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ABSTRACT

Experimental investigation of HV short pulsed streamer discharges in dry air-fed ozonizers
undervarious operaling conditions are reported. Ozone conceniration, energy input and ozone
production yield (efficiency) were measured at various voltages (14 to 37 kV), pulse repetition
rates {25 to 400 pulses per second, pps), flow rates (L5 to 3.0 1/min) and different gap spacings
(10 to 20 mm) at a pressure of 141105 Pain dty air. A spiral copper wire (I mm in diameter)
made to a cylindrical configuration (18 to 38 mm in diameter} in a concentric coaxial electrode
system of various dimensions was employed. A magnetic pulse compressor provided the HV
and current pulses, Higher voltage and higher repetition rates yielded higher concentrations of
ozane at a fixed air flow rate. The present investigation was extended fo assess the performance
of this pulsed ozone generator using dry air under desired conditions of high concentration
and high yield of ozone for industrial applications.

1 INTRODUCTION

ZONE is being used increasingly as an alternative to chlorina-
Otion of drinking water, in the treatment of industrial waste, in
bleaching processes of textiles and paper pulp, in chemical synthesis
of vitamins and petfuimes, and in the processing of semiconductor de-
vices. It has little detrimental effect on the environment because the
natural decay product of ozone is oxygen, and in the presence of or-
ganic substances, carbon dioxide also may be created. It has the added
advantage of less energy consumption than other alternatives, such as
the chlorination process [1].

Historically, the major application of ozone has been in the treatment
of drinking water: ozone is knawn as a potent bactericide and viricide
[2]. Ozone is an unstable molecule, which decays into oxygen. So, it
must be generated where it is required to be used, and it cannot be
shipped or stored in a gaseous form [1]. Currently major efforts are be-
ing expended world wide to increase the efficiency of ozone production
in order to reduce costs. Ozone synthesis from oxygen in dielectric bar-
rier discharges has been studied [1-4]. However, there are relatively
few studies of synthesis without a dielectric barrier using HY pulsed
power although this offers substantial advantages [5, 6], Usually ozone
is generated by silent discharges using a diclectric barrier placed adja-
cent te the outer cylineer [1, 2,3, 7] where very short durations of micro
discharges prevail at the surface of the dielectric, A de applied voltage
has been used also for ozone generation in a wire-cylinder geometry

(8.

Generatly, the purpose of the ozonizer is to produce intense streamer
discharges without inducing are breakdown between the electrodes. A
pulsed streamer discharge has been shown fo be very affective for this
purpose if it is long enough to produce intense corona but not too long
te induce arc breakdown [5, 9], The sireamer discharge energized by a
fast rising pulse voltage can produce an intense plasma, which creates
atomic oxygen by dissociation [1]

e+ = 0+0+e¢ (1
and
e+ — 010 (2)
Ozone is formed via
0+ +M = O3+ M @

wherc Af is a third collision particle which could be O3, Oy and Ny
in air [1}. A 1 pulse can produce an intense streamer discharge at
room temperatute and atmospheric pressure. Although the electrons
are accelerated to a high level in the high field if the pulse duration is
very short, it does not readily lead to a spark breakdown [5, 6, 9-12].
The industrial requirements of the concentration of ozone depend on
the applications in which the ozone is used, and this in turn determines
the operational conditions of the ozonizer.

Tu the present paper, most of the parameters affecting the ozone pro-
duction were examined. These include pulse voltage (14 to 37 kV),
pulse repetition rate (25 to 400 pps), gas flow rate (1.5 to 3.01/minj and
gap spacing (10 to 20 mem} at a pressure of 1.01x10° Pa of dry air. A
figure of merit of an ozanizer is the concentration of ozone in parts per
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million (ppm} and.the ozone production yield given in g/kWh, and
both of these quantities have been determined at different discharge
conditions,

2 EXPERIMENTAL PROCEDURE

A schematic diagram of the apparatus to gencrate ozone is shown
in Figure 1. The reactor in which ozone was produced consisted of a
discharge tube which confained a spiral copper wire of 1 mm in digm-
eter, made into a cylindrical configuration as shown in Figure 2. The
wire was coiled on formers,vinyl chloride tubes, having diameters in
the range 18 to 38 mm.
&

Oscilloscope

Flow
meter

Figure 1. Lxperimental setup for generation of oxone.
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Figure 2. Reactor confiyuration. Wire diameter | mm; reactor lengih

1m.

The inner diameter and the length of the outer copper cylinder were
58 mm and 1 m, respectively. Therefore, the gap spacing between the
electrodes was varied over the range 10 to 20 mm by using different
formers.

If the electric field is made highly non-uniform, then high-energy
clectrons are genarated eloge to the wire whare the field is high. The
high-energy clectrons dissociate the oxygen molecules inte oxygen
atoms {reaction 1) and thus the production of ozone is largely produced
in the vicinity of the 17 wire [11, 12]. Dry air was used which had con-
cenfrations of nitrogen 78,08%, oxygen 20.95%, carbon dioxide 0.03%,
argon 0.93% and traces of neon, helium, methane, krypton, xenon, hy-
drogen and nitrous oxide [13]. The gas flow in the discharge tube was
axial. The flow rate and the ozone concentration were monitored by
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meang of a flow-siat meter {Floline, model SEF-1 R, made by Stec Inc,
Japan} and a UV ray absorption ozone meter (Hbara model DOA300), re-
spectively, The UV absorption measurements were carried out at 253.7
nm where the absorption ctoss section is large at 1.14x107 2! m? [1,
14]. This method has the advantage that it is instantanecus and does
not suffer from errors arising from the presence of other substances
such as nitrogen oxides in the gas [1],

The pulsed voltage and the discharge current were measured using
an oscilloscope via a HY capacitive divider and a Pearson Rogowski
coil, respectively, A Hewlett Packard digital oscilloscope (HP 545424)
with a maximum bandwidth of 500 MH% and a maximum sample rate
of 2x10% 5 recorded the signals. The power V1 and the energy V Idt
input to the discharge per pulse were determined from the digitized
signals, using a computer. The flow rate of the air, fed into the re-
actor tube was varied in the range 15 to 3.0 1/min at a pressure of
1.0Ix10° Pa. The output gas from the ozonizer was exhausted to the
outdoors through charcoal {activated carbon},

A magnetic pulse compressor (MrC) [15] provided the voltage and
the current pulses with a repetition rate of up to 500 pps. A typical
duration of 110 ns, defined as the full-width half maximum (swHM) of
the pulse voltage was measured at 35 kV output voltage. The circuit
diagram of the MPC is shown in Figure 3. The MPC consisted of a high
speed gate turn off (GTO) thyristor and a single stage pulse compression
element. Following the charging of the capacitor €, GTO is turned on.
A the begivning, the current in the GTO is reduced by the saturable
inductor {SL), SI. 1. After the saturation of s1. 1, the stored charge on
) is stepped up to Cp through GTO, the step-up pulse transformer
{PT) and the saturable transformer {ST). The ST compresses the current
pulse and steps up the voltage. After the saturation of $T, the charge in
'z is transferred to tha peaking capaciter C'y. Finally €% is charged to
the desired voltage. The pulses obtained were directly applied to the
coaxial electrodes.

SL1
HVDC
1: "
:’: Ci PT ST Reactor
3 TC3
Groy D D2 -Ez

Figure 3. Circuit diagram of the MrC. Gate turn off thyristor H10 D33
YEH {(Meidensha Co., Japan); Cy, primaty energy sterage capacitor; S1.
1, saturable inductor; 1T, step-up pulse transformer; 5T, saturable hrans-
former; Ca, secondary capacitor; s1. 2, saturable inductor; C, peaking
capacitur,

3 RESULTS AND DISCUSSION

Throughout the present study, a positive polarity of the UV pulses
was applied to the wire forming the central electrode. It has been shown
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that using this polarity, the production of ozone was higher than that
with the negative polarity in the wire-cylinder configuration [8]. It was
shown also that in a positive wire-plane geomefry in 1.01x10° Pa air,
there were more streamer channels (8 channels/cm) compared to the
negative wire (1 to 2 channels/cm) and the latter had a reduced branch-
ing compared to the positive polarity [12]. Further, using applied de
voltage, the positive wire had a higher breakdown voltage than the
negative wire in the pressure region above the Paschen minimum [16,
17]. This was aftributed to the higher total secondary ionization co-
efficient for the case wher the wite was made a cathode, because the
electric field was high in its viciity. For posilive wire the electric ficld
is lower near the negative outer cylinder, resulting in a lower total sec-
ondary ionizatien cocfficient and thus higher breakdown voltage [16,
17].

A diffused streamer channel leads to a lower clectron density and
this tends to postpone the development of the complete breakdown of
the gap and therefore to a higher production of 0zone via reactions (1)
to (3). In general, when the pulse voltage was raised, the discharge
became more stable.

8000 —
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Figure 4. Dependence of ozone concentration on applied pulse voltage,
Conditions: gas, dry air; pressure, 10110 Pa; flow rate, 3.0 1/min; gap
length, 16 mum; pulse repefition rates: W 25 pps; & 50 pps; ¢ 100 pps; @
200 pps; ¥ 400 pps.

3.1 CONCENTRATION OF QZONE

The production of ozone as a rosult of the application of pulscd
power info dry air in parts of ozone per milflion parts of air molecu-
les (ppm) is shown in Figures 4 and 5 as function of pulse voltage and
pulse repefition rates, respectively. 1 ppm of ozone in 1.01x10" Pa of
air at 293 K is equal to a density of 2.69x 101 molecules/m* and to a
mass density of 2.14 mg/m?. The ozone concentration increased with
increasing pulse voltage at a fixed repetition rate, and increasing repe-
tition rates at a fixed pulse voltage as shown in Figures 4 and 5, respec-
tively. At a constant pulse voltage in the range 21 to 29 kV, the concen-
tration of ozone increased lincarly with increasing repetition rate, but
only to ~100 pps {Figure 5). The concentration then increased less than
linearly with further increase in the repetition rate {10C to 400 pps). The
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ttasition from a streamer discharge into an arc reduces the production
of ozone because the arc is narrow and not diffused at the high pressure
employed here. All the measurements reported here were taken in the
presence of streamers and before the discharge transferred into an arc.
Figure 4 shows that it was not possible, for example, to apply a volt-
age >30 kV for 400 pps while it was possible to operate the reactor at
3T kV for 25 pps. These observations are in general agreement with
those reported by Chalmers ef al, [5].
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Figure 5. Dependence of ozone concentration on repetition rate af dif-
forent pulse voltages, Conditions: gas, dry ait; pressure, 1.01x10° Py
flow rate, 3.0 I/min; gap length, 16 mny; pulse voltages: @ 21 kV; B 23 kV;
TKV, A 28KV, #29kV: O 33KV
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Figure 8. Dependence of ozene concentration on Hme of application
of different pulse repetition rates. Conditions: gas, dry air; flow ratc,
1.5 1/min; pressure, 1.01x10° Pa; pulsed voltage, 32 kV; gap length,
16 mm; length of the reactor, 1 m; pulse repetilion rates: @ 50 pps; @
200 pps; ¢ 400 pps.

Figure 6 shows typical times, needed for the oxone production to
reach steady state values at 1.5 1/min flow rate in dey air. The observed
longest saturation time of ~230's (for 50 pps, Figure 6) was influenced
by the volume of the discharge vessel, the gas flow rate, the inner di-
ameter (5 mm) and the length (1.5 m) of the connecting polyethylene
or Teflon™ tube which carried the gas to the UV monitor detecting the
0ZONE,
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Figure 7. Typical pulse voltage (1) and discharge current {2) waveforms

produced by a mrc. Conditions: flow rate of dey air, 3.0 I/min; pulse
repetition rate, 50 pps; gap length, 16 mm.

For example at 3.0 1/min gas flow rate {not shown), the longest saf-
uration time decreased to 90's. In this work the concentration of ozone
is teported after it had reached a steady stage value,

Figure 7 shows typical pulse voltage and discharge current wave-
forms produced by the mrC of Figure 3 at 3.0 [/min flow rate of dry
air, 50 pps repetition rate and a fixed gap length of 16 mm. 1t will be
abserved that the rwhM of the applicd voltage is 110 ns, while that of
the current is 60 ns. The overshoot in the voltage waveform may be
attributed to the circuit stray indugtances and the reflections due to the
impedance mismatch between the power supply and the ozonizer. The
dependence of the current ¢ on time  was determined by the fmped-
anees of the reactor tube and the discharge in the gas. The impedance
was largely capacitive before the onset of the discharge

@

whete v is the applied voltage and ¢!, is the capacitance of the reactor
before the onset of the streamer discharge. During the discharge the

impedance became complex
+ "(1;7 f idt {5)

di

V=RidL—
df

where 12 is the resistance, I the inductanee and € the capacitance of

the reactor during the discharge.

1= C[E

Figurc 8 shows the dependence of the concentration of ozone on the
pulsed applied voltage for varying gap lengths in air at a pressure of
1.01x10% Fa. The gap length belween the eleetrodes was varied from
10to 20mm. This was done inan attempt to vary the clectric field in the
gap, in order fo influence the generation of ozone. Tt will be observed
from Figure 8 that as the gap length decreascs, the concentration of
ozone increases for a fixed applied voltage. This is attributed to the
higher electric field at the spiral wire with decreasing gap length, The
higher electric ficld results in decreasing the average density of the low-
energy clectrons, which decompose the gencrated ozone [18]. Thus
the higher cleetric field indirectly increases the production of atomic
oxygen {reactions (1) and (2)) and this results in a larger gencration of
ozone according to reaction (3). Turther, at the shorter gap length, the
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Figure 8. Produciion of ozone as a function of pulse veltage for different
gap lengths. Condilions; gas, dry air; pressuwe, 1.01x10% Pa; repetition
rate, 100 pps; gas flow rate, L5 [/min; gap longths: @ 10 mm; B 13 mm; &
16 mung 4 18 mm; ¥ 20 m.

production of ozone started at a lower pulse voltage (14 kV at 10 mm
gap length, Figure 8).

pe, kY

Pulse Voltn

Gap Length, mm

Figure 9. Dependence of the applied pulse voltage on the gap length to
generate different concentrations of ozone. Conditions: gas, dry air; pres-
sure, 1.01¢10° Pa; repetition rate, 100 pps; gas flow rate, 1.5 Lmin; con-
centrations of ozonc: @ 1000 ppmy; & 2000 ppun; M 4000 ppm; 4 5000 ppmy
¥ G000 ppmy; 3 7000 ppm.

Figure 9 shows the dependence of the applied pulse voltage on the
gap length to generate various ozone concentrations in dry air, 1t will be
obsecved that in erder fo attain a given conceniration of ozone, the ap-
plied voltage must be increased with fncreasing gap length (Figure 9).
Figure 10 shows the offect of varying the gas flow rate on the produc-
tion of ozone. Tt will be realized that for a fixed condition of applied
voltage and gap length, the slower flow rate of 1.5 1[/min gave much

larger concentrations of ozone than at 3.0 I/min (Figure 10). This oc-

" currad for all paps in the range 13 to 20 mm and applicd voltages in the

range 15.5 to 34.5 kV. This was to be expected because a slower flow
rate allowed an increased production {ppm) of ozone in constant con-
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Figure 10, Concenlration of ozone ps. pulse voltage showing the effect
of varying the gas flow rato at different gap lengths. Conditions: gas, dry
air; pressure, 101x10° Pa; repetition rate, 100 pps; gas flow rates and gap
lengths: ¥ 1.51/min and 13 mm; ¥ 3.01/min and 13 mm; @ 1.51/min and
%3 rom; (O 3.01/min and 16 mm; W 1,5 |/min and 20 man; U 3.0/ min and
mm.
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Figute 11, Dependence of ozone yicld on pulse voltage for different
pulse repetition rates. Conditions: gas, dry alr; pressore, 101x10° Pa;
flow rate, 3.0 1/min; gap length, 16 mm; pulse repetition rates: @ 25 pps;
W 50 pps; & 100 pps; 4 200 pps; ¥ 400 pps.

ditions of gas pressure, electrode gap and applied pulse voltage, and is
in general agreement with the previous work {5, 6,19). This is because
of the longer tesidence time of gas molecules at lower flow rates for the
effective formatfion of ozone in the reactor.

3.2 PRODUCTION YIELD OF OZONE

The ozone production yield in g/kWh of input energy to the gas is
shown in Figure 11 as a function of pulse voltage at a fixcd gap length
of 16 mm, 3.0 I/min dry air flow rate and different repetition rates in
the range 25 to 400 pps. It will be observed from Figure 11 that the pro-
duction yield of ozone initally increased with increasing pulse volt-
age for all pulse repetition rates. The highest yield of 87 g (03)/kWh
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{1.81 mol/kWh) at thig flow rate and gap length was obtained at 100 pps
and 26.5 KV pulse voltage. Figure 11 shows that at a certain voltage, de-
pending on the pulse rate (350 pps), the yield started to decrease with
further increase in the applied voltage. For exarple, at 50 pps the yield
started to decrease above 30.5 kV while at 400 pps, it started to decrease
above 25.5 kV (Figure 11). The recduction in the yield was also observed
with increasing repetition rate (32100 pps) at a fixed voltage (3221 kV},
see Flgure 12,
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Figure 12 Dependence of ozone yield on the pulse repetition rate
for difforent discharge voltages. Conditions: gas, dry air; pressure,
101x107 Pa; flow rate, 3.0 1/min; gap length, 16 mm; pulse voltages: 4
2KV, 23KV, & 28KV, @ 30KV, ¥ 33KV,
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Figure 13. Dependence of ozone yield en the pulse voltage for different
gap lengths. Conditions: gas, dry air; pressure, 101x10° Pa; flow rate,
15 |/ min; cepetition rate, 100 pps; gap lengths: I8 10 mny; & 13 mm; 4
16 mun; @ 18 mm; ¥ 20 mm.

Figure 13 shows the ozone yield as a function of pulse voltage at
fixed repetition frequency of 100 pps and varying gap lengths in the
tange 10 to 20 mm, Tt will be observed from ligure 13 that the high-
est yield of 110 g/kWh was achieved at 10 mm gap length between
the coaxial electrodes, 1.5 I/min flow rate and 16,9 kV pulse voltage.
All yields peaked at a certain pulsed voltage and then decreased with
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further increase in the pulse voltage. The bars shown in the experimen-
tal results represent the variations for two repetitions throughout this
work.

3.3 DEPENDENCE CF MAXIMUM
OZONE YIELD ON DISCHARGE
PARAMETERS

The dependence of the applied pulse voltage at which the yield of
ozone peaked on different gap lengths is shown tn Figure 14, Tt will be
obscrved from ligure 14 that this voltage increased with increasing gap
length. Higher voltages, >29.6 kV, which correspond to a higher energy
input to the discharge per pulse, are associated with the reduction of
the production yield of ozone. Another possibility that might explain
the reduction in the yield at higher voltages (Figure 13} was that the
input energy was increased at a higher rate than the concentration of
ozone as shown in Figure 8, due to the dissipation of heat.
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Figure 14. Dependence of the applied pulse voltage at which the ozone
production yield peaks on the gap length. Conditions: gas, dry air; pres-
sure, 1,01 10% Pa; flow rate, 1.5 |/mir; repeliticn rate, 100 pps,
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Figure 15. Peak yield vs. gap length for different pulse voltages (16.9
to 296 kV). Conditions: gas. dry ait; pressure, 101X10® Pa; flow rate,
1.51/min; repetition rate, 100 pps.

Figure 15 shows the peak yield vs. gap length for different applied
pulsed voltages (16.9 to 29.6 kY, Figure 14). Figure 15 shows that the
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maximum yicld that could be obtained from the ozonizer was strongly
dependent on the gap length and decreased with increasing pap length
of the coaxial geometry. This is attributed to the complex dependence
of the development of the streamers, their size and diffusivity on the
non-uniform electric field,

3.4 PRODUCTION YIELD FOR
DIFFERENT QZONE
CONCENTRATION

Figure 16 shows the production yicld of ozene vs. the concentra-
tion of ozone at different gap lengths for a fixed flow taie of air of
151/ min, pulsc repetition vate of 100 pps and applied pulse voltage of
14 tn 34 kV. Tt will be observed that the highest yield of 10744 g/kWh
was obtained at short gaps of 10 and 13 mm for ozone concentrations
of 31504150 ppm. According to Figure 16, the gap length of 16 mm at
100 pps repetition rate yielded the optimum condition of alr-fed ozoniz-
ers by giving the largest amount of ozone concentration (9550 ppm)
with a good yield value of ~77.9 g/kWh. Tn all cases the yield ini-
tially increased with increasing concentration until it veached a maxi-
mum and then declined with a further increase in the concentration of
ozone, This ig because, and as shown in Figure 8, the increase in the
concentration with increasing voltage becomes less than kinear at higher
voltages. Therefore, the input encrgy is also increased at a higher rate
than the concentration of ozone as mentioned above, leading to a lower
yicld at higher voltages and therefore at higher concentration.
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Figure 6. Production yield of ozone us. iis concentration at differ-
ent gap lengths. Conditions: gas, dry air; pressure, 1.01x1G° Pa; flow
rate, 1.5 1/min; repetition rate, 100 pps; applied voltage, 14 to 34 kV; gap
lengths: W10 mm; & 13 om; 4 16 mm; @ 18 mm; ¥ 20nm,

The required lovel of ozone concentration depends on its specific ap-
plication. For example, the requirements for the concentration of ozone
in drinking water and/or wastc water treatmonts are different from the
requirements of ozone use in the chemical and pharmaceutical indus-
trles, for bleaching kaolin and paper pulp [3]. Thercfore, the tesults re-
ported here are applicable to a wide utilization including deodorization
{food hygiene, 6 ppm), purification of water (semiconductor industry,
1200 ppm), water treatment (nursery, 7000 ppm), air purification (air
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cleancr, 40 ppm) and all applications which need a concentration of
ozone in the range of 9550 ppm [20].

4 CONCLUSIONS

1. Positive polarity of applied pulsed voltage to the central electrode
was found to be effective for the production of ozone in dry air using a
spiral wirc in a coaxial geometry, :

2. The pulse repetition rate of 100 pps, and 16 mm gap length pro-
duced the highest concentration of ozone with a considerable produe-
tion yield.

3. The concentration of ozone increased with increasing applied

pulsed voltage at a constant pulse xate, a fixed gap length and 2 constant
gas flow rate.

4, The concentration of ozone increased with increasing pulse rate at
a fixed pulsed voltage, a constant gas fiow rate and a fixed gap length.

5. The production of ozone reached a saturated level within about
230 s for a gas flow rate of 1.5 I/min. At 3.0 I/min the saturation time
decreased to 90's for all experimental conditions specified in this study.

6. The production of ozone increased with decreasing gas flow rate.

7. The concentration of ozone increased with decreasing gap length
at a fixed applied voltage, a fixed pulse ratc and a constant gas flow
rate.

8 The production yleld of ozane was feund to strongly depend on
the concentration of ozone and therefore on the applied voltage, pulse
rate and gas flow rate.
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