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ABSTRACT

A theoretical model is presented which describes the
kinetics of ozone formation in an atmospheric pressure
transient glow discharge. Results are given on the differ-
ent time scales involved. The calculations predict in-
creased efficiencies for sub-microsecond pulses.

1. INTRODUCTION

It is well known that in many different types of electri-
cal discharges in air or oxygen small amounts of ozone are
generated. However, the efficiency of ozone production in
a discharge 1is, 1in most cases, rather poor. The most
important type of industrial ozonizers, making use of a
socalled silent discharge, reaches efficiencies of the
order of 5 %.

Although most rate coefficients involved in the ozone
formation are available in the literature it seems that no
consistent theoretical description of ozone formation in a
high pressure discharge has been put forward. Much more
effort has been spent on low pressure oxygen discharges
which are reasonably well understood (1). While low pres-
sure discharges may be excellent devices to study reaction
kinetics they can be ruled out for industrial ozone pro-
duction because of their mass flow limitations.

2. PROPOSED MODEL

The requirements for reasonable ozone formation can be
formulated as follows: The pressure in the discharge
should be in the range of 1-2 bar. The gas temperature T
has to be kept as low as possible to prevent therma?
decomposition of ozone. Enough electrons have to be cre-
ated in the discharge to start the dissociation of 0,
followed by the build-up of 03. Acceptable ozone concen-
trations are reached only if volume ionization in the gas
provides appreciable electron concentrations. This can
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only be attained if the E/p-value (electric field strength/
pressure), at least temporarily, surpasses the value re-
quired for breakdown of the gas (38 V/cm Torr in Og).

In the following we shall attempt to give a description of
the different time scales involved in such a pulsed,
spacially homogeneous oxygen discharge at atmospheric
pressure. This type of discharge has been called a tran-
sient glow because it 1is characterized by E/p-values
typical of glow discharges. It is clear, that, at atmos-
pheric pressure, the transient glow phase with T, > T can
last only for a limited time (< 1lps) because coll¥sion
processes tend to equalize the temperatures. On the other
hand, it is observed that discharge instabilities (result-
ing in sparks or arcs) develop after a certain time and
destroy the homogeneity of the discharge. Our description
is no longer valid when this occurs. We assume that the
discharge is interrupted by external means before the
transient glow becomes unstable. Furthermore, no space
charge effects are considered at this stage. The dynamics
of the discharge is very much influenced by the processes
of ionization and dissociative attachment.
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Fig. 1: Maximum peak value of E/p obtainable in
oxygen as a function of pulse width.
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The rate coefficients k;, k, depend very strongly on E/p
(2). At an E/p-value of 38 V/cm Torr the breakdown voltage
of oxygen is reached. Most discharges in oxygen are thus
limited to the range 0 < E/p < 38 V/cm Torr. This range of
usable E/p-values can be extended if ignition is brought
about by a fast rising pulse. From Flg 1 it becomes ap-
parent that the inherent time lag in the build-up of
lonization allows fast rising pulses to reach considerable
peak voltages. The curve in Fig. 1 was calculated for a
pulse with linear rise to the peak voltage within the time
ty and an exponential decay with a time constant tg. Thus,
to is roughly the halfwidth of the pulse. Breakdown is as-
sumed to be established if one initial electron has led to
the formation of 108 electrons. It is further assumed that
always enough initial electrons are present in the gap so
that no statistical time lag has to be considered. Once
the applied pulse falls below 38 V/cm Torr the electrons
disappear by attachment with a time constant

Ie = 1/(k2 L kl) ng [za]

where ng is the particle density of the gas.

During the rather short life time of the free electrons
they react with 0, and O3 (if already present)

ks

e+ 0, » 20 + e [3]
K4

e+ 03 > 0, +0+ e [4]

ks was taken from Ref. 3, kg is not well known, but is
assumed to be about 5 ki3 (4).

In addition, "chemical" neutral particle reactions occur,
the most important of which are:

ks
O+ 02 + 02 > O3 + 0 [5]
ke
O3 + 02 > Oz + 0 + 0 [6]
k7
O+ 03 » 202 [7]
ks
O+ 0+ 0y » 05 + O [8]

The coefficients ks, kg, k; were taken from Benson and
Axworthy (5). A discussion of kg was given by H. I. Schiff
(6). We introduce the particle densities n;, n,, ns, ng,
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n, n, of O, 0,, O3, electrons, 0, and O{ respectively
and arrive at the following set of differential equations:

2
e 2k3nen2 + k4nen3 - ksniny, + kgnpns - kynyjng -

2

- 2k8n1n2 [9]
dn, 1 dn, dns
¥ < 2leE t dE ) [10]
dn3 2
dc = = k4nen3 + k5n1n2 - kgnzng - k7n1n3 [11]
dne
& = (ki = kg)nny [12]
dn,
a—t— = klnenz [13]
dn_
FE T Kenenz (4]

This set of equations was integrated by a Runge-Kutta
formalism. For a certain arbitrary voltage pulse the
formation of the different species concentrations is
plotted in Fig. 2. It becomes evident that the free elec-
tron population has a fairly short life span (roughly 5 ns
for this pulse) due to the electronegative character of
oxygen. The ions 0 and OZ, as well as atomic oxygen 0 are
formed rather fast, while the build-up of the ozone con-
centration takes about 1 - 10 microseconds. Thus, there is
little danger of ozone destruction by process (4). One can
also conclude from Fig. 3 that each electron has created
about 870 Oz-molecules and that there is fairly little
loss of atomic oxygen by processes [7] and [8] because the
03 concentration X3 reaches about the same height as the
concentration X;.

Integration of the power of the electron and ion current
over the pulse length leads us to assess the electrical
energy dissipated in the discharge. This allows us to de-
fine a figure of merit: the amount of ozone produced per
unit of energy used.

Our model predicts that this figure of merit depends very
strongly on the pulse shape and pulse height and that it
has an increasing tendency towards shorter pulses (Fig. 3).
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Fig. 3: Specific ozone yield as a function
of pulse width.

The model permits the optimization of the pulse shape w1th
respect to the desired ozone concentration and maximum
efficiency.

It may be interesting to point out in this connection that
the pulsed homogeneous oxygen dlscharge is not a purely
theoretical notion. Experiments with this discharge type
have been performed by Braumann and Salge (7) and by
Rosocha and Fitzsimmons (8) and have, indeed, yielded high
ozone efficiencies.
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