosion
plasma is created between two electrode. The distance between two electrode is 5 mm
and the thin wire is connected to the electrode by solder. The thin wire diameter is 48
l± m, and wire material is copper.

A capacitor is charged to proper voltage by power supply through resistance R and
SWi before the discharge. The current start to flow by closing SW2 and the plasma is
created by evaporating the thin wire. Typical charged voltage of C is 200V, 160V, 80V.

The multi-channel spectroscopic measurement is performed by a system which is
formed of a streak camera and a grating monochorometer. The emission of the plasma is
defracted by defraction grating and introduced to the streak camera to record the time
resolved emission spectra in this system. The temperature of the plasma is determined by
the relative intensity ratio of copper atom emission lines ; 5105.54A and 5218.20A
[2][4]. These data is stored and analyzed by PC.

The plasma diameter is determined by the electrostatic probe. The probe which
applied bias voltage is installed at proper radial distance from the thin wire. The probe
current is observed when the exploding plasma arrive to the probe. There is a time lag due
to necessity time to arrive the plasma to the probe. We can determine the velocity of the
expanding plasma using this time and the distance of the wire and probe. It is difficult to
sweep probe voltage in a few msec, to measure probe V-I characteristics. We used the
probe only to determine the diameter of the plasma. Electron density is roughly estimated
by using the plasma diameter, mobility of the electron [5] and the discharge current by
assumption uniform averaged current density in the plasma.

3. Plasma temperature

When one apply the current to the thin wire, the current maintain constant value during
0.3-2.0 msec depending upon the charge voltage During this period the wire is heat
upped to the melting point by joule heat, then the evaporation starts. The arc discharge
occur at break point of the wire and the plasma which expands explosively due to the high
temperature of the arc is created.

Figure 2 shows the typical emission spectra which measured by multi-channel
spectroscopic system described previously. The spectra of vibration sequence nitrogen
2nd system bands, copper ion, copper atom and lead atom are observed. Nitrogen is the
component of air, copper is the component of the thin wire and lead come from the
component of the solder which used to connect wire and the electrode
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The temperature of the plasma is determined by the measurement of emission, spectra
using this system. Figure 3 shows the time resolved spectra of copper (5105.54 A and
5218.20 A) atom which we used for the determination the temperature of the plasma. It is
recognized that the arc discharge maintain for ^ 100 fi sec in the condition of 80V
charging voltage. In higher charging voltage , the discharge maintain fairly long period
until the voltage of capacitor decrease to the minimal voltage which is necessary for arc
discharge continuation.

Figure 4 shows the time variation of the plasma temperature calculated from the data
of fig.3. The temperature shows maximum value of ^11500K immediately after the
discharge initiation. A cause of the temperature which is relatively high is regarded as
necessity on inonization for discharge channel formation. The reason why electric
discharge stops it is regarded as decreasing of power supply voltage fell below an electric
discharge maintenance limits.

4. Plasma density

The plasma diameter is measured by the electrostatic probe as described previously to
calculate the electron density from discharge current. Figure 5 shows discharge current
and probe current as a function of time. An initial value of the discharge current is 40A.
The current flowing the wire rise like a step function when SW2 is closed. After the
period which need to heat up the wire to the melting point, arc discharge occur at the
break point of the wire. This arc discharge heat up the wire further by the potential drop
at the vicinity of the edge the broken wire and plasma expands explosively.

We observed the time-lag of the probe current compared with the arc discharge
Current This time time-lag is regarded to be the time which is required that plasma
reaches the probe. As shown in fig. 5, the time-lag increases with increasing the distance
between the wire and the probe. The velocity of the expanding plasma is calculated from
these data, and the sectional area of the plasma which changes time is determined. The
probe current data whose distance is 4mm and 5mm frorm the wire show that the radius
of the plasma once becomes long and becomes short afterward.

The time variation of the electron density which is calculated using probe data is
shown in fig. 6. The electron density decreases with time as maximum value at 3xl0I6cm"
3. When electric discharge initiation, since a metal wire vaporizes violently, plasma blows
out in the direction of a radius. Afterward, it is thought in regard to an electric discharge
channel of about radius 3 mm.

5. Conclusion

We have conducted experimental investigations of the thin wire arc discharge at relatively
low discharge current. The following conclusions are obtained.
a) The arc discharge maintain only ~ 100 fi sec at relatively lower charging voltage, and
the discharge maintain for a long period at higher charging voltage.
b) The temperature of the plasma is about 11000—7000K.
c) The plasma density is determined by the observation of the plasma diameter using
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electrostatic probe, and the value of the density is about 3xl016cm'? at the initiation of the
discharge and decreases with time.

To progress in the understanding of the kinetics more theoretical and experimental
work is necessary. In particular, it should be interesting to study in more detail the plasma
parameter variation with time and space. We will prepare a triple probe measurement
system for this aim.
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ABSTRACT— The effect of ammonia injection points on the reduction of NOx from combustion flue

gases by a superimposed barrier discharge plasma reactor is experimentally investigated. The

experiments are conducted for addition of ammonia from 0 to 1.2 stoichiometry , and the applied

discharge powers from 0 to 10 W for the ammonia injection at upstream and downstream positions

of the plasma reactor. The results show that the performance of NOx reduction and energy efficiency

are much higher when we injected ammonia at the upstream of the plasma reactor.

1. INTRODUCTION

NOx and SOx emissions from combustion processes are the major cause of acid rain, and hence

many processes are developed for a reduction of these acid gas emissions [2].

An experimental investigation has been conducted by Shoji et al. [1] and Urashima et al. [2] to

reduce NOx through oxidations reductions and dissociations from a combustion flue gas by

superimposing barrier discharges. The results show significant improvement on NOx reduction using
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a superimposing barrier discharge reactor by comparison with operating reactors under surface or

silent discharge alone. The results also show that injection of reductant such as ammonia also

enhances NOx reduction significantly. In this work, the effect of ammonia injection points on the

reduction of NOx reduction performances by superimposing barrier discharge plasma reactors is

experimently investigated.

2. EXPERIMENTAL APPARATUS

A schematic of the experimental apparatus is shown in Figure 1. The simulated flue gas is

composed from the two different kinds of premixed gas cylinders and the location that the addition

of ammonia is controlled by valves as shown. This simulated gas will be treated by plasma reactors

and the portion of gas treated is then collected by a gas sampling cell. Gas flow rates are determined

by a rotameter. The superimposing barrier discharge plasma reactor consists of double coaxial

cylinders. The outer tube (18.0 cm longs, i.d. 3.5 cm) is ceramic with slit type surface electrode and

CD?
N2
02

NO
N2

NH3

60Hz,
0-36kV

EXHAUST

Fig. 1 Experimental apparatus
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a coaxial metal electrode embedded in an alumina tube, the immersed electrode while the inner tube

(18.0 cm longs, i.d. 3.0 cm) is glass filled with a conductive NaCl solution. The slit electrode is

used as a common ground. Surface discharge is generated between an embedded electrode and a

surface electrode. Silent discharge is generated between a surface electrode and a central electrode.

The superimposing barrier discharge is generated by two 60 Hz ac power supplies under out-of-

phase (180 degree phase difference) conduction. The discharge by-products and NOx concentrations

are determined by the absorption Fourier Transform Infra Red (FTIR) spectroscopy.

3.EXPERIMENTAL RESULTS

NO, NO2 and NOx (NO+NOj) concentration as a function of discharge power under out-of-phase

superimposing barrier discharges operations for gas flow rate Qg = 1 L/min. without NH3 additions

is shown in Figure 2. NOx concentration decreases with increasing applied power up to 5 W, no

significant discharge power effects are observed above 5 W, since the portion of NO is converted

to NO2 by discharge as shown in this figure. NO, NO2 and NOx concentrations as a function of

discharge power under out-of-phase superimposing barrier discharge operation with 1 stoichiometry

of NH3 injections at upstream of reactors at Qg=l L/min is shown in Figure 3, where we defined one

stoichiometry is [NOy[NH3]0=l. NOx is immediately reduce by ammonia catalytic reactions with

NOx in alumina tube wall when we injected ammonia at upstream of plasma reactors.

Figure 4 shows that the NOx concentration as a function of applied power for the case when we

injected NH3 upstream and downstream of the superimposed barrier discharge reactor. Figure 4

shows that the NOx concentration immediately decreases with addition of NH3 without initiation of

discharges with and without the catalytic ammonia reactions with NOx in alumina tube wall.

Figure 4 also shows that the effect of ammonia on the NOx reduction is significantly reduced by

barrier discharges above applied power at 4W when we injected ammonia at downstream of reactor.
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However, NOx concentration decreases with increasing discharge power when we injected ammonia

at upstream of plasma reactor. The NOx reduction rate for the discharge reactor upstream ammonia

injection is much higher compared with the discharge reactor downstream ammonia injections as we

can observed in Figure 4.

Typical FTIR spectrum are compared for the plasma reactor upstream and downstream injections

of ammonia in Figure 5a and 5b respectively. Figure 5 shows that a significant amount of slip

ammonia when we injected ammonia at downstream of plasma reactors.

4. CONCLUSION

The effect of ammonia injection points on the reduction of NOx in a combustion flue gas by a

superimposed barrier discharge plasma reactor is experimentally investigated. The results show that:

(1) NOx concentration decreases with increasing discharge power without ammonia and with

ammonia when we injected ammonia at upstream of plasma reactor; (2) For ammonia injections at

downstream of plasma reactors, the effect of ammonia on the NOx reductions is reduced by barrier

discharges; (3) NOx reduction rate for ammonia injection upstream of plasma reactors is much

higher compared with ammonia injection at downstream of reactor.
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Abstract-We discuss the dependency of ozone production and ozone yield on the
frequency of the supply voltage of a silent discharge operating at atmospheric pressure in
oxygen or dry air. The frequency range is between 50 Hz and 2 kHz. In the low frequency
range (50 Hz-500 Hz ), the ozone yield increases and the ozone production slowly increase
with frequency. It is due to the increase of the rate of streamer discharges in very short gaps
and hence also of the rms streamer current. At high frequencies, up to 2 kHz, the ozone
yield starts to decrease, while the ozone production still increases, but less than before. This
is due to the heating of the gas. This heating can be minimised by increasing the gas flow,
that induces a decrease of the ozone concentration. Cross checking measurements were
performed both on the ozone concentration (by UV and IR absorption methods) and on the
power consumption of the discharge (by Lissajous's method and by the product the
discharge current by the voltage).

INTRODUCTION
Ozone is known as a very strong oxidising medium, that is why it is widely used for

urban water purification, waste waters treatment, papers and textiles bleaching, sterilisation
purposes etc. From the beggining of the century the different types of electrical discharges
have been successfully used for ozone production. However, the production efficiency and
yield are relatively low, compared with the theoretical limit value.

The most widely used type of discharge is the dielectric barrier discharge feede with an
AC voltage supply [1], between either metallic-dielectric or dielectric-dielectric elektrodes.
During the last twenty years, the effects of pulsed voltage, surface discharge [2] and
dielectric pellets in the discharge gap [3] were studied in particular to lower the onset



voltage of the discharge. A few years ago, for the same reason, a silent dielectric barrier
discharge with close electrodes was developed in our laboratory [4].

EXPERIMENT.
A dielectric barrier discharge between two approached isolated wire electrodes is used

for the ozonizer discharge unit. It was planned to have a discharge gap as small as possible.
These electrodes were used with no cooling in a Pyrex reactor of 40 mm internal diameter.

The experiments were performed with technical grade oxygen (99,9% purity) or
synthetic air, in flowing gas with gas flows up to 0.5 Ndm3/min. Gas pressure was always
equal to 10s Pa. All gas connections were made with Teflon tubes of diameter 4/6 mm to
minimise ozone losses. No additional drying was used.

The electrodes were supplied with an AC voltage of different frequencies from 50 Hz
up to 2000 Hz. The high voltage generator consists of a master function generator, an
amplifier and a high voltage transformer with a resonance frequency above 2000 Hz. This
system is able to supply high voltages up to an amplitude of 5000 V. The onset voltage of
the system is about 1000 V. This onset voltage weakly decreases with increasing frequency.
After onset, the discharge appeares along the whole length of the electrodes, taking place in
both half periods of the applied voltage. Coming out from the oscilloscopic measurements,
the discharges have a streamer character. Discharge current of the system comprises two
main components: 1) An electron current coming out from streamer pulses; 2) An
capacitive current. The synchronous current due to the positive ions drift is not observed.

For electrical measurements, a digital memory storage oscilloscope type TDS 544 A
from Tektronix is connected to a compatible PC. The voltage is measured with the help of a
high voltage probe P6015 from Tektronix and the discharge current determined from the
signal obtained on the 50 Q. input resistance. The discharge power consumption is evaluated
by two different methods:

1) multiplying the discharge current by the voltage.
Assuming that the voltage does not substantially vary during a streamer discharge, we
integrate the discharge current with a low pass-band filter having a large time constant
compared to the streamer duration but short comparatively to the voltage frequency. This
introduces a negligible phase shift on the power measurements.

2).using a Lissajous's display method.
In this method, integrated current measurements were achieved by means of a capacity Co,
much greater the stray capacitance of the discharge gap, which was put in series with it.
Using an oscilloscope in x-y display, the applied voltage and the integrated current give a
closed Lissajous's loop. The voltage divider (ratio 1+1000) is now a full capacitance probe
the parasitic current of which is out of phase with the voltage. From the area of the
Lissajous's figures is deduced the value of energy consumed per cycle. The power
consumption of the discharge can than be expressed as :

P [W] = «area Ux Uy» [V2] Co [F] f [Hz]
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where f is the frequency of the applied voltage. After the sampling of both the voltage
and the integrated current signals, and their transfer to the PC, the area of the Lissajous's
loop is computed. This kind of power measurements gives approximately the same values as
the preceding one within an error range of ±10 %. Then assuming that the measured power
is mainly due to the streamer current, we use the power measurements to evaluate the rms
streamer current by simply dividing the mean power by the rms voltage.

Ozone concentration is measured by means of UV absorption at 253.7 nm wavelength
with a Perkin-Elmer Lambda 15 UV-VIS spectrophotometer. Two different gas cells (10 cm
and 1 mm length) were used for low and high ozone concentrations respectively.
Concentration limit for the measurements using the 1 mm gas cell is 50000 ppm. At the
same time, ozone concentration is also measured by IR absorption spectroscopy using a
10 cm length gas cell in series with the UV spectrophotometer. Ozone is detected at
1055 cm"1 and 2123 cm"1. Both peak amplitudes are proportional. The concentration is
evaluated from the stronger one.

To test both measurement method, we made simultaneous measurements by UV and
IR spectrometries for a concentration range from 0 up to 10000 ppm. To estimate the
eventual influence of ozone destruction in the Teflon gas connections (approx. 2 m), we
made two series of measurements with an inversed relative position of the spectrometers.
The destruction of ozone in the Teflon tubes was seen to be practically negligible. Since of
the IR and UV measurements gave the same values within an error range of ±5 %. Only UV
absorption was used for the further measurements.

RESULTS.
Three parameters: ozone concentration, ozone production and ozone energetic yield

were studied as functions of the applied voltage amplitude and frequency and of the rms
streamer current. The results presented were all obtained with a same gas flow of
0.486 NdmVmin. So all concentration and production results are coherent between them.

The first important observation is that ozone concentration and hence also ozone
production increase proportionally with the rms streamer current per length unit of the
electrodes up to current intensities of 1.5 mA m"1 for O2 and of 6 mA m*1 for dry air.
Above these limit values of current, the ozone production starts to be saturated, due to the
heating withstood by the electrodes (Fig. 1). These current values linked to the discharge gap
length, give the limits for a linear dependence of the ozone concentration rise, i.e. the border
for which it becomes necessary to use additional cooling of the discharge gap. From the
slope of the linear part of the curves of Fig. 1, we can determine the rate of rise of the ozone
concentration with the current per unit length of the electrodes: 1.8 A m'1 for O2 and
0.11 Am*1 for dry air.

The second important observation is the frequency dependence of the ozone
production. In the whole frequency range (50 Hz-2000 Hz), the ozone production increases
linearly with the frequency. Figures 3 and 4 show the variations of the ozone concentration



versus the voltage peak value and frequency. As mentioned above, the ozone production
exhibits the same variations as the ozone concentration.

The third important observation is the frequency dependence of the ozone yield in
the frequency range between 50 Hz and 2 kHz. In the low frequency range (50 Hz-500 Hz),
the ozone yield slowly increases. This is due to the increasing rms streamer current of the
discharge. At higher frequencies, up to 2 kHz, the ozone yield starts to decrease. This can be
due to the heating of the gas. This heating can be minimised by increasing the gas flow, that
leads to a decrease of the ozone concentration, or by an additional cooling. The effect is
ilustrated by the Fig.2, which presents the ozone yield variations as a function of the ozone
production up to the 0.2 g/h.
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Abstract: Experimental investigations of the removal of toxic components (NOX, CO and aro-

matic HCs) from different synthetic exhaust gases (N2, O2) H2O, CO2, CO, NOX, CnHm) by DBD

have been conducted in plane and coaxial reactor configuration. The concentration of NOX could

be reduced significantly from 500 ppm to below 20 ppm. NO could be removed completely from

the exhaust gas. The energy consumption per converted NOX molecule lies between 40 and 90 eV,

the energy consumption per removed NO molecule is 4 eV if additives are used.

Introduction

The call for more fuel efficient car engines to reduce the world wide emission of the greenhouse

gas carbon dioxide will be met by the introduction of fuel optimised diesel and lean-burn gasoline

engines (excess-air factor A. is greater than 1). This will confront car manufacturers with the

problem of finding new means of cleaning exhaust gas since conventional controlled catalytic

converters cannot be used.

Several plasma chemical methods for the removal of toxic residues, especially nitric oxides

(NOX), have become focus of world-wide research. Amongst established methods for the removal

of NOX in flue gas like selective and nonselective catalytic reduction (SCR, SNCR) other

techniques are investigated as well, e.g. plasmachemical conversion. Examples for this are ex-
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haust gas treatment by corona [1,2, 4], surface [3] and dielectric barrier discharges (DBD) [2, 4-

7, 9] as well as irradiation with electrons of several keV energy (e-beam technique [2, 8]). All

these methods have in common that energetic electrons produce radicals which induce plasma

processes. The object of our investigations are the DBD - discharges which are operated under

a.c. or pulsed conditions and where at least one of the electrodes is covered with an insulator. If

exhaust gas at atmospheric pressure is subjected to a DBD which is operated at typically 0.5 to

3.0 mm gap spacing, frequencies of a few hundreds of Hz to a few kHz and voltages of several

kV, micro-discharge channels (,,filaments') develop, where ions and radicals like N, OH and O

are created. The radicals react with nitric oxide (NO) either directly or via other chemical reac-

tions. Thus NO can either be reduced to N2 and O2 or oxidised to form other nitric oxides (mainly

NO2) or nitric acid (HN03). Both optimisation of decomposition efficiency and detailed analysis

of discharge by-products are objects of our experimental investigations.

Experimental Set-up

A schematic of the experimental apparatus is shown in Fig. 1. The discharge reactor is operated

at a continuous gas flow at atmospheric pressure. Electronic mass flow controllers (MFC) are

used to adjust N2-, O2-, NO-, CO- and CO2-flow rates. The flowrates of additives (A. in Fig. 1),

the concentrations of which lie between 100 and 2000 ppm, are adjusted by flowmeters. Before

adding toxic gascomponents and additives, the gas (N2 / O2 / CO2) is humidified in a washing

bottle (0% < [H2O] < 30%). The whole system can be heated up to 250 °C (H. C. in Fig. 1). Ex-

perimental investigations have been conducted in coaxial - both symmetric (dielectric/dielectric)

and unsymmetric (metal/dielectric) - and in plane plasma reactor configurations. The dielectrics

are Duran tubes or Tempax plates (in each case er = 4.7). Electrical input energy per a.c. cycle

into the reactor for a.c. discharges is measured by the familiar Lissajous figure technique

(voltage-charge-diagram for each discharge cycle). This method is very advantageous because the
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detailed shape of the Lissajous figure reveals valuable information about discharge behaviour and

changes thereof. The analysis of the gas is carried out in several ways: IR- and UV-spectroscopy,

mass-spectrometry and measurements with electrochemical sensors.

Washing bottle H. C. HV Osz. PC

MFC
NO CO A.

Fig. 1: Schematic of the experimental apparatus

Results:

Concentrations of NO, NO2 and NOX of an exhaust gas subjected to a DBD are shown in Fig. 2

as function of energy density EW i\E/V\ = W/(ln/min) or W/nlm). The energy consumption in eV

per removed NOX molecule is shown for different decomposition rates. The initial NOX con-

centration [NOx]o is adjusted to 500 ppm with the MFC. Regarding real applications, the energy

density should be below 2 W/(ln/min) in order to guarantee efficiency and competitiveness to

other cleaning methods. Since in the presence of O2, NO is converted to NO2 even if the gas is not

subjected to a discharge, [NO]0 is 340 ppm and [N02]o is 170 ppm i.e. [NOX]0 is 510 ppm. [NO]

decreases with increasing energy density (which is achieved by increasing the voltage which in

turn leads to a higher filament density) accompanied by an increase of [NO2] to a maximum value

and a further decrease, leading to a steady decrease of [NOX]. This trend can be seen in all

discharges in humid mixtures. Fig. 3 shows the influence of H2O vapour concentration in the

exhaust gas on the energy consumption per removed NOX molecule (e). Humidities between 3%

and 30% were investigated. An increase of [H2O] from 3 to 10% causes better decomposition

because of increasing the OH density. A further increase of [H2O] to 20% or even 30% (not
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shown in Fig. 3) had no significant effect. A possible explanation is that with increasing water

concentration the number of filaments per half-cycle diminishes. If the energy input per half cycle

density is kept constant, the charge-transfer per single filament increases, viz. the filament

becomes 'stronger'. There will be a high local OH density with a high probability of

recombination among these radicals before reacting with the desired species [9].

600
concentration [ppm]

H2O/N 2 /O2= 1 0 / 7 2 / 1 8
*=75eV 78eV84eV92eV [NO]o=500ppm

200

150-

1 0 0 - •

50-

0 -

reduction 500 ppm —> 300 ppm

200 ppm

H2O/WO2 = X/87-X/13 reduction 5 0 ° PPm -> 4 0 0 PP"1

[NO]o=500ppm

EJV / \V/(Umin)]

Fig. 2: Decomposition of NOX in a humid gas
mixture

0 5 10 15 20

H2O concentration [%]

Fig. 3: Influence of [H2O] on NOX-
decomposition

In our experiments O3 and HNO3 could be detected as by-products, O3 however only if NO is

almost completely removed. HNO3 is created in detectable amounts even at low energy density

and its concentration increases up to 350 ppm (Fig. 4). The sum of [NOX] and [HNOy]

decreases only slightly with increasing energy density. This indicates clearly that most of the

removed NOX is oxidised.

If Hydrocarbons (CnHm) are added to the exhaust gas NO is already converted to NO2 at

very low energy input (see Fig. 5), e.g. if 2000 ppm C2H4 are added together with 450 ppm NO

the energy consumption per removed NO-molecule (at 100 % NO-removal) is around 4 eV. To

our knowledge, this is the smallest energy consumption ever reported using discharge reactors.

The e.xperimental work presented in this paper was accompanied by computer modelling

by W. NlESSENetal. [10].
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Conclusions

Experimental investigations on the removal of toxic traces in synthetic exhaust gas mixtures (N2-,

O2-, H2O-, NO-, CO-, CO2- and CnHm-mixtures) using DBD were conducted. Apart from varying

the composition of the gas different reactors were tested as well. A reduction of the NOX

concentration from 500 to below 100 ppm could be achieved at an energy consumption less than

90 eV per removed NOX molecule. The energy consumption per removed NO molecule is around

4 eV if additives are used.
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1.Introduction

The microwave discharge can be carried out in an atmospheric pressure by using stub

electrodes attached on both H-planes of the rectangular waveguide. It is possible to apply the

present discharge to the synthesis of C60, because of its high possibility to heat up the mate-

rials. It is worth while to investigate the practical way for heating of carbon rod by the present

discharge. In this paper, the heating and loss processes of the carbon rod due to the micro-

wave discharge apparatus will be considered.

2.Experimental apparatus and method

The tungsten pipes with outer diameter of 6 mm and inner diameter of 4 mm are fixed

by 10 mm apart from each other. They are used as the stub electrodes as shown in Fig.l. The

microwave of 2.45 GHz has been launched by the magnetron oscillator with the repetition

frequency of 60 Hz. The nominal value of the averaged microwave power is 800 W at the

maximum. The carbon rod of 2 or 3 mm in diameter is inserted into the center othe gap

through the stub hole. When a tip of the rod is placed within 2 mm from the top of another

stub and the plunger placed at the end of the waveguide is suitably set, the intense discharge



occurs between them at the pressure from 200 to 760 Torr of argon or helium gas. The carbon

rod is soon heated up to 3000 K.

3.Experimental results and discussion

It is found that more than 90 % of the microwave power has been absorbed by the dis-

charge plasma, under the most suitable condition for heating. This is confirmed by the

detection of the microwave power behind the stub electrodes.

However, in order to make the synthesis of C60 effectively, it is considered that the

temperature of carbon rod should be higher than 4000 K. The heating of carbon rod obtained

in the experiment has still been insufficient.

According to the rough estimation of the power losses from the carbon rod, the elec-

tronic cooling is dominant over the other loss process such as radiation, heat conduction and

heat convection, if the temperature of the carbon rod is higher than 3500 K. However, the ra-

diation loss becomes larger than the electronic cooling for the temperature lower than 3500 K.

As for the heat convection, it depends on the filling gas pressure and becomes large as the

pressure increases. In contrast to the other loss processes, electronic cooling is controllable by

biasing the carbon rod agaist the plasma potential, since thermionic electron emission from the

carbon rod is a function of the difference between the plasma potential and the carbon rod

potential.

Thus, the effect of the bias voltage for the carbon rod against the earth potential is

examined experimentally in detail Here, the carbon rod is regarded as an electrostatic probe.

Figure 2 shows the floating potential measured by the carbon rod. It is found that the

plamsma has the negative potential against the earth potential. Figure 3 shows the relation

between a bias potential V b and the probe current which flows into ( positive values ) or out

( negative values ) the plasma through the carbon rod. Figure 4 shows the light intensity

emitted from red-hot carbon rod v.s. V b .

The light intensity is considered to reflect the temperature of the carbon rod. As shown



in Fig.3, it is found that the light intensity depends on V b and increases as V b is negative

against the floating potential. This means that the electronic cooling is not large, compared to

other losses.

4. Consideration

The DC arc discharge is usually used to synthesize C60 in helium gas at the middle

pressure. In this case, the carbon rods are used as the electrodes. As well known, only the

anode is heated enough high temperature for the carbon to evaporate, while the cathode is

remained at low temperature. The difference of the temperature of both electrodes is consid-

ered to be caused by the serious electronic cooling at the cathode, because tremendous amount

of electrons are emitted from the cathode in the arc discharge.

By the way, microwave discharge has several advantages, compared with DC arc dis-

charge, from the view points of the simple equipment, safety and versatility of the discharge

mode. In the present work, the microwave discharge is applied to heat up the carbon rod to

high temperature. However, the carbon temperature is still insufficient to vaporize the carbon.

The positive biasing of the carbon rod against the plasma potential is effective to suppress the

emission of thermionic electrons. According to the experimental data, the light intensity

emitted from the red-hot carbon increases as the carbon rod is negatively biased. This is con-

sidered the heating due to the ion bombardment on the carbon rod.

The experimental data obtained here suggest that the main loss process from the heated

carbon is not the electronic cooling but the heat conduction or heat convection losses. There-

fore, the temperature of carbon rod is supposed around 3000 K at the maximum.

In conclusion, to heat up the carbon rod to higher temperature such as 4000 K, the

more microwave power should be supplied to the plasma. The possible way to do so is the

increase of the repetition frequency of the microwave pulse.
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Introduction

Recent advances in high-intensity discharge (HID) lamps have greatly attracted the interest

of people working in academic as well as in industrial laboratories. Especial interest has been

lately given to the microwave-powered family of HID lamps. Such lamps are electrodeless in

nature and suffer from no electrode contamination problems, i.e. no wall blackening and no

unwanted chemical species in plasma appear in these lamps and, therefore, their life-time is

practically unlimited. Moreover, the microwaves can sustain the stable discharges over a very

wide range of gas pressures, what even increases the importance of these discharges from both,

technological and theoretical point of view. By using the appropriate microwave applicator,

microwave discharges can be efficiently created and maintained from pressures above several

atmospheres to sub-mTorr pressures. For decades these discharges were, and still are, mostly

maintained within the resonant cavities of small volumes. This is a drawback for such

application as HID lamps, where sometimes large irradiating surface is required. Besides, high

intensity and small discharge volumes of these lamps result in extremely high power densities,

of a few hundreds watts per cirr, what must be overcome by special cooling systems. A few

designs of such lamps were reviewed by J.F. Waymouth in 1993 [1].

However, recently has a qualitatively new way of producing microwave plasma been

proposed, that allows the generation of large volume plasmas. This consist in using

electromagnetic "surface wave" to sustain the discharge. In a surface wave discharge the

plasma is sustained by the field of a guided wave that propagates along the plasma and

dielectric medium surrounding the plasma. These media form the sole propagating and

waveguiding structure, or a part of waveguiding structure when the dielectric is within the

metallic enclosure, that is, no other waveguiding structure is required. As a rule, these

discharges are sustained in a cylindrical dielectric tubes with diameters from 0.5 to above

100mm. The surface wave can be launched from a localized, small size exciter whose axial

length can be very small compared to the plasma column length. The maximum length of the



plasma column is determined by the amount of microwave power coupled to the surface wave.

Provided that the power supplied to the discharge is sufficient, there is no ultimate limit to the

column length, i.e. to the plasma volume [2]. In fact the surface waves discharges can be

operated over a very broad frequency range (few hundreds of kHz to ~10GHz) and since the

surface waves are guided waves, they can propagate also through bent structures [3]. Taking

into account already mentioned gas pressure range, these various positive features have

attracted the attention of people working in different domains of application, including not only

lighting and lasers but also analytical chemistry, surface treatment, ion sources and many

others.

As to the HID lamps, the abilities of surface waves to sustain the discharges of large length

and to propagate along the bent structure could lead to a design of new generation of light

sources. The use of bent discharge tubes in light sources could improve the geometrical

parameters of light sources not affecting the power and cooling. To our knowledge, no

SN'stematic experimental study on surface wave propagation along the plasma column sustained

in bent discharge tubes has yet been reported. In this work we are starting the investigation of

characteristics of a possible surface wave lamp. We use Xenon as the filling gas, which is

widely used in arc discharge lamps and well known as a gas with emission spectrum very

similar to the white light.

Experiment

Basic systems used to generate surface plasmas are reported elsewhere [2-5]. In this work

we used the coaxial re-entrant cavity as a launcher, which was connected to standard

rectangular WR-430 waveguide. The height, outer and inner diameter of the cavity were

35mm. 20mm and 6mm, respectively. The coupling of microwave energy from the waveguide

into the cavity was achieved by movable coupling probe positioned transversally through the

waveguide into the cavity (Fig. 1). Furthermore, the end position of the waveguide was

adjustable by means of a moveable short. These two degrees of freedom allowed to improve the

matching for different kind of discharge tubes, which were partly inserted in the cavity. Whole

system was driven by 850W. 2.45GHz magnetron working in pulse-mode with the repetition

frequency of 60Hz and pulse duration of about 2.5ms. The isolator and bi-directional coupler

were used to enable the monitoring of incident and reflected power.

The discharge tubes for the experiments were made of quartz-glass. Tubes with inner

diameter of 2 and 4mm. wall thickness of lmm, length from 50 to 400mm and Xe-gas



pressures of 20 and lOOTorr were used. In the case of bent tubes L-type shaped tubes with the

radii of curvature from 2.5 up to 50mm and straight 50mm ending on both sides were

investigated.

2.45GH2

magnetron isolator

J LU

bi-dir. coupler

n
TE10

metallic plate

discharge tube

cavity

movable coupler r~|

til

plunger

=n

Fig. 1. Schematic diagram of experimental apparatus

The power transmitted into the cavity was sufficient to ignite the discharge, which

consequently spread out of the cavity filling the whole tube volume. We have found that this

happened regardless of whether the tube was straight or bent and regardless of the curvature

radius to wavelength ratio (Fig.2a-e). Since the end of the discharge tube is an abrupt change

for the wave propagating along the plasma column, a part of the energy was reflected resulting

in the formation of the standing surface wave with wavelength of 110mm (Fig.2a). Only in the

case of 400mm long tube it was possible to decrease the power to the level, when the discharge

ended before reaching the end of the glass tube i.e. the discharge was able to absorb entire

provided power and the discharge was sustained by travelling surface wave. For the other

tubes, shorter than 400mm. the minimum power to ignite the discharge was too high to sustain

the plasma column in travelling mode. The power delivered to the discharges varied from a few

tens of watts up to about 300 watts.

At the pressure of 20 Torr azimuthally homogeneous discharges were observed, what is

with agreement with the results reported for low pressure surface wave discharges [2-6], where

in the tubes with smaller inner radius R (f.Rjs 2GHz.cm, where f is the frequency [3]) the

azimuthally symmetric wave mode m=0 is sustained. However, at the pressure of 100 Torr the

discharges were converted into the filamentary form which was clearly seen especially at lower

powers (Fig.2b). The branching of the filaments indicates that at higher pressures the surface



wave discharge is probably sustained by other than m=0 surface wave mode. Surprising]}- this

filamentary discharge can support the standing wave, when a metallic plate is used to induce

the wave reflection. The filamentation took place also in bent discharge tubes (Fig.2d).

Conclusion

This contribution presents the preliminary results of the investigation of the high pressure

Xe microwave discharge in bent tubes which was sustained by electromagnetic surface wave.

This research is aimed to help with the design of a new generation of high intensity light

sources with generally more complex shapes than those commonly used. Our results show that

the electromagnetic surface wave can effectively sustain discharge in tubes with various

bending radii within the large pressure range. The curved shapes of discharge tubes improve

the cooling of the lamp which is one of the major technological difficulties. It was shown that

under relatively lower powers and higher gas pressures (lOOTorr) the discharge exhibits a

streamer-like filamentation and the branching of filaments. The phenomena of the effective

sustaining of the discharge by surface wave propagation along curved plasma columns will be

investigated in more details by measurements of the profiles of surface wave electric and

magnetic field intensities.
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Fig.2. A surface wave discharges in quartz-glass tubes filled with Xenon: (a) the standing

surface wave sustained in the tube of inner diameter d=4mm, gas pressure p=100Torr; (b) the

filamentation of discharge in straight tube at lOOTorr: (c) the surface wave discharge in bent

tube at 20 Torr, the inner diameter and radius of curvature were d=2mm and R= 25mm.

respectively; (d) the filamentation of the discharge in the same tube at lOOTorr; (c) an odd

quenching of the discharge in the same tube at 20Torr;
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1.Introduction

The microwave discharge can be accomplished at the high pressure, even a moderate

microwave power by attaching stub electrodes on the both H-planes of the rectangular wave-

guide to intensify the microwave electric field [1]. One of the applications of the present

microwave discharge is to synthesize C60 by evaporating the carbon rod inserted into the

hollow stub. The another one is the gasfication of the wasted plastics to utilize them as the

resources. According to our experiment, the time for the epoxy rods to be completely gasifi-

cated has significantly depended on the gas species, even though the other conditions for the

microwave breakdown has been fixed.

The purpose in the present work is therefore to disclose the mechanism of the micro-

wave breakdown and characteristics of the plasma. The variation of the plasma density has

been measured at the center of the stub gap by a Langmuir probe inserted through the hollow

stub. It is found that the temporal development of the discharge has been considerably diffe-

rent, depending on the gas species. In addition, the initial electrons for the breakdown seem to

be mainly supplied by the microwave electric field emission from the stub electrodes.

2.Experimental Arrangement

The discharge chamber is constructed by devjding the standard rectangular waveguide



for 2.45 GHz, by the pyrex glass plates at both ends as shown in Fig.l. The plunger at the

end of the waveguide is used to adjust the position of standing wave excited by the reflection

of the microwave at the plunger. Magnetron at the another end of the waveguide oscillates the

microwave with the frequency of 2.45 GHz, with repetition frequency of 60 Hz. The averaged

microwave power is estimated around 600 W at the maximum. But throughout the experiment,

it is around 200 W. The discharge chamber is filled wth the gas at the pressure of 5.0 Torr,

after it is evacuated lower than 10 Torr. The well-reproducible plasma can be obtained in

the stub gap of 10 mm under these conditions.

The tungsten pipe with inner diameter of 4 mm and outer diameter of 6 mm is used as

a hollow stub. They are fixed on the H-plane of the waveuide with a tight connection. The

cylindrical Langmuir probe made of tungsten, 0.8 mm in diameter and 1.0 mm in height is set

at the center of the stub gap through the hole of stubs.

3.Experimental Results and Discussion

According to the experiment of the plastic gasification carried out by the present appa-

ratus, the time for the plastics to be decomposed is shortest for hydrogen, while it takes 2 or 3

times longer for helium and argon. This seems to be based on characteristics of the plasma

produced in each gas. Therefore, helium, argon and hydrogen are used in the experiment.

Figure 2 shows the electron saturation current measured at the center of the stub gap

for each gas as a function of time, with the anode current of the magnetron for reference. It is

found that the electron density n « is built up at the biginning of the discharge, with very

short rise time, for each gas. After that, n « for argon and helium rapidly decreases to very

low density, while the decease of n * for hydrogen remains 20 % of its maximum value. This

is considered the main cause of the difference of the plastic decomposition time above men-

tioned.

As shown in Fig.2, several fine structures can be observed in the electron saturation

currents at the biginning of the discharge. They are considered to relate to the mechanism of

discharge developement. Figure 3(a) and (b) show the electron and ion saturation currents



elongated near the beginning of the discharge for argon. The ion suturation current monoto-

nously decreases from the maximum which appears just after the beginning of the discharge.

On the othe hand, the electron saturation current changes rather complicated way shown in

Fig.3(a), i.e. the sharp first peak just after the discharge which corresponds to the peak of the

ion saturation current, the broad second peak and several oscillations with small amplitude.

The temporal behaviours of floating potential for hydrogen are also different from those

for argon and helium as shown in Fig.4. However, floating potential starts from negative val-

ues just after the beginning of the discharge for each gas.

The electron density and electron temperature are determined by analyzing the probe

currents and voltages which are obtained by changing the probe voltage by every 1 volt in

each shot of discharge. As shown in Fig.5, the electron temperature is around 10 eV at the

beginning of the discharge but rapidly decreases to a few eV. The plasma density estimated

from the ion saturation current is higher than 10 cm ~3 for 20 Si sec after the breakdown

and decreases to 10 ' ° cm "3 .

Thus, we can draw out the conclusion that the first peak in the electron saturation cur-

rent comes from the electrons emitted from the stub electrodes because the microwave electric

field is strong enough to cause the field emission from the metals. Moreover, the large nega-

tive floating potential just after the begining of the discharge can be explained as the surplus

electrons emitted from stub electrodes.

Since the electron density exceeds the> cutoff density of 7 X 10 ' ° cm "3 for 2.45 G

Hz microwave at the beginning of the discharge, the stub electrodes will be screened out by

such a high electron density so that electric field emission will cease. Then, the electron den-

sity decreases faster than ion density so that the floating potential becomes positive for argon

and helium after that. However for hydrogen, it has been negative throughout the discharge.

The electron saturation currents for argon and helium decreases to very low values after

the beginning of the discharge, in spite of the increase of the incident microwave pulse. But

for hydrogen, it does not decrease so much as that for argon and helium. It can be considered

that these phenomena are significantly affected by Debye shielding due to high density plasma.



4.Summary

It is clarified that the change of the plasma density measured by Langmuir probe de-

pends on the gas species. This will affect on the application of the present discharge to the

heating or the evaporation of the materials. The mechanisms of the present discharge has not

been well understood but the initial electrons are found to be mainly supplied by the field

emission from the stub electrodes. The microwave power absorption seems to be prevented by

the plasma with density higher than the cutoff density.
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