ARTMENT OF ELECTRONIC & ELECTRICAL ENGINEERING

<)
Universityof N&

Strathclyde

Engineering

OPTIMISATION OF OZONE GENERATION
USING DIELECTRIC BARRIER DISCHARGE

A thesis presented in fulfilment of the requirement for
the degree of

Doctor of Philosophy

Yingjia Zhou, Msc

2017

Department of Electronic and Electrical Engineering
University of Strathclyde

Glasgow, UK

REF UKTOP 20 RESEARCH-
INTENSIVE UNIVERSITY

'I'IIE UK UNIVERSITY OF THE
YEAR WINNER

The place of useful learning 'I'll UK ENTREPRENEURIAL
UNIVERSITY OF THE

The University of Strathclyde is a charitable body, registered in Scotland, number SC015263 YEAR WINNER



Declaration of Authenticity and
Author's Rights

“This thesis is the result of the author’s original research. It has been composed by the author

and has not been previously submitted for examination which has led to the award of a degree.’

"The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due
acknowledgement must always be made of the use of any material contained in, or derived

from, this thesis.’

Signed:

Date:



Acknowledgements

I would firstly show my sincere respect to Dr. Tao Wang for his supervision, guidance and
encouragement throughout the entire study of this research. Thanks for giving me this
opportunity to do my favourite research. His stringent and careful attitude towards work
inspire me a lot. Also, his spirit of perseverance and his strong enterprise affect me of
commitment to excellence in my future life. Many thanks to Dr. Qing Chun Ren and the

Strathclyde Faculty of Engineering for the financial support.

I would also like to show my respect to Professor Scott MacGregor for his encouragement and
support. | would like to thank Dr. Mark P Wilson for his encouragement and help on my
academic papers. Many thanks to Dr. Michelle MacLean for her help. Many thanks to Dr. Igor

Timoshkin and Dr. Martin Given for their continuous help and advices in the research.

I would like to show my gratitude to my parents for their patience and thoughtful kindness
when | suffer setbacks. Their encouragement makes me insist to carry on my research career.
I would like to thank all the technicians in the mechanical workshop and electrical workshop
of Electronic and Electrical Engineering Department and the storage room in TIC building:
David Griffin, Sean Doak, Andy Carlin, Frank May, James Tollan, Peter Costello and Charles
Doyle. Thanks to Mrs. Maureen Cooper for all her help in ordering experiment equipment and

organising conference trips.

Thanks to all my colleagues in the HVT Research Group. | would like to show my especially
gratitude to Dr. Guangming Huang for his patient advice and help in my research. Also | would
like to thank my group mates Mr Linghe Zhou and Miss Yiyi Zhao for their selfless help in
my research. Many thanks to all the students that | supervised to let me continually add my

knowledge and experience to be a better researcher.

Finally, | would like to thank Professor Yi-Kang Pu for his deep guidance and his

enlightenment in my research.



Abstract

The aims of the research include understanding the fundamental kinetics of ozone generation
using dielectric barrier discharge and investigating the potential to optimize the process to

improve ozone generation efficiency.

The kinetics of ozone generation and its limitations are reviewed. The discharge characteristics
of single filaments are investigated by analysing its equivalent circuit and the distribution of
current magnitude. The parallel-plane electrode is used for the investigation of the relationship
between current distribution, reduced electric field and ozone generation efficiency. The
maximum ozone efficiency of the experiment is 207 g/kWh at the reduced electric field of
120 Td. With the increase of reduced electric field from 120 Td to 280 Td, the ozone
generation efficiency drops to 109 g/kWh. The meshed electrode configuration was employed
to optimize the ozone efficiency. The highest ozone efficiency achieved is over 330 g/kWh at
~ 100 Td which is twice higher than the commercial ozone generator. It is found that the
distribution of external current amplitude using meshed electrode is narrower compared to
planar plates. To further understand ozone generation kinetics, the gas discharge is generated
at cryogenic temperature of -183 <C using liquid oxygen. The liquid ozone is produced and
the highest ozone efficiency achieved is ~460 g/lkWh. The ozone dissociation reactions
involving atomic oxygen and free electrons and the humidity effect at cryogenic temperature

of -183 T were effectively limited.
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Chapter 1 Introduction

1 Introduction

1.1 Motivation and research objectives

The aim of this research is to optimize the ozone generation using oxygen-fed dielectric barrier
discharge. To achieve this aim, there are following objectives:

e Analyse the kinetics of ozone generation process including ozone formation and

dissociation.
¢ Investigate the limitations of ozone efficiency.

o Investigate electrical characteristics of DBDs including accurate measurement of
external current, determination of single filament current and the charge transfer

distribution of a single filament discharge.

e Investigate filament current distributions and their relationships to ozone efficiency

using planar electrode and meshed electrode.

e Investigate ozone generation performance under low temperature.

1.2 Overview of 0zone generation

1.2.1 Properties of Ozone

Ozone is a colourless gas with a molar mass of 48 g/mol [1], a density of poone= 2.144 g/L at
standard temperature and pressure (STP, T=273K and P= 1 atm pressure) and a boiling point
of -112 <C. Liquid ozone is blue-violet colour and becomes a deep violet colour in the solid
phase below -193 <C. Ozone is a bent molecule with a single bond and a double bond which
is easy to lose an oxygen atom and converted back to oxygen. Consequently, ozone is a strong
oxidant, of which the oxidation-reduction potential (ORP) is 2.07 V, which is higher than that
of hydrogen peroxides (1.77 V) and chlorine (1.36 V). Ozone molecule is a polar molecule

with a dipole moment of 0.53 D (1 D = 108 statC €m) in the gas phase [2].
1.2.2 Ozone applications

Ozone is an environmentally- friendly oxidant that is widely used for industrial applications,

such as the following listed purpose:

e Water treatment: water disinfection.
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o Air purification: flue gas emission from industry (DeNOy).

e Pulp bleaching for chlorine-free production of paper.

e Micro pollutants decontamination.

¢ Inorganics by-products disinfection [3].

o Medical use: ozone therapy, surgery, dental care and manufacture of pharmaceuticals.

Nowadays, the increasing environmental problems (wastewater discharges, exhaust emissions)
led to the increase of ozone applications. As a strong disinfectant, ozone has been widely used

for disinfection, decolouration, and toxic compound degradation [4]. The past and current

situations of ozone application of water treatment are discussed below.

The ability of ozone to disinfect polluted water was recognized in 1886 by de Meritens [5]. A
few years later, the German firm Siemens and Halske, manufacturers of electrical equipment,
contacted local Prussian officials who were willing to test ozone’s application for the
disinfection of drinking water. Accordingly, a pilot plant was constructed at Martinikenfelde,
Germany. Froelich reported in 1891 that tests at this site showed ozone to be effective against
bacteria [5]. Most ozone applications (since 1891 to 1950s) were for both disinfection and
taste control. However, application of ozone for other purposes were investigated during the
pre-World War | era. Treatment engineers reported observations of colour removal and iron
and manganese oxidation following ozonation. In Britain, a few ozone plants had been
installed prior to 1960 to treat high-quality groundwater in areas where it was considered

inappropriate to “contaminate” such supplies by using marginal chlorination [6].

Based on current knowledge of ozone’s reactions with synthetic organic chemicals (SOCs), it
was proposed that ozone could be used to effectively control certain types of organic
compounds [7]. For instance, Bisphenol A (BPA) decontamination is a very important
application of ozone in recent years. BPA is an endocrine-disrupting compound (EDC), which
can cause a significant harm to human health [8]. Ozone has been found to be highly effective
for the removal of BPA [9].

According to the investigation of ozone generator installation in EAsG (European African
Asian Australian Group) [10], during 1990-2004, the application of ozone for drinking water
treatment was weighted 72.9% with an ozone capacity of 14,381 kg/h, the industrial
wastewater was weighted 7.9% with an ozone capacity of 1124 kg/h, the municipal
wastewater was weighted 1% with an ozone capacity of 751 kg/h, the application of industrial
production was weighted 7.9% with an ozone capacity of 1697 kg/h [11]. Since 1990, the
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growth rate of ozone generators has been about 6% and the mean capacity per installation
increased from 20 kg/h to 32 kg/h [10].

In the U.S., the early applications of ozone were typically at small plants trying to solve site-
specific problems [12]. Only recently has the U.S. water treatment industry fully accepted

ozonation, opening the way to larger-scale applications [13].

In Western Europe, ozone facilities are located in different-size plants (from 10 m®h to over
30,000 m*/h with the ozone production from 227.1 m3/d to over 720x<10° m®d) [14]. For
instance, in France, as of 1990s, over 700 French water plants are equipped with operating
ozone systems. The largest ozonation plants are located in the greater Paris area where 12
water plants with total ozone output capacity greater than 500 kg/h using air as the feed gas,
which are able to treat a daily flow of 3,000,000 m®to serve more than 10 million people.
Ozone remains the choice for drinking water disinfection in France with most major cities
using this treatment [15]. In Switzerland, since the 1950s, ozone has been used in over 80
Swiss water plants to disinfect slightly contaminated groundwater and spring water and to
oxidize the organics in heavily contaminated surface water. Since 1980, there has been a 25 %
increase in the number of ozone installations [16]. About 40 % of the plants use ozone to treat
surface water [17].

In Asia, the first large ozonation facilities were installed in Japan and Singapore during the
1970s [18]. During the following decade, Japanese water utilities using ozone, such as Chiba
Prefecture (which operates the largest ozone plants in Japan- 38 kg/h), installed granular
activated carbon (GAC) filters downstream of the ozonation step. Japan has more than 17,000
water treatment plants producing more than 16 billion m® of treated water [18]. Public water
works which are designed to supply water to less than 50,000 residents constitute 97.5 % of
the total water works in Japan, and of them 93.7 % are serving a population of less than 5,000.
As of 2004, there was approximately 800 kg/h ozone capacity in operation for drinking water
treatment in Japan [19]. 85% of the capacity was from domestically produced ozone
generators. The most common use of ozone for drinking water treatment in Japan is odor
reduction followed by trihalomethane (THM) removal [20]. Furthermore, for the industrial
waste water treatment, the number of ozone plants increases from 3 in 1980s to 65 in 2010s

[19] with the waste water treatment capacity of 3 million m2,

For future study, new regulations on disinfection and its by-products, which are emerging as
a result of the 1986 Amendments to the Safe Drinking Water Act (PL 99-339), are expected
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to further increase the water industry’s interest in ozone technology. In Europe, the EEC

regulations on drinking water quality also lead to an increasing interest in ozone use [10].

Ozone can also be applied to decompose NOy (95 % NO and 5 % NO) [21]. The two main
methods being used for exhaust gas treatment are ozonation with wet scrubbing, and ozonation
with selective catalytic reduction SCR. For both methods, the exhaust gas reacts with ozone

first and then, the produced gas passes through the wet scrubbing solution or SCR bed.

For ozonation with wet scrubbing technology, ozone reacts with NOy to convert NOx to NOs
as shown in (1.1) and (1.2) [22] with high ozone concentration. The NOs then reacts with NO-
to convert to N2Os as shown in (1.3) [23].

NO+0O, - NO, +0, (1.1)
NO, +O;, - NGO, + 0O, (1.2)
NGO, + NO, — N,O; (1.3)

At present, there is one commercially-available deNOx technology, named LoTOx™ [24]
which can reduce the concentration of NOy between 52-163 <C. Later on, Cannon Technology
Inc. cooperated with BOC gases to apply this technology to the small industrial boiler to
degrade pollutants such as SO, NOx, Hg and CO.

Also, the ozonation can be applied with aqueous alkali. The produced nitrides then pass into
alkaline solution (NaOH and ammonium hydroxide solution) for absorption. According to
Zhang et. al[25] and Jakubiak et. al [26] research results, using ozonation method
accompanied by absorption of NaOH solution, the DeNOx efficiency reached 99%. The
reaction of NOx and NaOH can be written as (1.4)(1.5)

2NO, + NaOH — NaNO, + NaNO, +3H,0 (1.4)
N,O, +2NaOH —» 2NaNO, + H,0 (15)

However, using ozonation technology accompanied by ammonium hydroxide absorption, the

removal rates can only reach 84.33 %. The reaction of NOx and NH3 can be written as:
NO + NO, +2NH,; — 2N, +3H,0 (1.6)
Once NO has been converted to NO2, the main reaction changes to (1.7):

6NO, +8NH, — 7N, +12H,0 (L.7)
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Ozone is a clean oxidant without creating secondary pollution and has a strong ability of
synergistic removal of many pollutants. However, considering the financial cost, using ozone
generation is more expensive than other alternative options. The high cost limits the
application of ozone in environmental field. To optimise its generation efficiency and increase

o0zone concentration become crucial.

1.3 Ozone generation Kinetics

In industry, the most commonly used method of ozone generation is dielectric barrier
discharge which was first developed by Siemens in 1857 [27]. A dielectric barrier discharge
is a non-thermal plasma discharge with two metallic electrodes separated by one or two
dielectric barriers [28]. The dielectric barrier across two electrodes can efficiently limit the
charge transfer in a discharge into the electrodes and the charges are distributed over the
dielectric barrier surface to build the reversed electric field to extinguish the discharge. The
ozone generator uses high voltage power supply of a few kilovolts and under 5 kHz to generate

filamentary discharges in pure oxygen or air.
1.3.1 Ozone generation reactions

Theoretically, two ozone molecules are produced by three oxygen molecules with an
efficiency of 1220 g/kWh [29] as expressed in (1.8)

30, — 20, — 2.94¢V (1.8)

1.47 eV is needed to produce one 0zone molecule.

While, the detailed process is a two-step procedure (1.9)(1.10),

0, >0+0-5.14eV (1.9)

20+20, »> 20, +2.2eV (1.10)

The 2.2 eV in (1.10) is transferred to kinetic energy before finally being released as heat.
Compared with the theoretical value, the ozone generation efficiency according to (1.9) to

(1.10) is only 698 g/kwh, 2.57 eV is needed for production of an 0zone molecule.

For oxygen-fed ozone generation, the reactions between oxygen species and electrons can

initiate 76 major reactions [30].

Oxygen molecules react with electrons at 6.0 eV as shown in (1.11)(1.12),
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e+0, >0, +e—6eV (1.12)
O, +M - O0+0+M +0.86eV (1.12)
where M is the third body and is an oxygen molecule here.
Oxygen molecules react with electrons at 8.4eV as shown in (1.13)(1.14),
e+0, >0, +e—8.4eV (1.13)
O, +M ->0+0" +M +1.3eV (1.14)

Ozone formation progresses as shown in (1.15)(1.16),

0+0,+M -0, >0, +M +1.1eV (1.15)

T
k, =6.0x10* (=—)°[0,](cm°®s™) (1.16)
300
Where £; is the reaction rate coefficient, which is the integration of the collision cross section

into the velocity distribution. The loss of O, Oz and M is shown in (1.17),

dN(O) dN(O,) dN(M)
it . eNONOINM) (1.17)

The rate coefficient k; is the function of energy distribution that is not related to the density of

the particle as shown in (1.18),

—Ea

k = Ae R (1.18)

where Ea is the activation energy, R is the gas constant which is 8.31 Jmol™ K™ and A is the
pre-exponential factor and T is the temperature in K. In (1.16), the reaction rate coefficient is

related to the temperature and the concentration of oxygen molecules.

Ozone is formed by the combination of atomic oxygen and molecular oxygen via a three-step
process. First, the excitation of oxygen molecules takes place. In the presence of an applied
electric field, the seed electrons existing in the gas due to natural radiation can initiate electron
avalanches. The produced electrons collide with ground state oxygen molecules to excited
0,(A3x}) absorbing 6.0 eV according to (1.11), and to excited 0,(B3%;) with 8.4 eV
according to (1.13).
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Next, the excited state oxygen molecule collides with a third body to dissociate it into two
oxygen atoms. With excitation energy of 6.0 eV, an oxygen molecule is dissociated into two
ground states of oxygen atoms, as shown in (1.12). With excitation energy of 8.4 eV, an
oxygen molecule is dissociated into one ground state oxygen atom O(®P) and an excited state
oxygen atom O(*D) carrying 1.97 eV as shown in (1.14).

Finally, a three-body reaction occurs, in which the produced oxygen atoms react with oxygen
molecules and a third body M to produce vibrationally excited 0zone molecules. These ozone
molecules are quenched into ground state ozone molecules as shown in (1.15) within a

microsecond [31]. The rate coefficient of (1.15) is shown in (1.16).

Comparing the electron energy efficiency with theoretical value shown in (1.8), without
considering other losses, the maximum electron energy efficiency for 6.0 eV reaction is

598 g/kWh and the maximum electron energy efficiency for 8.4 eV reaction is only 427 g/kWh.
1.3.2 Ozone generation limitations using electric discharges

At present, the typical commercial efficiency of ozone generators is 90 g/kWh using dry air
and 180 g/kwh using oxygen [32].The losses consist of the ozone dissociation by electron

collision, ozone decomposition with atomic oxygen and ion losses.

A. Ozone decomposition with atomic oxygen

Some unstoppable reactions that occur at the same time are shown below [33].

20+0, — 20, (1.19)

_110
K, =1.3x10-32(3%0)e T (cm®s™) (1.20)
0+0, —» 20, +4.06eV (1.21)

2300

K, =20x10%e T (cm35*1) (1.22)
0" +0, — 0, +20 +0.86eV (1.23)
k, =1.2x107%(cm®s™) (1.24)

Two oxygen atoms combine to form an oxygen molecule as shown in (1.19); thus, the energy
used for the production of atomic oxygen is wasted though the probability of this reaction

occurring is very low due to the low concentration of oxygen atoms (10*° to 10%*#). Also, an



Chapter 1 Introduction

oxygen atom reacts with an ozone molecule to dissociate it into two oxygen molecules as
shown in (1.21) and (1.23).

B. Electron collisions with ozone molecules

The average electron energy in a filamentary DBD is between 1 eV and 10 eV [34]. The
majority of low energy electrons collide with ozone molecules and dissociate 0zone molecules
into oxygen molecules and oxygen atoms. The corresponding reactions (1.25) to (1.27) are
shown below [35][36][37]:

0,+e—>0,+0-1.1eV (1.25)
O,+e—>0, +O" —3.07eV (1.26)
O,+e—>30-5.17eV (1.27)

With the increment of electron energy, the produced species by electron collision with ozone
molecules are different. With 1.1 eV, electrons collide with ozone molecules to dissociate
ozone molecules to oxygen molecules and oxygen atoms. With continuous increasing the
electron energy up to 3.07 eV, the extra energy can excite oxygen molecules to different
excited states. Once the electron energy is above 3.07 eV, oxygen atoms can be generated to
excited states. With further increase of the electron energy to above 5.17 eV, the ozone
molecules are dissociated into three oxygen atoms [38].

C. lon losses

The maximum ozone efficiency achieved by the calculation is shown in Figure 1.1 [2].
Considering reaction losses and without ion losses, the maximum ozone efficiency is
~ 410 g/kWh with the total energy being carried by electrons. However, the electrons across
the gap are produced by the ionization process. In the meantime, the produced ions move to
the opposite polarity electrode under the electric field. If only 55% of the total energy is carried
by electrons [2], the maximum ozone efficiency calculated is only ~ 230 g/kWh.
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Figure 1.1 Ozone efficiency as a function of E/N [2].

The maximum experimental result achieved is ~220 g/kWh at ~110 Td and decreases
gradually with the increase of the reduced electric field from 110 Td. The experimental results

(symbols) in Figure 1.1 have a strong agreement with the calculated results (solid line) [2].

Comparing the electron energy efficiency with the theoretical value, according to the
experimental results, one ozone molecule needs 8.15 eV to form, which decreases the ozone

efficiency to 18% of the theoretical value.

D. Water vapour effect

According to Rideal’s research, ozone efficiency can increase by 50% by using dry air rather
than air with a dew point of 5.5 <C [39]. Humidity has a negative effect on ozone generation
due to the change of micro-discharge characteristics and the catalytic reactions dissociating

ozone.

As water vapour can react with electrons to produce H and OH species [3] as shown in (1.28),
hydrogen atoms react with oxygen molecules further to produce HO> as shown in (1.29) which
react further with ozone molecules, as shown in (1.30) to (1.32), to decrease the ozone

concentration.

e+H,0 - H +OH —5.11eV (1.28)

H+O,+M —->HO,+M +2.1eV (1.29)
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0" +H,0 — 20H +1.25¢V (1.30)
OH +0, = HO, + 0, +1.73eV (1.31)
HO, + 0, —> OH + 20, +1.22eV (1.32)

Decreasing the dew point of the feed gas can increase ozone efficiency. In addition, the
experimental results of Sease [40] show that ozone efficiency was 50% greater at a dew point
of -80 <C than that obtained at -5 <C, which is due to the fact that the reactions between
electrons and water vapour and the reactions between ozone molecules and OH, HO- can
increase the ozone dissociation processes. Also, the water vapour can increase the surface
conductivity of the dielectric leading to the higher amplitude of discharge current. The micro-
discharges with longer discharge time and higher current can produce a concentration ratio of
atomic oxygen and oxygen molecules that is higher than 10 which leads to a decrease in
ozone generation efficiency. In the commercial ozone generator, the dew point is required to
be lower than -60 <C.

E. Temperature effect
It is known that the reaction rate coefficient in the plasma-chemical reaction depends upon
temperature. Overall, the ozone formation and dissociation reactions can be simplified as
shown in (1.33) to (1.36):

0+0,+0, >0, +0, (1.33)
k, =6.9x10°* (?)L25 (cm®s™) (1.34)
0+0,—->0,+0, (1.35)
k, =2.0x10™ exp(_z_?oo)(cm?’sl) (1.36)
For a reaction shown as (1.37):

A+B—->C (1.37)

The reaction rate r is formed as follows (1.38):
r=k(T)[A]"[B]" (1.38)

where M and N are the partial orders of the reaction.

10
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To increase the gas temperature from 300 K to 350 K,

r 6.9x10*N(O)N(0,)N(O,)

_ho_ =1.2
1.39
M, 6.9x10% x (C2)1% N (O)N (0,)N(O,) (1.39)
350
~ 2.0x10 xexp(- 2L) N (O)N(0,)N(O,)
S 300 =0.33 (1.40)

Lo, 2.ox1o-11><exp(—f;;’)N(O)N(OZ)N(OZ)

The ozone decomposition rate increases by three times while the ozone generation rate
decreases by 17.5%, which indicates that it is important to control the temperature in the test
cell.

Figure 1.2 shows the effect of the gas temperature on ozone efficiency at different
concentrations of atomic oxygen. The ozone production decreases at the same temperature
when increasing the ratio of [O]/[O-], represented by xio. If the ratio of [O]/[O2] is higher
than 10, then ozone production in the gas phase decreases rapidly [4] when the temperature
is increased from 161 K. With an increase of the temperature to 600 K, the ozone
concentration also decreases at the ratio of 10,

=]
[
Ln
|
[
L

0.20

=
—
L=

0, (molecules eV™')
(=]

<
L]
L

100 300 5 700 900 17100

Temperature (K)

Figure 1.2 The effect of the gas temperature on the efficiency of ozone generation [4].

The research has been undertaken to demonstrate that a cooling system is required to keep the
gas temperature low [41][42][43]. Here, the average temperature increase is ATy, Which is
determined by the power input to the test cell, and the heat removed via the cooled electrode

and kept at the coolant temperature [43].

11
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1dP
AT ==——(1- 1.41
g 3KF( 1) ( )

Where d is the gap length, k is the heat conductivity of the feed gas, P/F is the power density
(P is the input power, F is the electrode surface area) and » is ozone efficiency. The average

gas temperature in the gap is shown in (1.42).

T, =T, +AT, (1.42)

From (1.42), it can be seen that a smaller discharge gap can decrease the average temperature
in the gap. In addition, based on numerical modelling [43], it has been shown that the gas
temperature increases with an increase of the discharge gap length. The gas temperature of the
gas in the discharge channel can reach tens of degrees higher than the ambient gas temperature.
According to Jodzis’s research [42], faster gas flow is beneficial for heat exchange in the

0zone generator.
1.3.3 Ozone efficiency obtained in laboratory

In attempts to increase ozone efficiency, pulsed power supply with nanosecond regime
duration was used for 0zone generation to avoid ion loss. The optimum ozone efficiency could
reach 544 g/kWh when oxygen-fed, and 239 g/kWh when air-fed. With pulse duration of the
order of nanoseconds, ion movement is effectively restricted, reducing the energy loss [44].
Moreover, the optimized ozone efficiency of 400-600 g/kWh was achieved at cryogenic
temperature [45][46]. The electron collision with ozone, temperature effect and humidity
effect under cryogenic temperature were limited. Besides electrical discharge method, the
photochemistry of 05 generation by vacuum ultra violet has been characterised. Using a 172
nm xenon excimer lamp, photons with an energy of 7.22 eV are generated. These photons can
dissociate oxygen effectively but have low cross-section with ozone molecule. The
corresponding reaction efficiency could reach 497 g/kWh [47]. However, the exorbitant price,
low ozone concentration and short lifetime of the excimer lamp restrict its application in

industry.

Both energy efficiency and ozone concentration are important for ozone generation as lower
concentration will lead to oxygen loss while lower energy efficiency will consume more
electricity. In addition, the power supply needs to be scaled up to tens or hundreds of kilowatts
for industrial application. To achieve high energy efficiency and high ozone concentration at
the same time, it is necessary to investigate the micro-discharge behaviours and their

relationships to the ozone generation process.

12
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1.4 Thesis outline

This thesis is divided into eight chapters and the contents of each chapter are listed below:
In Chapter 2, the essential experimental setup and methods are introduced.

Chapter 3 is the fundamental study of filament development. The accurate external current
measurement is developed. The discharge characteristics of two types of DBD, atmospheric
pressure glow discharge and filamentary discharge, are investigated. The more detailed
analysis of single filamentary discharge is investigated. A detailed equivalent circuit for single
filament discharge is developed to understand the relationship between external current and
filament current. Finally, the discharge behaviors in the first few cycles following power-on

are investigated for better understanding of the establishment of a filamentary discharge.

Chapter 4 discusses the distribution of external current amplitude and ozone generation under
different generator parameters. Firstly, the relationship of current distribution with applied
voltage, gas pressure and barrier thickness is investigated. Secondly the ozone generation
efficiency is investigated for its relationship with applied voltage, gap length, gas pressure and
barrier thickness. Finally, the relationship between ozone efficiency and the reduced electric

field is investigated.

Chapter 5 details the ozone generation using meshed electrodes. The mechanism of discharge
using meshed electrodes is discussed, including the discharge mode and filament current
characteristics. The investigation is undertaken to find the relationship between ozone
efficiency and current distribution by changing mesh aperture, applied voltage and gas
pressure. At the end of the chapter, a comparison of ozone generation efficiency versus
reduced electric field under meshed electrode and planar electrode is made. A discussion is

made to demonstrate the advantages of using meshed electrode for ozone generation.

In Chapter 6, the advanced ozone generation technology under low temperature is
investigated. The experiment is carried out at 50 Hz and 5 kHz respectively. The current
distribution and ozone efficiency in air and oxygen are investigated respectively. With air fed,
the current distribution at low temperature of -80 °C to -183 °C and the corresponding ozone
efficiency are investigated at 50 Hz. When oxygen-fed, the liquid ozone is produced at
cryogenic temperature of -183 °C. The calculation of ozone concentration and efficiency are

introduced. Also, current distribution at different operating zone is investigated.

13
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Chapter 7 summarises the results achieved in the research and concludes the potential
methods to optimize ozone generation. At the end of the chapter, the future work is

recommended for improved ozone generation.

14
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2 Experimental Instruments and Setup

2.1 Introduction

In this chapter, the experimental setup and equipment, gas supply system and power supplies
are described. The electrical diagnostics, such as the measurement of voltage, current and
discharge energy are introduced; the optical diagnostics were used to determine the light
emission intensity and spectrum; the ozone measurement and ozone efficiency analysis are

described.

2.2 Gas system design

A. Feed gas property
Table 2.1 shows the properties of the oxygen cylinder [48].

Table 2.1 The specification of feed gas.

Supplier Type of Gas Purity Dew Point

BOC Compressed Oxygen  99.5% -40 T

B. Gas supply system

The gas path schematic is shown in Figure 2.1. All tubes and tube connectors on this board
are made from stainless steel 316 to prevent ozone corrosion. The stainless-steel tube size is
Yainch. The gas flow rate is controlled by the needle valve and measured by a gas flow meter;
the gas pressure and humidity are measured by the pressure gauge and dew- point hygrometer
individually. The test cell gas outlet is connected to the 0zone monitor for ozone concentration
measurement, and the ozone off-gas is destroyed by an ozone destructor before discharge to

the atmosphere.
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SO
PVC tube
Mass flow meter Pressure meter
oxydi 1To gas inlet
Cy“nder Needle valve
,,,,,,,,,,,,,,,,,,,, }
e [
Ball valve | . i
I Dew-point hygrometer ;
——F—| % ]
«——— % 2 To gas outlet
Ambient Ozone destructor Ozone analyser ~ Needle Valve g

Gas control board

Figure 2.1 The configuration of the gas control board.

Instrument specifications:

1) Gas flow meter:

The mass flow meter is the Alicat Scientific Mass Flow Meter Model M-10 SLPM-D. Table

2.2 shows the general specifications of the mass flow meter.

Table 2.2 The specifications of the gas flow meter [49].

Full Scale Operating Accuracy Repeatability Operating
Range Temperature
10 SLPM 0.5% to 100% +0.8% of £0.2% Full Scale -10to +60 C
Full Scale Reading + 0.2%
of Full Scale)

2) Pressure Meter:

The pressure meter is the Alicat Scientific Pressure Meter Model P- 2Bar- D. Table 2.3 shows

the general specifications of the pressure gauge.
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Table 2.3 The specifications of the pressure meter [50].

Full Scale Operating  Accuracy Repeatability Operating
Range Temperature

2 Bar (absolute) 0.5%t0100% =+0.25% +0.08% -10to +60 T
Full Scale Full Scale

3) Hygrometer:

A hygrometer is an instrument that is used to measure the moisture content of the atmosphere.
In this experiment, an Easidew [51] on-line hygrometer from Mitchell Instruments is
connected next to the ball valve. It is a capacitance-type dew point measurement system with
a capacitive sensor. The transmitter relays the current loop signal (4 — 20 mA) to the monitor.
Table 2.4 shows the specifications of the hygrometer:

Table 2.4 The specifications of the hygrometer.

Measurement range
Accuracy(dp)
Repeatability
Operating humidity

Operating temperature

Flow rate

-100 to +20°C dew point
+2<°C dew point

0.5 =C dew point

0-100 % RH

-40 to +60<°C (Sensor);

0 to 50°=C (Monitor)

1 to 5 NL/min® mounted in standard sampling block

L NL/min stands for normal litres per minute.
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2.3 Power supply

In this section, the 50 Hz and 5 kHz power supplies used in the research are described.
2.3.1 50 Hz power supply

The 50 Hz AC power supply has been used to determine the ozone efficiency in a low-
temperature experiment. Figure 2.2 shows the components of a 50 Hz high-voltage AC power
supply. The 230 V 50 Hz AC power source is connected via an auto-transformer that can
adjust the voltage output from 0 to 230 V. Following the auto-transformer, a high-voltage
transformer is connected in the circuit; the ratio of the high-voltage transformer is 1:50 with
the output voltage stepped up to 12 kV. After the high voltage transformer, a current-limiting

resistor of 600 kQ is connected in series to limit the charging current, as shown in Figure 2.2.

R=600 k2
Limiting Resistor
Auto
Transformer |
50 Hz i Reactor i
AC =
power =
supply - t }
i High Voltage
= Transformer =
230V: 12kV

Figure 2.2 The schematic of the 50 Hz power supply.
2.3.2 5 kHz power supply

A smart high-frequency power supply was used to adjust the voltage output at the desired
frequency and number of cycles. The steady state and transient ozone generation were

investigated using the 5 kHz AC power supply.

The model of the smart linear AC power source is 112AMX from Pacific Power
instrument [52], a high-performance linear AC power source. It can operate using either 1
phase (0 to 150 V.n) or 2 phases (0 — 300 Vi..). Table 2.5 shows the specifications of the

power source.
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Table 2.5 The specifications of the high-frequency power supply.

Output Line Load Output Ripple and Response
Frequency Regulation Regulation Distortion Noise Time
20-5000 Hz 0.1% maxfora 0.25% 20 to 0.25% THD.,g -72dB 5us
Direct +10% line 2000 Hz. 20 to 5000 Hz. typically.
Coupled change 050% 2000
to 5000 Hz.
R=10 kQ
Limiting Resistor
—\M——
| Reactor| |
Linear AC | I i
power source !
AC | "ipto sz ST
Source | |
High Voltage
= Transformer =
300V: 7 kV

Figure 2.3 The schematic of the high-frequency power supply.

The transient programmes (few cycles) can be set up to vary from continuous true sine output
to true discontinuous AC output. The power supply can generate a continuous transient AC
output with 100-cycle to analyse the ozone efficiency using different electrodes. The power
supply can generate a discontinuous transient voltage output of 1 cycle, 2 cycles and 10 cycles
to analyse the filament current development with time. Figure 2.3 shows the circuit diagram

using the linear AC power source.

The power supply is connected to a step-up transformer (ratio of 1:22) as shown in Figure 2.3.
The maximum output of the transformer is 10 kV:ms with an operating frequency of 3 kHz to
30 kHz. To prevent overvoltage across the limiting resistor, the value of the limiting resistor
is chosen to be much lower than the impedance of the test cell. The capacitance of the test cell

in the research is in the order of pico-farads and the limiting resistor is 10 kQ.
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2.4 Electrical diagnostics

In this section, the diagnostics of the current, voltage and energy measurements are discussed.
2.4.1 Voltage measurement

A high-voltage probe is connected in parallel to the test cell to determine the voltage across
the test cell as shown in Figure 2.4. Two different high voltage probes are used in the research

for different applications. The specifications are discussed in the following subsection.

High Voltage

Oscilloscope

~  HVProbe

,,,,,,,,,,,,,,, 100 MQ
Reactor

I

Ground

Figure 2.4 High-voltage side measurement configuration.

Tektronix P6015A high-voltage probe

This high-voltage probe is used to determine the voltage input to calculate the Lissajous figure
(which is described in detail in Section 2.6) and the input power. The technical specifications

are listed in Table 2.6 below:

Table 2.6 The specifications of the P6015A probe.

Maximum Bandwidth Rise DC Input Input Delay
input (-3dB) Time attenuation resistance capacitance Time
voltage

20kv DC 75 MHz <4.67 ns 1000:1 100MQ  <3pF 14.7 ns
40 kv

Pulse
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Teledyne LeCroy PPE 6 kV high-voltage probe

The LeCroy PPE 6 kV probe is used to analyse the single filament development process in
more depth, as the bandwidth of the probe is much higher, the filament development occurs
in nanoseconds, thus requiring rapid response rate and high bandwidth. Table 2.7 shows the
specifications of the probe.

Table 2.7 The specifications of the PPR 6 kV probe.

Maximum Bandwidth  Rise Time DC Input Input

input voltage (-3dB) attenuation resistance capacitance
6 kv DC and 400 MHz <0.9 ns 1000:1 50 MQ <6 pF
Impulse

2.4.2 Current measurement

The oscillation in the circuit due to unmatched impedance can strongly affect the output
current waveform and leads to distortion. To reduce and minimise the effect of oscillations, a
high-bandwidth coaxial cable (RG405) is used for ns pulsed current measurement in the
research. Table 2.8 shows the general specifications.

Table 2.8 General specifications of the RG405 cable.

Capacitance Impedance (Q) Maximum Maximum
operating operating voltage
frequency (GHz) (Vrwms)

95.1 pF/m 50 #.5 20 1,500

The coaxial cable has three components: an inner conductor consisting of silver-plated copper-
clad steel, a dielectric layer constructed of PTFE and an outer conductor formed by a seamless
copper tube. The ground electrode of the test cell is connected to the inner conductor of the

cable. The outer conductor of the cable is connected to the ground as shown in Figure 2.5.
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High Voltage

Oscilloscope

=
*************** _ BNC [
sl I
—sml RG 405 Z0=50 Q =T § 50 Q

Ground

Figure 2.5 Current measurement using coaxial cable.

2.4.3 Data logging and processing

A WaveRunner 625 Zi oscilloscope from LeCroy is used to log the voltage and current data
and perform the basic mathematical calculations. This oscilloscope is suitable for investigating
the nanosecond filament current properties and for analysing the Lissajous figure accurately.

Table 2.9 shows the specifications of the oscilloscope.

Trigger function:

The oscilloscope can record the voltage and current waveforms of the first few cycles up to
100 cycles after switching on the power supply. The information is used to analyse the

transient behaviour of the discharge.

By setting the trigger function to pattern mode (both voltage and current are greater than zero),

the positive current distribution histogram can be plotted automatically.

Functional measurement and calculation:

The math mode is used to perform the integration and differential function. The energy of a
single pulse can be calculated using the integration mode. The oscilloscope can output a
histogram of the peak current amplitude and its average. In the experiments, the voltage probes
are connected to the oscilloscope viaa DC 1 MQ input. The RG405 coaxial cable is connected

to the oscilloscope via a DC 50 Q input.
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Table 2.9 The specifications of WaveRunner 625 Zi.

Analog Bandwidth @ 50 Q (-3dB) 2.5 GHz (>5 mV/div)
Analog Bandwidth @ 1 MQ (-3dB) 500 MHz

Rise Time (10 — 90 %, 50 Q) 160 ps

Maximum Input Voltage 50 Q: 5Vims L0V peax

1 MQ: 400V max.

Maximum Trigger Rate 1,000,000 waveforms/second (in Sequence
Mode)

Time/Division Range 20 ps/div-1.6ks/div with standard memory

Sample Rate/Channel 20 Gs/s on 4 Channel, 40Gs/s on 2 Channel

Standard Memory (4 Ch/ 2 Ch/ 1 Ch) 16Mb / 32Mb/ 32Mb

2.5 Optical diagnostics

In this thesis, the optical diagnostics analyse the light emission spectrum and intensity of the

dielectric barrier discharge.
2.5.1 Light emission intensity

A. Optical fibre
A 600 um core diameter optical fibre from Ocean Optics is used. The wavelength range is
from 200 nm to 1100 nm. The buffer is made of polyimide. The jacket is stainless-steel. The

acceptance angle is 12.7<in air with a 0.22 numerical aperture.

B. Photomultiplier tube (PMT)

The photosensor module used in this experiment is Hamamatsu H10721-01 with a Multiakali
photocathode. It contains a metal-packaged PMT and a high-voltage power supply system.
The electric circuit of the power supply is shown in Figure 2.6. The PMT has high gain, wide
dynamic range and high-speed response. The spectral response is 230 nm to 870 nm. The

window material is borosilicate glass.

23



Chapter 2 Experimental Instruments and Setup

PMT H10721-01

| Veont INPUT i
(+0.5 V1o +1.1V) '

——m Vref OUTPUT
: (+1.2V)
<——8 | OW VOLTAGE INPUT
(+3V 10 +5 V)

|
|
: GND
|
. || m SINGAL OUTPUT
]

(CURRENT OUTPUT)
GND = T

+ 5V m-

Power Supply

Connection

Figure 2.6 The electrical circuit of the PMT.

There are four input channels: Veon is the control voltage (+ 0.5 to + 1.1V); Ve is the reference
voltage (constant+1.2 V); LOW VOLTAGE INPUT is connected to the power supply (+3 to
+5 V), and GND is connected to the ground. The output channel is connected to a BNC
connector. To adjust the voltage range of Veont, @ potentiometer is used.

The required input voltage of PMT is 5 Vpc which is connected to the 9 Vpc battery. An
L78S05CV positive voltage regulator stabilises the continuous 5 Vpc output that is connected
to the PMT module. The output signal of the PMT is connected via a BNC connector to the
oscilloscope using a RG214 cable of 50 Q.

2.5.2 Emission spectrum

The light emission spectra of the discharges were measured using a HR4000 Spectrometer
from Ocean Optics. There are five components in the spectrometer box: entrance slit,

collimating mirror, grating, focusing mirror, and exit slit.

The entrance slit is used to transfer the light from the optical fibre. After the slit, there is a
filter (Point B) that is set to pre-determined wavelength regions before entering the optical
bench. Light from the entrance slit passes through the filter to a collimating mirror which
focuses the light toward the grating in parallel. The grating splits the light into different

wavelengths. Different size of grating can make a difference in the resolution of the
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spectrometer and the accuracy of measurement. The light is directed to the exit slit through a
focusing mirror.

. detection
Exit slit or

Figure 2.7 The arrangement of the spectrometer.

The specifications of HR4000 are shown in Table 2.10:

Table 2.10 The specifications of the HR4000 spectrometer.

Detector

Type Toshiba TCD 1304AP
Pixels 3648

Detection Range 190-1100 nm
Wavelength range 200-1100 nm

Slit 25 um

Optical resolution: ~1.09 nm (FWHM)
Grating HC-1

Optical resolution can be calculated using:
Optical Resolution = Dispersion x Pixel resolution

where dispersion is ~0.25 nm/Pixel and Pixel resolution is 4.4.
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2.6 Discharge energy measurement

The Lissajous figure is used to calculate charge transfer and the total energy per cycle. A
measurement capacitor is connected in series with the test cell to measure the voltage across
this measurement capacitor (Vm). The equivalent circuit of the discharge indicates that, once
the discharge has occurred, the gap voltage will decrease. Following the discharge, the gap
voltage is replenished by the power supply. The total charge transfer can be shown by the
increase of the voltage across the measurement capacitor.

Figure 2.8 shows the schematic diagram of the measurement circuit. The measurement
capacitor is normally greater than 50 times [53] the total equivalent capacitance of the test cell.
The capacitance range of the test cell is approximately in the range of tens of pico-farads; in
this case, the measurement capacitor was chosen as 15 nF.

HV

[ ] Barrier Va
Ground

C =15nF
— “m
Vm

\Y4

Figure 2.8 Electrical circuit of energy measurement using Lissajous figure.

Figure 2.9 shows the equivalent circuit. The gas gap can be treated as a gap capacitance (Cy)
and the dielectric barrier can be treated as dielectric capacitance (Cq) in series with the gap
capacitance. The value of the gap capacitance and the dielectric capacitance can be determined
by the Lissajous figure. The detailed analysis is introduced in Chapter 3.

26



Chapter 2 Experimental Instruments and Setup

Cg: Gas capacitance

C,: Dielectric
capacitance

C,; Measurement
capacitance

%

Figure 2.9 Equivalent circuit with a measurement capacitor.

Figure 2.10 shows the Lissajous figure measured for a DBD discharge. The x axis is the voltage
across the test cell and the y axis is the charge transfer (Qm). The schematic of the Lissajous
figure is shown in Figure 2.10. For a dielectric barrier discharge with constant breakdown
voltage during the active phase, this U-Q diagram is ideally a parallelogram with four sharp
points labelled A, B, C and D. The discharge in the positive cycle starts at point A and
continues to point B. Once the applied voltage reaches the peak amplitude, the discharge stops.
For the negative cycle, the discharge occurs from point C to point D and is extinguished once
the amplitude of the applied voltage reaches the peak. The slope of AB line and DC line is the
same, which is the equivalent dielectric capacitance (Cq). From point B to point C, the electric
field of the test cell decreases and the slope of BC line is the equivalent total capacitance (Cy),
the same as the slope of DA line. The enclosed area is the energy input of a full cycle. The
breakdown voltage (Vs) can be determined when the voltage across the measuring capacitance

is equal to zero.

B (Vmax_p Qnax_p)

C (\Aninfn Qninin)

Vb
A (\/min_p Qﬂin_p)

D (Mnax_n Qmax_n)

Figure 2.10 Lissajous figure of planar electrode DBD discharge.
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The voltage change across the measuring capacitance is related to the charge transfer (2.1):
Q = Qm = Cmvm (21)
The total energy input per cycle in J is obtained by (2.2)

Ci +C,
Cd

E= 4Cdvb (Vmax - Vb) (22)

A. Steady-state
The input power in W can be determined as (2.3):

P=fxE (2.3)
where f is the applied frequency.

B. Transient state

To ensure accurate energy measurements, all 100 cycles of the applied voltage waveform and

voltage across C,,, were recorded using the oscilloscope. Figure 2.11 shows the Lissajous figure

measured for the 100 cycles superimposed.

Subsequently, based on the six points selected in Figure 2.11, the equivalent gap capacitance,

Cgy, the barrier capacitance, C,4, the breakdown voltage, V},, and the maximum voltage, V4,

of each cycle can be calculated individually using Matlab. The energy of the i cycle can be

calculated using (2.4):

C, ., +C, .
E, =4Cd_ivb_i(v -

max_i Cd V b_i) (24)

The total energy input of the 100 cycles is calculated using (2.5):

Etotal = El + Ez +eet E100 (2.5)
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Figure 2.11 Sampled superimposed Lissajous figure for all 100 cycles.

2.7 Ozone measurement

In order to determine the ozone production, gas flow and ozone concentration need to be
measured. The following sections introduce how to determine the 0zone production and ozone

generation efficiency.
2.7.1 Ozone measurement

The photons of wavelength 254 nm react with ozone molecules, as shown in (2.6)

0,+254nm — O(1D) + 0, (1)) (2.6)
The ozone dissociation rate coefficient is a parameter to determine the reaction rate, which is
related to the absorption cross section o.

The absorption cross section is the probability of an absorption process. It indicates the ability
of a molecule to absorb a photon at a certain wavelength. The absorption is defined as (2.7)

by the Beer-Lambert absorption law:

I =1,exp(-odn) (2.7)
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where | is the transmitted light intensity, lo is the incident light intensity, d is the absorption
path length (in cm), n is the concentration of ozone (in molecule / cm®) and o is the absorption

cross section (in cm*molecule™).

Chappuis N

Wuif

25
100 200 300 400 500 600 700 800 200 1000

Wavelength [nm]

Ackerman, in. Mesospheric Models and Related Experiments (Ed Dordrecht, 1971), pp. 143158,
Anderson et al., Geophys. Res. Lett 79

Figure 2.12 Absorption cross section of ozone in ultraviolet and the visible part of the spectrum [54]
[55].

Figure 2.12 shows the absorption cross section of ozone under different wavelengths from
VUV to the visible band. The absorption cross section at room temperature is ~ 1.15x<107 at
253.7 nm.

2.7.2 Ozone concentration

Ozone concentration detection is usually performed using a low-pressure mercury lamp that
produces 253.7 nm emission. An ozone analyser is a dual-beam photometer based on a
microprocessor to measure ozone concentration in air (M=29.0) or oxygen (M=32.0). It
measures the UV intensity loone through the measurement channel (with ozone) and the UV
intensity Irr from the reference channel (without ozone), in addition to the temperature and

pressure. The ozone concentration Nozene is Written as (2.8):

I
= (od)™ In—2zre 2.8)

ref

0z0ne (molecules/cm®)

For the steady-state ozone concentration measurement, the MINI-HICON Ozone Analyser
from INUSA was used with higher ozone concentration range. For the transient ozone
concentration measurement (<10,000 ppmy), the BMT 964 ozone analyser is used. Table 2.11

shows the specifications of both ozone analysers.
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Table 2.11 Specifications of ozone analysers.

MINI-HICON

BMT 964

UV Light Source

Units of Measure
Range
Sample Flow

Response Time

Accuracy

Repeatability Error

Operating Condition

Low-pressure mercury

vapour lamp

g/m?3, g/Nm3, % wt/wt

0 to 400 g/Nm?®

0.2to 15 SLPM

0.5 s or 2 Hz sampling rate

0.1 g/Nm3

1% of measurement

Low-pressure mercury

lamp, burnt-in for 300 h
g/Nm?3, % wt/wt, ppm

0 to 10,000 ppm
0.1to1SLPM

0.03 s (analogue output), 0.3
s (display)

0.4% of measurement +
0.1% of scale

0.2% of measurement

5 to 45 and 0 to 95% RH 0 to 50 (non-condensing)

(non-condensing)

For the steady-state analysis, the 0zone concentration is obtained directly from the display

panel. The transient 0zone concentration data are logged by connecting the ozone analyser to

the computer using the RS232 serial interface.

2.7.3 Ozone generation calculation

Under the STP conditions, the molar volume of ozone gas is equal to 22.4 L/mol. The molar

mass of ozone is 48 g/mol and the molar mass of oxygen is 32 g/mol, respectively. The density

of 0zone is po:one=2.14 g/L and the density of oxygen is poxygen=1.43 g/L.

nozone(m0|/cm3) -

Nozone (mol

lecules/cm®)

where A is the Avogadro constant (6.02x10%).

A

(2.9)

The ozone concentration in grams per cubic meter is in c[O3] /s expressed as (2.10)

c[O,]

(g/m®)

=48x10%xn
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The unit of grams of ozone per normal cubic meter is usually written as c[Os]qnms as calculated
in (2.11)

T, P
(g/m*) x 2ok
T, R

C[Os] = C[Os] (2.11)

(g/Nm®)
The terms T; and P, refers to standard temperature 273 K and 1 atm. T, and P, refer to the
measured temperature and pressure.

Another unit of measurement used in the experiment is ppm,, which stands for parts per

million by volume, written as c[Os]ppmv, €Xpressed as (2.12). For the STP condition,

C[OS] ppmv = 224)(103 x nozon9(mo|/cm3) (212)

A. Steady state
The ozone weight percentage in a gas mixture is shown in (2.13)

C[O3](g/Nm3)

c[O;] 0 = (2.13)

c[o,] Pongen » ¢[0,]

(g/Nm®) (g/Nm®) T Poxygen

ozone

The ozone production per hour is expressed as [O3] in unit of g/h as shown in (2.14)

32
0.1= FL
(O =FLx oo

% C[O,],10, X 60 (2.14)
where FL is the gas flow rate in standard litres per minute.
The ozone efficiency is the amount of ozone produced in g per kWh, expressed as (2.15)

0.1x1000
,_10

- (219)

B. Transient state

The ozone concentration in the transient state is shown in Figure 2.13:
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Figure 2.13 The sampled transient ozone concentration.
The transient ozone concentration is measured in c[Os/ "ppmv-

The total ozone generated in g can be calculated by the integration of ozone production in real

time, as shown in (2.16)

t
IC[O3]ppmv dt (216)
[O,]'=FLx%———
466.43
where FL’ is the gas flow rate in standard m? per second and 1 g/m®=466.43 ppmy.

The ozone efficiency of transient state in g/kWh is expressed as (2.17)

n _O (2.17)

Etotal

Where Euwtal is calculated using (2.4) and (2.5).
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3 Discharge Development of Dielectric Barrier Discharge

3.1 Introduction

Dielectric barrier discharge (DBD) is the most conventional method for ozone generation.
DBD is a transient self-sustained discharge between two electrodes with one or more
dielectric barriers. The discharge occurs at a location once the electric field is strong enough
to ignite gas breakdown. The most common mode of discharge is a filamentary
discharge [56]. Electrical charge will accumulate on the dielectric barrier to extinguish the
discharge filament.

The advantage of DBD is that a large number of high energy electrons can be generated at a
low gas temperature. Much of the progress on ozone generation using DBD was made in the
past 50 years, especially after the evolution of power electronics technology. However,
despite the knowledge in generating ozone efficiently and in understanding the electrical
properties of DBD, it is still not possible to provide a quantitative theoretical description of
the filamentary DBD behaviour and its relationship to ozone generation. It is difficult to
investigate experimentally the dynamics of the discharge filaments, which have a short

duration of tens of nanoseconds.

In this chapter, the filamentary DBD is investigated to understand the characteristics of the
discharge as a preparation for ozone-generation research. The properties of filamentary
discharges including breakdown voltage, filament current and charge transfer are discussed.
The charge accumulation per half cycle is analysed in detail. The equivalent circuit for a
single filament development is investigated to determine the relationship between the
external current and the filament current during a single filament. The charge accumulation
from a single filament is also investigated. The discharge characteristics at power on (first
several cycles) were investigated for a better understanding of the establishment of steady
state discharge in DBD. The atmospheric pressure glow discharge (APGD) is investigated

for its discharge characteristics and applications for ozone generation.
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3.2 Electrical properties of filamentary discharge

3.2.1 Experimental setup

A. Test cell design

A planar electrode configuration is used to analyse the characteristics of dielectric barrier
discharge. Two stainless steel planar plates were chosen as electrodes. The diameter of the
electrodes is 30 mm with 10 mm depth. To avoid spark discharges, the edges of the
electrodes were profiled, with a radius of 1.5 mm. The dielectric barrier is attached to the
ground electrode, which is a borosilicate glass with a rectangular cross-section. The test cell

design is shown in Figure 3.1.

Stainless

Steel PVC Holder

‘ High voltage

Electrode

Spacer

>

~Borosilicate

Ground Electrode

[1

Figure 3.1 Test cell design.
The equivalent dielectric capacitance can be calculated based on the planar capacitance
formula (3.1):

C :# (3.1)

where A is the area of the electrode and d is the thickness of the glass. The relative
permittivity of borosilicate glass is 6.7. The equivalent barrier capacitance is calculated to be

139 pF. The gap length is 0.15 mm. The equivalent gap capacitance is calculated to be 43 pF.

B. Experimental arrangement
The 5-kHz power supply is connected to a 1:22 high-frequency transformer to increase the
voltage. The output of the transformer is connected to the test cell, via a 10 kQ current-

limiting resistor. The voltage waveform is monitored using a Teledyne LeCroy PPE 6 kV
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1000:1 high-voltage probe with a bandwidth of 400 MHz. The current signal was measured
by a RG 405 coaxial cable. The voltage across the measurement capacitor is measured by a
PP008 10:1 passive probe from LeCroy. Figure 3.2 shows the experimental setup diagram.

1000: 1 HV Probe

% Oscilloscope
122 _ /\/

Transformer

OPOO

1

HF
AC power

Coaxial Cable
— Z=50Q

Figure 3.2 Experimental setup diagram.

Due to the difference in the cable length and signal propagation speed when measuring
voltage and current, the measured waveforms are not synchronized. To relate the voltage and
current signals accurately, it is necessary to synchronise the voltage signal and current signals.
The calibration process sets the voltage signal as the reference and the pulsed current is

synchronised with the voltage drop as shown in Figure 3.3.

1600 T T

T I—— Voltage|
|- - - Current|

- 500

1500 -

1400

Voltage (V)
Current (mA)

1300 -

oo

Time (ns)

Figure 3.3 The calibration of current (dashed line) and voltage (solid line) waveform by using 0.3 mm

barrier thickness and 0.15 mm gap length in the DBD configuration.
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3.2.2  Analysis of external current

A. Accuracy of the external current measurement

The external current is measured with a duration of nanoseconds which is electron current.
The charging current following the discharge can distort to the external current. Without the
limiting resistor, the power supply charges the test cell quickly once there is a voltage drop
across the test cell. To determine the distortion from the charging current, a comparison is
made by changing the value of limiting resistor.

In this experiment, the current limiting resistor is changed from 0, 10 kQ and 24 MQ. By
applying the same voltage to the test cell, the external current and the corresponding voltage

drop are investigated. The results under no limiting resistor are shown in Figure 3.4.

50—F——F———T T 7T T 1 — 1 71— 200

450 |

N
o
o

Voltage (V)
w
S
T
Current (mA

w

o

o
T

250 -

oo bt vy e v g
-40  -20 0 20 40 60 80 100 120 140

Time (ns)

Figure 3.4 The sampled external current (dashed line) and the corresponding voltage drop (solid line)

without a limiting resistor.

The total pulse current duration is 40 ns (full duration) with an amplitude of 160 mA, while
the voltage drop is only 30 V in a duration of 10 ns. Once the discharge is extinguished, the
discharge current should drop to zero. Figure 3.4 shows that there is still a current after the
voltage drops to its lowest value. The current is identified as the charging current, which
joins the discharge current. To separate the discharge current from the charging current, a
10 k€ limiting resistor is added in series between the secondary side of the transformer and
the high-voltage side of the test cell. The sampled external current and the corresponding

voltage drop are shown in Figure 3.5.
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60— T T T T T T 1

Voltage (V)
Current (mA)

300 1 1 1 1 1 1 1 1 1 1
-40  -20 0 20 40 60 80 100 120 140

Time (ns)

Figure 3.5 The sampled external current (dashed line) and corresponding voltage drop (solid line) with

a 10 kQ limiting resistor electric circuit.

After adding the limiting resistor, the voltage drop is much greater than that without a
limiting resistor. The voltage drop from a single filament shown in Figure 3.5 is 150 V in
11 ns. The amplitude of the external current is 150 mA, with a duration of 11 ns. The duration
of the current is the same as that of the voltage drop. Consequently, the external current
measurement can be made more accurate by adding a reasonable limiting resistor. When the
10 kQ limiting resistor is replaced by a 24 MQ limiting resistor, the sampled external current

and the corresponding voltage drop are shown in Figure 3.6.

800 T T T T T T T T T T

Voltage (V)
Current (mA)

500 1 1 1 1 1 1 1 1 1 1

40 20 0 20 40 60 80 100 120 140
Time (ns)

Figure 3.6 The sampled external current (dashed line) and corresponding voltage drop (solid line) with

a 24 MQ limiting resistor electric circuit.
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The amplitude of the voltage drop is approximately 150 V in a duration of 10 ns; the
corresponding amplitude of the external current of approximately 200 mA and a duration of
10 ns. It is confirmed that the charging current can be removed from the discharge current
by adding the limiting resistor, which enabled the accurate measurement of discharge current.

In Figure 3.6, the pulsed current has a full pulse width of 10 ns with amplitude of 175 mA.
An oscillation is observed at the tail of the current, which may be due to unmatched
impedance in the circuit or the electromagnetic interference. To determine the
electromagnetic interference to the measurement, an antenna was used to measure the
influence of electromagnetic radiation during the discharge period. Figure 3.7 shows the

circuit configuration.

High Voltage Oscilloscope

Z=50 Q
OQOO

|

H RG 405

Figure 3.7 Circuit diagram to measure the electromagnetic signal of single filament discharge.

The FFT analysis was performed to determine whether the oscillation at the tail of the
filament current is caused by the electromagnetic interference. Figure 3.8 shows the sampled

single pulsed current with the corresponding EM signal.

The FFT analysis of the current waveform showed that, there are three peaks at 10 MHz,
50 MHz, and 85 MHz. The FFT analysis of the EM signal showed that there were two peaks
at 50 MHz and 85 MHz, respectively. This proves that the current oscillation at the current
tail is due to EM interference. The electromagnetic coupling is unavoidable because the EM

waves are transmitted to the ground electrode and measured by the oscilloscope.
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Figure 3.8(a) The sampled external current (solid line) and the EM signal (dotted line) (b) the
corresponding red line of crosses for the external current and the line of black triangles for the EM

signal.

To minimise the noise in the current measurement, a 50 Q SMA connector is inserted into
the test cell ground electrode. At the bottom of the ground electrode, there is a 1 mm diameter
hole, and the needle of the SMA connector is plugged directly into the hole. For the current
measurement, 50 Q input impedance is chosen in the oscilloscope. Figure 3.9 shows an

optimised external current waveform of a single filament with the corresponding PMT signal.

300 T . T
T e v 0.0
200
—4-02
< -
3 b
- n o
0

Time (ns)

Figure 3.9 Sampled single optimised external current (solid line) and the corresponding PMT signal
(dashed line).
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The relationship between the voltage drop and the external current will be investigated in the

following section (Section 3.2.3).

To ensure that the light emission from the discharge can be detected, the distance between
the optical fibre and the test cell should be constantly the same during each experiment, and
the fibre height should be aligned with the discharge gap. Figure 3.10 shows the PMT

measurement circuit.

High

DBD reactor Voltage
Emitted light LTIJA—LFH
- %

?

| |

Ground

Optical Fibre

Oscilloscope

7=50Q
QOOO

PMT ]
”””” RG 214 ———e-

Figure 3.10 The PMT signal measurement system.

The experiment is carried out open to air with a 0.15 mm barrier thickness and a 0.3 mm gap.
The applied voltage is 3.5 kVp at 5 kHz. The sampled current of a quarter cycle and the
corresponding PMT signal are plotted in Figure 3.11.

41



Chapter 3 Discharge Development of Dielectric Barrier Discharge

0.00
-0.02
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Figure 3.11 The sampled quarter-discharge cycle with the external current waveform (solid line) and
the PMT signal (dashed line).

Each discharge current corresponds to a PMT pulse signal. The higher amplitude of the

external current corresponds to a higher intensity PMT signal.

B. External current amplitude distribution

Meanwhile, an investigation has been made to analyse the current amplitude distribution by
capturing 5,000 single impulse currents. Figure 3.12 shows a distribution measured at 1 bar
with a dielectric barrier thickness of 0.15 mm, and a gap length of 0.15 mm at 3 kV, applied

voltage.

It shows a normal distribution with an average peak current of approximately 41 mA, with
40% weighted standard deviation. The most repeatable peak current level is in the range of
20 mA to 40 mA. The investigation of the distribution of external current amplitude and its

relationship with ozone generation will be investigated in the following chapters.
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Number of Pulses

0 20 40 60 80 100 120 140
Peak Current (mA)

Figure 3.12 The sampled external current distribution of the positive discharge cycle with a dielectric
barrier 0.15 mm thick and a gap length of 0.15 mm at 3 kV;, applied voltage.

3.2.3 Development of filamentary discharge

A. Voltage and current waveforms
Figure 3.13 shows a sampled full cycle of current and voltage waveforms.

4000 T T T T T T T T
s000 b Negative i i 710
I cycle ! ! |
200015 Discharge i i 50
¥ Period ! '
<~ 1000 ¢ | i =
S ' : g
@ | . =
g O ° 5
(S [ " i 5
> 1000 ' Positive cycle . IS
i ' Discharge E 450
-2000 —i ' Period !
3000 | | =60us |
¥ - -100
-4000 ; I . [ I L . I L . I
-90 -60 -30 0 30 60 90

Time (us)

Figure 3.13 The sampled current and voltage waveform with 0.3 mm barrier thickness, 0.15 mm gap,

5 kHz and a 3.5 kV,, power supply.

In the inter-electrode gap, once the electric field is sufficiently high to initiate gas breakdown,

the electric field around the head of the avalanche increases dramatically, increasing the
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number of ionising collisions. The discharge is developed on the rising edge once the voltage
across the gap reaches the required breakdown voltage. For a gas breakdown, the electron

avalanche is developed in a time scale of ps to ns.

Anode
Qg' -1 Qg - -
Ea Eﬂ [
++ +++ Q
Glass
Q- — Q7T
Cathode

Figure 3.14 The electric field distribution of DBD.

Figure 3.14 shows the electric field distribution at the end of a quarter cycle discharge. During
the discharge, the positive ions at the head of the streamer move to the barrier surface and
accumulate. The total accumulated charge on the barrier is Qa. Some of the accumulated
charge develops an electric field with the cathode, which induced Qu and the remaining
accumulated charge forms the reversed electric field Er with the induced charge Qg in anode

as shown in (3.2).
Qac (t) = _[Qd (t) + Qg (t)] (32)

The charge distribution is dependent on the gap capacitance and dielectric capacitance, as

shown in (3.3).

Q _G

% = C_g (3.3

According to (3.2) and (3.3), the induced charge Q4 and Qg can be calculated as shown in (3.4)
and (3.5).

_ Cq
|Qd| |Qac| Cd+Cg (34)
Q| S vy (3.5)
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With the increment of the applied voltage during the discharge phase, the discharge gap
behaved like a variable resistor, the voltage across the barrier increasing continuously and the
voltage across the gap remaining the same, which is the breakdown voltage V, [57]. The
electric field across the gap Ejq is equal to the breakdown electric field Ey.

The charge produced by the power supply is Qq° of anode and Qg of cathode, respectively,
and obey (3.6).

Q,'=—(Q,)=CV, (3.6)

During the falling edge of the applied voltage, the applied electric field E, across the gap
reduces and no discharge occurs as shown in Figure 3.13. When increasing the applied voltage,
the discharge can develop before the voltage changes polarity. The amount of accumulated
charge on the barrier surface increases with the applied voltage, as a result, the surface charge
density increases leading to much stronger reversed electric field E, which is high enough
to initiate the gap breakdown during the falling edge. Once the polarity of the applied voltage
is reversed, the applied electric field adds to the reversed electric field E, produced by the
accumulated charge, increasing the net electric field across the gap.

B. The parameters from Lissajous Figure
Apart from calculating the energy input per cycle, Lissajous figure can also show many
discharge parameters such as breakdown voltage, dielectric barrier capacitance, total

capacitance and the charge transfer.

Figure 3.15 shows a sampled Lissajous figure measured with a 0.3 mm barrier thickness and
a 0.15 mm gap at 3.5 kV,.
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Figure 3.15 The sampled Lissajous figure with all the essential labels with a 0.3 mm barrier thickness
and a 0.15 mm gap at 3.5 kV).

The positive cycle from point E to point B is analysed and the analysis methodology for the
negative cycle from point B to point E is the same.

The segment A-C corresponds to the non-discharge phase. As a result, the slope of A-C is the
total capacitance of the test cell. The Q-V relationship can be described by equation (3.7):

QM) =C,-V,(0+Q, (3.7)

where Qo, shown in Figure 3.15, is the total charge induced in the cathode at the point A by

the accumulated charge on the dielectric surface, Qac.

The positive discharge phase is represented by the segments of F-A of which the charge
transfer leads to voltage increase across the dielectric barrier. The slope of F-A is the dielectric
capacitance. It can be seen that, when Q(t) is equal to zero, the applied voltage is equal to the
gap voltage. Therefore, from the Lissajous figure, the gap discharge voltage, Vs, can be read
from the points M and N, where the line segments of F-A and C-D intersect with the x-axis as
shown in (3.8).

Q(t) = Cd ) (Va ® _Vb) (3.8)
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The charge across the dielectric barrier capacitance is equal to its capacitance, Cq, multiplied
by the voltage, which is equal to Va(t) — V. According to Figure 3.14, the charge transfer Q(t)
is the sum of Qg and Q4 with opposite polarity,

Q(t) = _(Qd +Qd I) (3.9)
The breakdown voltage is Vb= 1.3 kV, Cq= 139 pF and Cy= 53 pF.

The measured gap capacitance is 23% greater than the calculated capacitance (section 3.2.1).
The difference between the calculated gap capacitance and the measured gap capacitance is
due to: the accuracy of the Vernier in measuring the gap length or the error of the calculated
discharge area. Based on the gas breakdown curve, the discharge voltage was found to be
close to the gas breakdown voltage at 0.15 mm (1.2 kV) calculated according to (3.10), based

on Paschen’s law:

V, =6.72/pd +24.36(pd) kV (3.10)

Where Vj is breakdown voltage in kV, p is the gas pressure in bar, d represents the distance
in cm between the electrodes. The electric field across the gap is 87 kV/cm.

At point E, the local negative ions deposited on the dielectric surface will be neutralized first
before the positive ions accumulate and extinguish the filament. The net electric field across
the gap is sufficiently strong to ignite the positive discharge which gives (3.11):

E.=E +E,=FE, (3.11)

Anode

_|_
Ea |
Qac -

Q' T Q +++

Glass

Cathode

Figure 3.16 The charge distribution across the test cell at point E.
At point E, Qe =-202 nC and V.= -266 V, based on (3.4) (3.6) and (3.9), all the related charge

can be calculated.
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. C
QE = _(Qd + Qd) = CtVa + Qac Cd +ng (3.12)
Qd' — _Qg' =11nC (3.12a)
Q :|QE|_Qd '=19InC (3.12b)
C,+C
Q,.=-Q,— "9 __eanc (3.12¢)
d
Qg :|Qac|_Qd =73nC (3.12d)
The applied field can be calculated as (3.13):
Vg
E,=—=-13kV /cm (3.13)
dg
The reversed electric field is shown in (3.14):
Q
C :
E,=£:—9:92kV/cm (3.14)
dg dg
The net electric field is shown in (3.15):
E, =E, +E, =79V /cm (3.15)

Once the discharge develops at point F, the applied voltage is equal to zero. The electric field

across the gap is the reversed electric field produced by the accumulated charge.

E,=E, (3.16)
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Figure 3.17 The charge distribution across the test cell at point F.
Once the charge across the measurement capacitor is zero at point M, the amount of induced

charge Qq is equal to the charge induced by power supply Qq as shown in (3.17).
QM :de+Qd =0 (3.17)

According to (3.8), the voltage across the barrier is equal to zero. The voltage across the test

cell is equal to the gap voltage which is the gas breakdown voltage. The gap electric field is

written as (3.18):
E,=E +E, (3.18)

The charge accumulation and the reversed electric field at point M are shown in Figure 3.18.

Anode
Qv o+ Q+
Ea | Er
-7 Qu
Glass
Q'— -
Cathode

Figure 3.18 The charge distribution across the test cell at point M.
With the increase of voltage to point H, the charge transfer is half of the total charge transfer
AQ, there is no net charge on the barrier surface. The charge on the ground electrode is induced

by the applied voltage. The electric field across the gap is equal to the applied electric field.

E,=E (3.19)

g a
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The charge accumulation and the reversed electric field are shown in Figure 3.19.

Anode
Q'+ +
Ea
\ 4
Qd — -
Cathode

Figure 3.19 The charge distribution across the test cell at point H.

The net charge accumulation between H and A increases with the increase of applied voltage.
The direction of the reversed electric field changes due to a positive net charge accumulation.
Further decrease of the applied voltage will reduce the gap electric field, leading to the end of

discharge in the positive cycle.
E,=E,-E <E, (3.20)

The charge accumulation and the reversed electric field are shown in Figure 3.14.

The charge at points E, F,M, H and A can be calculated and measured by the equations.

Table 3.1 The parameters of each point in Lissajous figure.

E F M H A
Va (V) -266 0 1295 1800 3487
Q (nC) -202 -172 0 63 328
Qac (NC) -264 237 72 0 260
Q¢ (nC) 191 172 52 0 -189
Qq(nC) 73 65 20 0 71
Qd'(nC) 11 0 -52 -77 -139
Qy (nC) -11 0 52 77 139
Ea(kV/cm) -13 0 63 90 -167
E, (kV/cm) 92 82 25 0 84
Ey (kV/cm) 79 82 88 90 83
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Based on the calculation results, once the positive discharge happens at point F, the average
net electric field across the gap is 84.4 kV/cm with the standard deviation of 4.5 kV/cm. The
experimental results are close to the calculated result 87 kV/cm. The amount of the charge
transfer increased from -202 nC to 328 nC and the amount of the accumulated charges
remains at ~260 nC. The results confirm the analysis of the Lissajous figure. During the

discharge phase, the gap voltage remains at the breakdown voltage.
3.3 Single filament development

3.3.1 Equivalent circuit of single filament

When the local electric field in the gap exceeds the threshold field of the breakdown, a pulsed
discharge of ns duration occurs and the diameter of the filament channel is in the range of
0.1 mmto 1 mm [58].

For each filamentary discharge, it develops in a certain space in the gap, with a corresponding
capacitance of C4 and the charge will accumulate on the barrier surface with a corresponding
capacitance Cq . The remaining gap capacitance and the dielectric capacitance can be
represented by Cq and Cq. The total capacitance of Cq and Cq is named as C’. In addition,
there is a stray capacitance in the electric circuit. Figure 3.20 shows the equivalent circuit for
a single filament development.

—(

I A It
N __ 1
—Ccy
Cs Cd' _
Ca" —

)

Figure 3.20 Equivalent circuit for a single filamentary discharge.

As the streamer discharge occurs in the gas gap, the voltage across the filament channel drops.
Due to the limiting resistor in series with the test cell, the power supply cannot replenish the

voltage drop across Cyq . In this case, the voltage across C:’ and Cs drops to replenish the energy
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loss in the discharge until the reversed electric field is strong enough to extinguish the filament.
In Figure 3.20, the current flowing through the C;’ sub-circuit is I, the current flowing through
the Cs sub-circuit is le, and the current through Cq " is lg. The total filament current is It
described in (3.21):

Li=le+tlc+1g (3.21)

The external current, le, measured using a coaxial cable, is the current flowing through the
stray capacitance, Cs. The voltage drop across C:’ is the same as the voltage drop across the
stray capacitance. As C:’ is much greater than Cy and Cq" in series, the value of C;” can be
assumed to be the total capacitance, C:. In this case, the filament current can be rewritten as in
(3.22):

dv, . .dv,"

|f=|e+Ct +Cg dt

m (3.22)

where V. is the applied voltage across the test cell and Vg’ is the voltage across Cy . Here, the
integration of the current flowing through Cs and C:’ is the charge transferred onto the barrier
surface, causing the voltage to increase across the barrier. When the voltage drops across Cy~
and the accumulated charges on the barrier builds the reversed electric field, the discharge is
extinguished. For a given electric circuit of a test cell, Cs is a fixed value. The ratio between

the current is expressed by (3.23).

| g _ Qg_single — AVg"ng“
|e+ It Qd_single AV&(CI+CS)

(3.23)

As the discharge area of each filament is variable, the ratio of the two currents is also variable.
For a large ozone generator with total capacitance in nF range, the filament current can be

approximated as the sum of I, and I.

dv., dv.,
+
at  Car

l+=Cs (3.24)

The distribution characteristics of the external current are identical to that of the filament

current.

52



Chapter 3 Discharge Development of Dielectric Barrier Discharge

3.3.2 Effect of the stray capacitance

A zig-zag line is measured in Lissajous figure during the discharge, as shown in Figure 3.21.
The discharge process can clearly be identified from A to B, the segment B to C represents
the charging process by the power supply.
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Figure 3.21 A part of Lissajous figure and the analysis of the filament current development progress.

In a few nanoseconds, a voltage AV, 1.7 V, develops across the measurement capacitor, Cn,
and the charge transfer is ~ 5 nC. A corresponding voltage drop, AVa, 384 V, across Cs is
developed. The charge transfer through the stray capacitance is shown in (3.25):

AQ,=AV,xCs=5nC (3.25)
where Cs can be calculated as 13 pF.

The voltage drop across C:’ can be determined using (3.26):

AV, = AV ,— AV =38V (3.26)
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At this time, C; and C;’ are both transferring charge to C4 , meaning that the charge that

increases the barrier voltage accumulated on C4~ is AQs + AQx.
AQ, +AQ, =AV,(C, +C,")=20nC (3.27)

Here Ct’ is closed to Ct. In this figure, Ct can be calculated as 37 pF which is in close

agreement with the calculation based on Figure 3.15.

After the filament is extinguished, the power supply will charge the circuit until the voltage
across the test cell and the electric field across the gap recover. As Cy is much lower than
C¢’, the total charge transfer from the power supply can be estimated as AQ:. The charge

transferred to the test cell is shown in (3.28):

C IIC n
AQ,= AV ,x(C+2—2-)=14nC (3.28)
C, +C,
From the equivalent circuit, the transferred charge AQ, from Cq is equal to the charge
accumulated on the dielectric barrier surface forming the reversed electric field
distinguishing the filament accumulating on the barrier to form the reversed electric field E..

For a single filament, the total charge transfer AQs is described by (3.29):
AQ; =AQ,+AQ+AQ," (3.29)

The external current measured is supplied by the stray capacitance. By determining the
voltage drop AVs and the external current le, the stray capacitance can be calculated using
(3.30):

dv,
dt

le=Cs (3.30)

Figure 3.22 shows the sampled Lissajous figure with the stray capacitance of 13 pF. In Figure
3.23, Csis changed manually by adding a 1 nF capacitor in parallel with the test cell and Cp,
and the stray capacitance is 1.14 nF. The applied voltage is 3 kV; at 5 kHz.
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Figure 3.22 The sampled Lissajous figure at 5 kHz with 3 kV, power supply without an added 1 nF

capacitance. The gap length is 0.15 mm and the barrier thickness is 0.15 mm.
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Figure 3.23 The sampled Lissajous figure at 5 kHz and 3 kV, power supply with an added 1.14 nF

capacitance. The gap length is 0.15 mm and the barrier thickness is 0.15 mm.

By adding a 1 nF capacitor, but without changing the applied voltage, the charge transfer of
a quarter-cycle remains 745 nC. The number of filamentary discharge and the voltage drop
of each filament decrease dramatically. Figure 3.24 and Figure 3.25 show the sampled
external current and voltage drop of a single filament. When adding the stray capacitance,
the discharge time of a single filament increases from ~15 ns to ~70 ns. The amplitude of the

external current reaches over 1 A.
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Figure 3.24 The sampled single external current with voltage drop without added capacitor in
parallel to the test cell.
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Figure 3.25 The sampled external current and voltage drop with the added 1 nF capacitor.

The total charge transfer per filament increases when adding a capacitor while the voltage
drop across the test cell decreases. The criteria for extinguishing the filament depend on the
electric field across the gap. Since Cq  is in series with Cq ', the charge transfer across Cq  is
equal to the total charge transfer of C; and C; in parallel. As C: in this case is much lower
than the stray capacitance Cs (1.14 nF) while the voltage across C: is the same as Cs, then
AQs >> AQ:. The voltage increase across Cq is due to the voltage drop across Cs. Thus, we
have (3.31) and (3.32):
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AV ,Cs=—AV4"Cq" (3.31)

AV "= AV, —AV "= AV "(bﬁ) (3.32)
For the same 474, a higher Cs implies more charge transfer to Cq .
The results indicate that for the same gap length, the required electric field is the same, which
means the required voltage across the discharge gap does not change. As the value of the
stray capacitance is much greater than the equivalent gap capacitance, the voltage drop across
the discharge gap can be replenished rapidly by the stray capacitance. To reach the required

electric field for extinguishment, the discharge period must be longer.

In general, for a large ozone generator with a total capacitance in nF range, the filament
current can be approximated as the sum of I and l.. The distribution characteristics of the

external current are identical to those of the filament current.

3.4 Discharge behaviour in the first three cycles

In this subchapter, the transient dielectric barrier discharge properties are explored by
investigating the current and voltage waveforms and Lissajous figure in the first few cycles.

3.4.1 Lissajous Figure analysis

In the steady state dielectric barrier discharge, the charge accumulation on both discharge
phases is equal. The positive discharge phase will produce a AQ charge to neutralise the

|2 AQ| charge that accumulated in the preceding discharge phase.

To determine the statistic of charge transfer, the smart power supply is used to generate only
one cycle of the power applied to a test cell with 0.3 mm barrier thickness and 0.2 mm gap

length. Figure 3.26 shows the Lissajous figure for the first cycle.
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Figure 3.26 The sampled Lissajous figure of the first cycle of discharge.

At point O, the power supply is enabled where the charge transfer Q is equal to zero and the
applied voltage V is close to zero. With the continuous increase of the voltage to point A, the
discharge begins. The first discharge occurred at ~2.5 kV,, at this moment the gap voltage is
over 1.8 kV which is 1.4 times greater than the breakdown voltage (1.3 kV) at steady state.
From point B to C, the voltage drop is more than 2 kV,. The charge transfer Qgc is
approximately 78 nC. From point A to point D, the charge transfer is 237.8 nC. For the
positive discharge in the first cycle, the discharge is strong with higher amplitude of external
current and longer discharge time per micro-discharge. Once the applied voltage reached the
peak value, the discharge of the positive cycle stopped. At point E, the negative discharge
started. When the charge transfer is ~ 200 nC, the applied voltage is -200 V which is much
lower than that of the positive discharge phase. For the negative half-cycle, the total charge
transfer is approximately 353 nC. Due to the non-uniform accumulated charge distribution
on the barrier surface in the positive discharge phase, the electron density is not uniform. The
negative discharge firstly happens at the point where there is higher electron density. The
upcoming discharge should produce double the charge to neutralise the accumulated charge
on the barrier surface. As introduced in 3.2.3, half of the charge transfer per discharge cycle
is used to neutralize the opposite polarity charges accumulated on the barrier surface, and the
other half of the charge transfer per discharge cycle is accumulated on the barrier surface and

waiting to be neutralized by the opposite polarity charges. The total charge transfer of the
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negative cycle is less than twice the total charge transfer of the positive cycle. In this case,

an offset of the charge transfer (150 nC) is observed.

The Lissajous figure for the second cycle was measured, as Figure 3.27 shows.
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Figure 3.27 The sampled Lissajous figure of the second cycle discharge.

The charge transfer of the positive cycle is 364.0 nC, compared to 363.7 nC in the negative
cycle. The offset net charge on the barrier surface remains 150 nC. The offset charge was
neutralized with time because of the leakage current through the barrier. Figure 3.28 shows

the Lissajous figure of the 100™ cycle.
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Figure 3.28 The sampled Lissajous figure of the 100™ cycle.

When comparing the total charge transfer in the 100" cycle and the total charge transfer in
the second cycle, there is not a significant difference. Thus, it can be said that the discharge
is in steady state.

3.4.2  Current and voltage waveform analysis
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Figure 3.29 The sampled external current and voltage waveforms in the first cycle.

At the beginning of the discharge, without any charge accumulation on the barrier surface,

the first discharge occurred when the applied voltage was 1.8 kV,. The amplitude of the
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external current is over 1 A with an 800 V voltage drop. The duration of the first discharge
is ~ 30 ns. In the positive half-cycle, there were seven discharges, which is less than the
number of discharges in the steady state. In the negative half-cycle, the discharge is ignited
at 0 V. The average amplitude of the external current is much less than it is in the positive
half-cycle.
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Figure 3.30 The sampled external current and voltage waveforms (a) in the second cycle and (b) in

the third cycle.

In the sampled second cycle, the average amplitude of the external current is 48 mA.
Compared to the maximum amplitude of the external current in the first cycle, the maximum
amplitude in the second cycle is only 125 mA which is 8 times less than the maximum current
amplitude of the first cycle. With regard to the positive discharge period, the amplitude of
the external current in the second cycle is much lower than the amplitude in the first cycle.
The voltage drop of the discharge is below 100 V on average. The average amplitude is
53 mA with a maximum amplitude of only 130 mA. The number of discharges in both the
positive and negative cycles increased dramatically compared with the results for the first

cycle.

In Figure 3.30 (b), the average amplitude of the external current for the positive discharge
period is 28 mA. The distribution of the third cycle becomes more uniform, with a maximum
amplitude of 75 mA. In the negative discharge cycle, the average amplitude of the external
current is 45 mA. The maximum amplitude for the negative discharge period is only 80 mA.
Comparing the current waveform in Figure 3.30 and the current waveform at steady state

shown in Figure 3.13, the discharge becomes stable in 3 cycles.
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3.5 Electrical properties of APGD

In this section, the discharge characteristics of a limited condition are investigated:
atmospheric pressure glow discharge (APGD). This type of discharge can be seen as many
filamentary discharges occurring at the same time, with the charge moving towards the
opposite polarity electrode. According to the current performance, it is a continuous discharge
with microseconds time period to produce a uniform electron density across the gap. Massines
concluded in his research that the number of electrons in the gap were sufficient to produce
the next breakdown under a low electric field, which is a necessary condition to obtain an
APGD [59].

3.5.1 Test cell design and experimental setup

The cylindrical test cell that is developed with a dielectric barrier is a quartz tube with a
7 mm inner diameter and a 10 mm outer diameter and is 200 mm length. The high-voltage
electrode is a stainless-steel rod with 6.4 mm diameter and 180 mm in length. The gap length
is set by a 0.3 mm thick stainless-steel wire around the high-voltage electrode. For the ground
electrode, aluminium foil 150 mm in length is attached to the quartz tube. The input gas is
pure helium with a flow rate of 0.3 L/min. A 5 kHz smart-power supply is used to generate
high frequency power. Figure 3.31 shows the design of the test cell.

High Voltage Ground Silicone

Cable Electrode SS ( Connector
Wire

—

Gas Outlet

T- Connector High Voltage

Electrode Quartz
Gas Inlet Tube

Figure 3.31 The design of the cylindrical test cell.
3.5.2 Discharge characteristics

A. Discharge voltage and current
Figure 3.32 shows the sampled current and voltage waveforms of a full cycle with an applied
voltage of 2 kV, at 5 kHz. The discharge only occurred with the increment of the electric

field across the gap. The ignition voltage of the positive cycle is -980 V. For the single pulsed
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current, the peak current is below 20 mA in a period of a few microseconds. When

continuously increasing the applied voltage, the number of discharges increased.
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Figure 3.32 A sampled voltage (solid black line) and current (solid red line) waveform at APGD with

helium input with 2 kV, applied voltage at 5 kHz, 1 atm.

Because of the metastable states of helium, He(23S) + 19.73 eV and He(2'S) + 20.61 eV, the
discharge period of a single micro-discharge is longer than nanoseconds. The lifetime of
He(23S) is 15 ps [60] and He(2'S) is 19.5 ms [61]. The ionisation energy of helium is 24.6 eV
[62], which means that the energy needed to ionise the metastable state helium is less than 5
eV. The ionisation processes are shown in (3.33) and (3.34) [63].

He(2°S)+e — He" +2e (3.33)
He(2°S) + He(2°S) — He" + He +e (3.34)

The metastable state helium atoms are the source of high-energy electrons. The energy
accumulated in the metastable states is released gradually in the discharge channel, and a glow

discharge is sustained [64].
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The electrical properties of Boeuf’s results [65] are shown in Table 3.2.

Table 3.2 The electrical parameters of APGD DBDs.

Conditions 1 atm He
Gas Gap 0.5cm
Current pulse duration > 1us
Filament radius Uniform
Peak current density ~1mA/ cm?
Total charge transferred 13 nC/cm?
Peak electron density < 10%em™3
Electron energy 1-5eV

According to a numerical model, a density of electrons higher than 10 cm™ at the breakdown
voltage is necessary to obtain an APGD controlled by a dielectric layer. The highest electron

density of Massine’s experiment is about 10** cm™ [59], in agreement with Boeufs results
[65].

B. The effect of water vapour

Figure 3.33 shows the line spectra of atomic helium at 2 kV, power supply using the Ocean
Optic spectrometer. Along these lines, the 656.05 nm is close to a typical line spectrum of
atomic hydrogen at 656.27 nm.
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Figure 3.33 The atomic helium spectra using DBD at 5 kHz, 2 kV, applied voltage and 1 atm.

Based on the datasheet from NIST [66], the Table 3.3 lists the most proximate atomic line

spectra.

Table 3.3 Atomic line spectra comparison between observed database and referenced database.

Lower State  Higher State Observed Referenced
Wavelength Wavelength on
Air (nm) NIST (nm)

He (1s2p) He (1s3d) 587.19 587.56

H (2s) H (3p) 656.05 656.27

He (1s2p) He (1s3d) 667.76 667.82

He (1s2p) He (1s3s) 706.33 706.52

He (1s2p) He (1s3s) 728.06 728.13

Because the water vapour can also react with electrons as shown in (1.28), the probability of
the ionisation of metastable state helium decreases. By passing helium gas through a copper
coil which is immersed in a liquid nitrogen flask, the water vapour is solidified. The current

and voltage waveforms at 2 kV, without water vapour are shown in Figure 3.34.
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Figure 3.34 The current (solid red line) and voltage (solid black line) waveform of helium discharge

without water vapour.

With the same applied voltage and frequency, the discharge period of the positive cycle is
50 ps with the current of only 7 mA. The second pulse is ignited immediately after the first
pulse with the same discharge duration yet much lower current amplitude. For the negative
discharge, the first micro-discharge is ignited at -1000 V. The duration of the current in the
negative cycle is the same as that in the positive cycle with ~-8 mA peak value. The
discharges of both positive and negative cycle are consecutive, a residual current is observed

in Figure 3.34 after the discharges. The Figure 3.35 shows the line spectra of atomic helium
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Figure 3.35 The line spectra of atomic helium without humidity effect.
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The discharge characteristics of APGD in different gases is investigated by Okazaki et
al. [67]. According to Kogoma’s research [13], ozone efficiency in a homogeneous glow
discharge at atmospheric pressure is measured and compared with that in a filamentary
discharge. The results showed that the ozone efficiency in APGD is 10% higher than that of
filamentary discharge in air. The ozone efficiency in APGD is also 15% higher than that of
filamentary discharge in oxygen. Kogoma’s team expected that the high ozone efficiency is
due to the electron collision with molecules. In a filamentary discharge, the charge density
is higher than that in a APGD. The collision efficiency between electrons and molecules in
a APGD should be higher than that in a filamentary discharge [68][69] due to the uniform
distribution of electrons across the gap. Also, the lower temperature increment in the micro-
discharges in APGD can increase the ozone efficiency while along the filamentary discharge,

temperature increases may promote the decomposition of ozone.

Nakai et al. investigated the APGD discharge generated in air using an alumina barrier at a
frequency range of 32 Hz to 1 kHz [70][71]. The ozone efficiency comparison between
APGD and filamentary discharge was also investigated. The ozone efficiency in the
filamentary mode in pure oxygen wass 247 g/kwWh, which is much higher than that in the
APGD mode (33 g/kWh) with the same specific energy input. The ozone efficiency using
APGD discharges remained the same when increasing the specific input energy (J/L). The
expected reason is the much lower electric field strength in the APGD compared with that in
the filamentary discharge. The electrons cannot get enough energy to dissociate oxygen
molecules where the elastic collision cross section is between 4x107° to 10 x10® cm? and

the electron energy is in the range from 0.1 eV to 5 eV.

According to Nakai’s results [71], the authors claimed that as the electron density under
APGD is much lower than that under filamentary discharge, the density of oxygen atom is
therefore, lower under APGD. The ozone formation rate is much slower. According to the
observation, the breakdown voltage of helium under APGD and filamentary modes does not
show a big difference. The reduced electric field therefore is the same under the same gap
length. The electron energy under the APGD discharge mode is comparable with that under
filamentary discharge. Moreover, as the electron distribution is quite uniform, the produced
ozone molecules are more likely to collide with electrons to be dissociated. The increment
of ozone dissociation leads to the low ozone efficiency of APGD. However, to date, no

specific research has clearly indicated the ozone efficiency in different discharge modes.
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3.6 Conclusion

In this chapter, the dielectric barrier discharge properties were investigated. Measuring the
external current accurately is critical in order to improve the analysis of filament
development. The optimised ways both by minimising the oscillation in the circuit and by
the advanced equivalent circuit analysis have been discussed clearly. To minimise the circuit
oscillation, the wires should be as short as possible to reduce the influence of stray
capacitance and the impedance of the coaxial cable should be matched. The discharge
currents associated with DBD were found to conform to a Gaussian distribution. It is also
found that the current associated with one single micro discharge corresponded to one pulsed
emitted light signal.

During the development of a micro-discharge, the electrons first leave the cathode within
5 ns to form the electron avalanche, and then, the negative space charge is formed at the
anode in 10 ns when the electron avalanches arrive at the anode followed by the development
of the reverse propagation towards the cathode. Just before the peak of the total current, the
positive streamer develops and the electron density of the central streamer can be
101*cm™3 [72]. After the accumulated charge on the dielectric barrier establishes a reversed
electric field, the filament is extinguished. The reversed electric field to extinguish the
filament discharge is related to the voltage drop across the filament. The charge transferred
through the discharge gap was verified to be equal to the charge transferred in the external

circuit, through the quantitative analysis of the accumulated charge on the dielectric surface.

The determination of the filament current, which contains three parts of the current (the
current passing through the stray capacitance, the current due to the voltage drops across the
total capacitance and the current due to the voltage drop across the discharge gap channel) is
made. The charge transfer from the stray capacitance and the total capacitance can cause the

voltage to increase across the affected dielectric barrier.

In addition, the transient state dielectric barrier discharge process is analysed. From the result,
we can see that the dielectric barrier discharge can be balanced quickly in the first few cycles.
The discharge started from second cycle is more stable. The accumulated charge on the
barrier will form a relatively uniform distribution on the barrier surface. A higher current
amplitude micro-discharge with more charge transfer can carry more energy, and the
increasing number of electrons can reduce the ozone efficiency. In the next chapter, the
relationship between the filament current and ozone generation efficiency will be discussed

using the planar configuration dielectric barrier discharge.
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Finally, a uniform discharge is achieved in helium with much longer discharge period of
microseconds compared with that under filamentary discharge. It is found that the reduced
electric field under APGD is the same as that of filamentary discharge. The analysis shows
that the higher collision frequency of electrons and ozone molecules leads to a decreased

ozone efficiency.

The discharge characteristics of DBD help to clarify the better ozone generation discharge
environment. The reduced electric field and the current distribution can be manipulated by
changing physical and electrical parameters. The relationship between these parameters and

ozone efficiency will be investigated in Chapter 4.
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4 Current Distribution and Ozone Efficiency using Planar

Electrodes

4.1 Introduction

4.1.1 Motivation

Filamentary DBD is the most commonly used method for industrial ozone generation in recent
years. For commercial scale ozone generator, the system operates between one and three bars
(normally at two bars) and at 0.5 to 5 kHz with a gap length of 1 mm. The average temperature
of the discharge gap can be determined by measuring the temperature of the cooling water.
The most commonly used electrode design is the cylindrical type, as shown in Figure 4.1
[73]. The low-loss dielectrics of high breakdown strength such as glass, quartz or ceramic
plates are the most commonly used dielectric material. Inside the glass tube is an inner metal
coating, which acts as a high-voltage electrode. Outside the quartz tube is a discharge space
of between 0.5 and 1 mm radius. With narrow gaps, the electrical field at breakdown can be
strongly influenced by varying the gap spacing or the particle density in the gap [74]. The
choice of gap length is a compromise between reducing the gap breakdown voltage and
increasing the discharge volume for ozone formation. The outer surface of the tube is in
contact with a metallic electrode [75]. The outer electrode is made from stainless steel that has
been earthed and water cooled. The feed gas streams into the gap between the inner quartz

tube and the outer steel tube.
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Figure 4.1 Typical electrode configuration of the dielectric barrier discharges [73].
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According to the research, the highest ozone efficiency using dielectric barrier discharge at
room temperature can be up to 225 g/kWh which corresponds to only 18.4% electron energy
efficiency. In industry, the normal ozone efficiency is between 150 g/kwWh and 180 g/kWh
with ozone production of 100 g/Nm? to 150 g/Nm?® [74]. By changing the discharge gap, the
operating pressure, the thickness of the barrier and the cooling water temperature, ozone
generation efficiency is optimised, as the filament discharge properties can be tailored to
minimise the recombination of oxygen atoms. The current properties are related to the filament
discharges, which can affect the ozone generation efficiency. As a result, the investigation of

current distribution and ozone generation efficiency was undertaken.
4.1.2 Obijectives

In Chapter 4, the external current distribution and the filament current of a single pulse were
investigated. The distribution of the charge transfer of a filament was related to the filament
radius and the diffusion area on the barrier.

The external current distribution using a planar-plate dielectric barrier discharge is
investigated at different applied voltages, gas pressures and barrier thicknesses.

Ozone efficiency was investigated by changing
e The dew point from -40°C to -60<°C.
e The applied voltage from 4.5 kV, to 6.5 kV; in 0.5 kV increments.
e The absolute pressure from 1 bar to 1.6 bar in 0.2 bar increments.
e The gap length from 0.1 mm to 0.3 mm in 0.1 mm increments.

The ozone efficiency (g/kWh) versus the reduced electric field (E/N) curve was investigated.

4.2 Experimental setup

4.2.1 Test cell design

In this experiment, a planar-plate electrode configuration with one barrier was used. A
schematic diagram of the test cell is shown in Figure 4.2. Two stainless steel (SS316) plates
with a 1 mm thickness and 30 mm diameter formed the electrodes. A square glass cover, with

& = 6.7, was used as a dielectric barrier and was attached to the ground electrode. The length
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of the barrier was 50 mm and the thickness was 0.2 mm. Between the barrier and the high-
voltage electrode, four lengths of 5 mm square glass were attached at the edge of the barrier
as spacers to maintain the gap length. A hole with a diameter of 2 mm at the centre of the high-
voltage electrode formed a gas inlet at the top of the test cell. The input gas diffuses to fill the
entire gas gap. After the discharge, the gas will pass to the ozone analyser.

The test cell was located centrally in two PTFE lids. The outer diameter of the lids was
150 mm with a 100 mm inner diameter and a 3 mm deep groove in the centre. The thickness
of the PTFE was 20 mm. There was a groove at the edge of the bottom lid in which to place a
silicone O-ring. There were six screws at the edges of the lids to seal the test cell. The circuit
connection consisted of two straight stainless-steel tube connectors with 6 mm holes at the
centre of the top and bottom lids. These connectors could be used as gas inlets and outlets.
There was a stainless-steel spring in the bottom stainless steel connector. The outer diameter

of the spring was 6 mm.

’* Gas Inlet

PTFE

30 mm ™ Stainless Steel "

6 mm- -SS Spring O-ring

[

Gas Oulte

Figure 4.2 Test cell design constructed with 30 mm diameter SS316 stainless steel electrodes and 50

mm diameter cover glass.
4.2.2 Experimental arrangement

Figure 4.3 shows the experimental arrangement. A high-frequency (up to 5 kHz) power supply
(Pacific Smart Source 112-AMX) was connected to a 1:22 transformer (up t0 7 kVms). A
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10 kQ current-limiting resistor was connected between the output of the transformer and the
test cell. The ground electrode was connected to a digital storage oscilloscope (LeCroy
WaveRunner 625 Zi) via a 50 Q coaxial cable. A high-voltage probe (Tektronix P6015A
1000:1 3.0 pF 100 MQ) was connected to a high-voltage electrode in parallel to measure the
voltage input. The current output was measured using an RG 405 coaxial cable with 18 GHz
bandwidth and 50 Q impedance connected to the ground electrode. The ozone efficiency was
measured by adding a 15 nF capacitor in series with the ground electrode. The voltage across

the measurement capacitor was measured using a passive probe.

In front of the gas inlet, a flow meter and a stainless-steel valve were added to control and
maintain the gas flow rate and to measure the gas inlet temperature. A hygrometer was
connected after the flow meter to measure the gas humidity. A pressure meter was connected
after the test cell to measure the pressure. After the pressure meter, a stainless-steel needle
valve was added to adjust the pressure in the test cell. An ozone analyser (BMT 964 up to
10,000 ppm) was connected to measure the ozone concentration. Finally, the gas passed

through the ozone destructor before being exposed to the air.

Flow Meter Hygrometer
Oxygen
e . ]
[

Pressure Meter

1000 : 1 HV Probe

@ R=10kQ b— Oscilloscope

©OOO

L

1:22
Transformer

HF
AC power

Ozone

Analyser |:|
Ozone L
Destructor

Coaxial Cable
Z=50Q

— Ambient

Figure 4.3 Experimental setup.

The calculated gap capacitance and dielectric barrier capacitance are shown in Table 4.1:
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Table 4.1 The calculation of equivalent capacitance based on Lissajous figure at different gap lengths
and barrier thicknesses.

0.1 mm 0.2 mm 0.3 mm
Cg (pF) 64.8 54.5 33.27
Cd (pF) 3314 180.1 133.7

A. Energy input

According to the analysis in Section 1.3.2, an increase in gas temperature leads to an increase
in the rate of ozone dissociation, while the ozone production rate reduces. In order to achieve
higher ozone efficiency, balancing the temperature in the test cell is crucial. In this experiment,
the power supply was only enabled for 100 cycles for each test in order to minimise the

influence of gas temperature.

B. Current distribution measurement

To analyse the distribution of the current, the amplitude of the external current was logged by
the oscilloscope. It captured 5,000 single pulsed currents to analyse the amplitude of the
external current under different conditions and the histogram figure was developed.

4.3 Current amplitude distribution analysis

In this section, the external current distribution was investigated by measuring the peak value
at different applied voltages, gas pressures and barrier thicknesses. Figure 4.4 shows the
sampled single current and voltage waveforms of a micro-discharge with a 0.2 mm barrier

thickness and a 0.2 mm gap.
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Figure 4.4 Single measured external current (dashed line) with corresponding voltage drops across the
stray capacitance (solid line).

The duration of the discharge (fall time) was 15 ns. The amplitude of the external current was
~162 mA with ~150 V voltage drop.

4.3.1 Applied voltage and current distribution analysis

The experiment was carried out with a barrier thickness of 0.2 mm and a gap of 0.2 mm at
1 bar by adjusting the applied voltage from 2 kV, to 3.5 kV, in 0.5 kV, increments. The

current distribution at different applied voltages is shown in Figure 4.5.
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Figure 4.5 The external current distribution at different applied voltages.

Table 4.2 Current analysis under different applied voltage.

Applied Voltage Minimum

Peak Maximum

Peak Average Peak

(kV) Current(mA) Current(mA) Current (mA)
2.0 12.6 173.0 38.0
2.5 2.8 167.0 38.7
3.0 11.2 151.0 46.1
35 12.4 180.0 55.3
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Figure 4.6 The average peak current at different applied voltages.
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Figure 4.7 Number of micro-discharges of positive cycle at different applied voltage.

With the increment of the applied voltage, the average peak current increased slightly from
38.0 mA to 55.3 mA, as Figure 4.6 shows. The average number of micro-discharges increased
with increasing applied voltage amplitude. With the same frequency of the applied voltage, an
increase in the amplitude means an increase of the voltage rise rate. The results shown in
Figure 4.7 indicate that with increasing rate of voltage rise, the frequency of the micro-
discharges increases; hence, the number of micro-discharges increased during one half of a

voltage cycle. Because the charge transferred during one single micro-discharge is almost the
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same, an increase of the micro-discharge number under higher applied voltage results in
increased total charge transferred. Thus, the development of a single filament does not change
as a result of the applied voltage.

4.3.2 Gas pressure with current distribution analysis

The experiment was carried out with a barrier thickness of 0.2 mm and a gap of 0.2 mm at 3.0
kV, by adjusting the gas pressure from 1.0 bar to 1.6 bar in 0.2 bar increments. Figure 4.8
shows the peak current distribution of 5,000 single pulses at 1 bar and at 1.6 bar.
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Figure 4.8 The current distribution at 1.0 bar and at 1.6 bar.

In Figure 4.8, the histograms under different pressures display different current distributions.
With increasing pressure, the current distribution becomes narrower, and the number of
filaments with a measured current between 20 mA and 40 mA was weighted at 83% at 1.6 bar.
At 1 bar, although the most likely external current was also between 20 mA and 40 mA, the
number of filaments with measured currents in this range was only weighted at 37%. Figure

4.9 shows the average peak current with its standard deviation.
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Figure 4.9 The average peak current under different gas pressures.

With an increase in the pressure, the average peak current decreased slightly from 46.1 mA to
24.7 mA, as Figure 4.9 shows. The standard deviation decreased from 44 mA to only 13.8 mA.
It was found that the external measured current was lower under higher pressure, the discharge

repetition rate increased, and the voltage drop decreased dramatically.

The relationship between current density and pressure is shown in (4.1):

. B
j=( P -) (4.1)

pd —B

where j is the current density, p is the test cell pressure, d is the gas-electrode gap length, B is
a constant related with electrode material and B* is a constant specific to the gas type. In a
DBD, the parameters of the electrode material and gas can be constant. In (4.1), increasing the
pressure leads to an increased current density. This is because, with increasing pressure, the
number density, N, in a fixed volume test cell increases, meaning that the distance between

each molecule is shorter than it was previously.

In this case, with increasing pressure, the mean free path- a parameter to indicate the average
distance during the period between two collisions written as A becomes shorter. If the average
velocity of the molecules is v, the average distance between the molecules in time is vt. The

average collision time is Zt. The mean free path of the same gas molecule is shown in (4.2):
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- v 1
A=— = 4.2
= (4.2)

_\/§NO'

The cross-sectional area of the filament channel is smaller with increasing pressure, decreasing

the diffusion area of the accumulated electrons, which can lead to the filament being
extinguished due to the faster formation of the reversed electric field. According to the
measured average peak current results, a decrease in the cross-sectional area of the filament

channel can decrease the external peak current.
4.3.3 Barrier thickness and current distribution analysis

The current distribution was investigated in 0.2 mm and 1 mm barrier thicknesses. The gap
was 0.2 mm. As the applied voltage became different as a result of changing the barrier

thickness, the charge transfer remained the same in the experiment.
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Figure 4.10 The external current distribution with 1 mm barrier thickness, a 0.3 mm gap and 6.5 kVp

power supply.

When increasing the barrier thickness, the mean peak current at 6.5 kV, was less than 10 mA.
The maximum current detected was less than 40 mA. Compared with the results in Figure 4.5,

the current distribution was more concentrated when the barrier thickness was increased.
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Figure 4.11 Example of a quarter-cycle of current and voltage for a 1 mm barrier, 0.2 mm gap and

6.5 kVp supply voltage.

Figure 4.11 shows the half-cycle voltage and current waveforms for 1 mm barrier thickness, 1
bar absolute pressure and 6.5 kV, supply voltage. The external current and the voltage drop
are much lower when the barrier is thicker.

It was obvious that, when increasing the barrier thickness, the amplitude of the external current
decreased. When ions accumulated on the surface of the barrier, there was a redistribution of
the electric field on the barrier. Some of the ions will build up the reversed electric field to
halt the development of the filament, while the rest of the ions will form an electric field within
the barrier to increase the voltage across the barrier. According to the equivalent circuit in
Figure 3.20, for the same voltage drop across the filament channel, when increasing the barrier
thickness, both the barrier capacitance and the total capacitance decrease, causing the

corresponding current flowing through C,;" and the filament current to reduce.

4.4 QOzone efficiency analysis

4.4.1 Ozone generation versus dew point

With regard to ozone generation via excimer lamp [76], research shows that the effect of water
vapour is crucial. The maximum ozone concentration was increased from approximately 6 wt%
at 300 ppm to 13 wt% at O ppm. In addition, at a 5 wt% ozone concentration, the ozone
efficiency increased from 125 g/kWh at 300 ppm to 200 g/kwh at O ppm. The dramatic
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increase indicates the negative effect of water vapour on ozone generation. To limit the effect

of water vapour in the experiment, the dew point was changed by using liquid nitrogen.

The dew point of the oxygen leaving the cylinder was -40°C, which corresponded to 127 ppm
water vapour. The comparison was made by passing oxygen from the cylinder to a copper coil
that was located in the liquid nitrogen.

The dew point was measured from the outlet of the copper coil and was changed by adjusting
the depth of the copper coil in the liquid nitrogen. The dew point was changed from -40 <C to
-60 T (11 ppm). The information extracted from the Lissajous figure is presented in Figure
4.12 at under -40 T and -60°C, respectively.
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Figure 4.12 100-cycle Lissajous figures with a 0.2 mm gap and 0.3 mm barrier thickness at different
dew points of (a) -40 <T and (b) -60 T, respectively.
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Figure 4.13 The transient ozone concentration of 100 cycles of energy input with a 0.3 mm barrier
thickness and a 0.2 mm gap at different dew points of (a) -40 <C and (b) -60 <.

Table 4.3 The discharge parameters at different dew points.

Dew Point Cd Cg Vp Energy Input
(C) (PF) (PF) V) (mJ)

-40 126.9 42.1 1075 81

-50 128.6 40.8 1101 81

-60 126.8 43.8 1070 80.9

In Table 4.3, when increasing the dew point, the breakdown voltage, the gap capacitance, the
dielectric barrier capacitance and the energy input of 100 cycles did not change significantly.
In Figure 4.13, the peak value of ozone concentration at -40 <T was 53.0 ppm, while the peak
value of ozone concentration at -60 <C was 52.4 ppm. The very small difference in ozone
concentration and energy input means the ozone efficiency at different dew points does not

change in the 100-cycle energy input.

In the following experiment, the input gas was taken directly from the oxygen cylinder at a -
40 <T dew point.
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4.4.2 Ozone generation versus applied voltage

To understand the relationship between applied voltage and ozone efficiency, the peak value
of the applied voltage was increased from 2 kV, to 3.5 kV, with a 0.2 mm barrier thickness
and a 0.2 mm gap.
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Figure 4.14 The sampled Lissajous figure with a 0.2 mm barrier thickness and a 0.2 mm gap at different

applied voltages from 2 kV; to 3.5 KV,

From the Lissajous figure shown in Figure 4.14, the breakdown voltage, the gap capacitance,

the dielectric barrier capacitance and the energy input can be calculated, as Table 4.4 shows:

Table 4.4 The discharge parameters at different applied voltages.

Applied Voltage (kV) Cd (pF) Cg(pF) Vbreakdown (V) Energy Input (mJ)

2.0 156.8 54.8 770.0 47.1
25 158.9 45.9 801.7 73.9
3.0 164.7 43.5 908.5 101.5
3.5 169.8 42.5 1006.2 132.4
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When increasing the applied voltage from 2 kV, to 3.5 kV,, the total capacitance did not
change, while the dielectric barrier capacitance increased and the corresponding gap
capacitance decreased. According to the capacitance calculation formula of parallel-plane
geometry, the value of the capacitance is only related to the equivalent area and the length of

the material.

The breakdown voltage increased from 770 V to 1006 V with the increase of the applied
voltage which does not conform to gas breakdown theory. For a gas breakdown, the electron
avalanche is developed in a time-frame of ps to ns. In the inter-electrode gap, once the electric
field is sufficiently high to initiate gas breakdown, the electric field around the head of the

avalanche increases dramatically, increasing the number of ionising collisions.

As the discharge in oxygen was filamentary, the electron distribution on the surface of the
barrier was not uniform. With lower supply voltage, only a few discharges occurred during
the half-cycle - each discharge was relatively independent, with the charge accumulated on
the surface being different each time. There is a certain point with an enhanced local electric
field at which the discharge will occur first. When increasing the supply voltage, the number
of charges accumulated on the barrier surface increased and the distribution was more uniform,
while the value of the equivalent barrier capacitance increased. In this case, the breakdown
voltage of the gap was closer to the breakdown voltage of parallel-plane geometry when there

was no local field enhancement.
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Figure 4.15 The sampled ozone concentration with a 0.2 mm barrier thickness and a 0.2 mm gap at

different applied voltages from 2 kV to 3.5 kV,.
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According to Figure 4.15, for a certain gap length and oxygen flow rate, increasing the supply
voltage leads to an increase in the ozone concentration. The ozone production during
100 cycles increases from 164 ppm to 397 ppm with an increase of the applied voltage from
2 kV, to 3.5kV,. For a 0.2 mm gap, the ozone efficiency was found to decrease from
~201 g/kWh to ~162 g/kWh when increasing the supply voltage from 2 kV, to 3.5 kV,, as
shown in Figure 4.16, while the reduced electric field increased from 128 Td to 186 Td as
shown in Figure 4.17. When increasing the applied voltage, the charge transfer increases; in
this case, the produced ozone can increase as well, while the dissociation process increases
significantly, decreasing the total ozone efficiency.
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Figure 4.16 The ozone efficiency at different applied voltages.
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Figure 4.17 Reduced electric field versus applied voltage.
4.4.3 Ozone generation versus gap length

To understand the relationship between ozone efficiency and gap length, the gap length was
increased from 0.1 mm to 0.3 mm in 0.1 mm increments. The experiment was carried out

using a 0.2 mm thick barrier with 3.0 kV, applied voltage at 5 kHz.

Table 4.5 The discharge parameters at different gap lengths.

Energy Input

?n?r?] )Iength &dF ) gng ) X;) ?;5 | 100 cycle
0.1 183 475 683.5 103

0.2 169.8 44.7 875.2 98

0.3 172 29.3 1184.9 126

Figure 4.18 shows the ozone concentration at different gap lengths.
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Figure 4.18 The ozone concentration at 100 cycles with a 0.1 mm gap length (solid line), a 0.2 mm gas

distance (dashed line) and a 0.3 mm gap length (dotted line).
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Figure 4.19 The relationship between gap length (mm) and ozone efficiency (g/kWh) with 3 kVp
voltage supply and 0.2 mm barrier thickness.

For a given supply voltage, increasing the gap size from 0.1 mm to 0.3 mm led to an increase
in the ozone efficiency. For instance, at 3 kV, input voltage, the ozone efficiency increased
from ~109 g/kWh to ~162 g/kWh.
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Figure 4.20 Reduced electric field versus gap length.

When increasing the gap length, the electric field decreases from ~277 Td to ~123 Td at 3 kV,,
supply voltage as shown in Figure 4.20; when increasing the reduced electric field, the ozone
concentration decreases. The input energy for the different gap sizes studied here did not
change significantly at the same supply voltage (from 0.10J to 0.12 J), while the ozone
concentration decreased dramatically when the reduced electric field increased. In summary,
it can be said that increasing the reduced electric field above the optimal value leads to a higher
increase in the rate of ozone dissociation than in the rate of ozone formation, resulting in

reduced ozone efficiency.

Without considering the ionic current component in the filament current due to its small

contribution [30], the current density, j, can be calculated from (4.3):
j=e- N, vy (4.3)
where Ne is the electron density, and vd is the electron drift velocity.

It can be deduced that the increase of filamentary current with increasing gap length results
from the joint effects of the electron density and electron drift velocity at different gap lengths.
The electron density and the electron drift velocity distribution are related to the reduced
electric field E/N [77][78]. The effects of discharge gap length and gas pressure on the
characteristics of micro-discharges have also been investigated by other researchers. Using a
numerical method, Braun et al. [33] reported that the radius of the micro-discharge increased
with increasing gap length. For longer gap length, with larger micro-discharge radius, the

transferred charge of a single filament and the micro-discharge energy both increase. The
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filamentary current pulse duration represents the time taken for a reverse electrical field to be
established by accumulated charge that is high enough to terminate the discharge. With a
longer discharge gap, more time is needed to establish the reverse electrical field to extinguish
the discharge while the ozone efficiency increases with the increment of gap length.
Comparing these two parameters (gap size and supply voltage), the ozone efficiency decreases
with an increase in the reduced electric field in the range of ~123 Td to ~277 Td.

4.4.4 Ozone generation versus gas pressure

To analyse the relationship between ozone efficiency and absolute pressure, the pressure was
increased from 1 bar to 1.6 bar in 0.2 bar increments. With a 0.2 mm gap size and a 0.2 mm
barrier thickness, the ozone efficiency was measured under various absolute pressures. The

supply voltage was 3 kV,, and the frequency was 5 kHz.

Table 4.6 The discharge parameters under different gas pressures.

Gas Pressure(bar) Cd(pF) Cg (pF) Vbreakdown (V) Iniﬂir(?r)w/J)
1.2 164.7 43.6 988 85.2
14 163.9 43.8 1053.4 78.4
1.6 158.9 42.9 1155.2 76.5
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Figure 4.21 The ozone concentration under different gas pressures.
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Figure 4.22 The ozone efficiency versus different gas pressures.

When increasing gas pressure, the required breakdown voltage increased from 988 V to
1155 V, while the dielectric capacitance decreased from 165 pF to 159 pF. The energy input
decreased from 85.2 mJ to 76.5 mJ. The peak value of ozone efficiency decreased from nearly
180 ppm to only 80 ppm, as shown in Figure 4.21. Meanwhile, it can clearly be seen in Figure
4.22 that, with increasing pressure, the ozone efficiency increased from ~162 g/kWh to
~207 g/kWh.
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Figure 4.23 Reduced electric field versus gas pressure.
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It was found that, when increasing the gas pressure, the reduced electric field decreased to
120 Td from 145 Td, as shown in Figure 4.23. The effect of E/N on the distributions of electron
density and electron drift velocity is complicated and requires further advanced plasma
diagnostic techniques or application of the Particle-in-Cell method for numerical
simulation [79].

Related to the analysis of the current distribution under different gas pressures, the lower peak
current and more concentrated distribution can increase the ozone efficiency. As the filament
diameter decreases with the increment of pressure, the number of produced O atoms also
decreases. For the same charge transfer, the discharge number increases with increasing gas
pressure. The distribution of O atoms is more uniform. Accordingly, a good mixture of O
atoms can reduce the dissociation of ozone in a certain area to increase the total ozone

efficiency.
4.4.5 Ozone generation versus dielectric barrier thickness

To analyse the relationship between barrier thickness and ozone efficiency, experiments were
carried out by changing the barrier thickness from 0.2 mm to 1 mm, with a fixed gap size of

0.3 mm.

In Figure 4.24, the peak ozone efficiency with a 1 mm thick barrier can reach ~225 g/kWh
when the reduced electric field is ~130 Td. Compared to the results of a 0.2 mm thick barrier,
according to the fitting line, even at the same reduced electric field, the ozone efficiency
increased with the increasing barrier thickness. For instance, the ozone efficiency increased
from 188 g/kWh to 213 g/kWh at ~145 Td. Moreover, the ozone efficiency increased with the
increasing barrier thickness with the same input energy. For instance, with 0.13 J input energy,
the ozone efficiency increased from ~162 g/kWh in 0.2 mm to ~185 g/kWh at 1 mm barrier
thickness at 1 bar absolute.
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Figure 4.24 The relationship between ozone efficiency and a reduced electric field for a 1 mm barrier

(open squares and solid line curve fit) and a 0.2 mm barrier (closed diamonds and dashed line curve fit).

The results shown in Figure 4.25 indicate that the average peak current decreases with the
increment of the ozone efficiency. When the pressure was increased, the average external
current fell from 25 mA to 11 mA. The rise times were all in the range of 3.9 ns to 4.2 ns.
With a decrease in the external current, the ozone efficiency increases. By increasing the
barrier thickness, most of the charges form a reversed electric field with the opposite polarity
charges. The filament is easier to extinguish. For the same charge transfer, the discharge
number increases with the increasing barrier thickness. A more uniform concentration of

atomic oxygen can increase the ozone production to increase the ozone efficiency.

93



Chapter 4 Current Distribution and Ozone Efficiency using Planar Electrodes

30 T T T T T T T T T T T T T 260
4 240
25 |
< 120
E =
= 20 - =
5] 4200 2
£ >
3 e
- —~
?‘3 15 180 g
a b
o -+ 160 4
210 c
3 " J10 N
< O
5 L
4 120
0 1 N 1 N 1 N 1 N 1 N 1 N 1 100

1.0 11 1.2 13 1.4 15 1.6
Absolute Pressure (Bar)

Figure 4.25 Variation of the average peak current (open squares and solid curve fit) and ozone efficiency
(closed diamonds and dashed curve fit) with pressure. The dielectric barrier is 1 mm thick, and the gap

size is 0.3 mm.
4.4.6 Ozone efficiency versus reduced electric field

The experimental results were gathered by measuring the ozone concentration and the
corresponding efficiency at varying voltages and gap sizes to determine the relationship

between the reduced electric field (E/N) and ozone efficiency.

Ozone efficiency was investigated by changing the gap size from 0.1 mm to 0.3 mm in 0.1
mm increments and changing the peak amplitude of the supply voltage from 2 kV, to 3.5 kV,

in 500-V increments with a 0.2 mm gap size. The results are shown in Figure 4.26.
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Figure 4.26 The relationship between the reduced electric field (Td) and ozone efficiency (g/kwh).

The optimised ozone efficiency reached in this experiment was ~207 g/kWh, which was
achieved when the reduced electric field was equal to ~123 Td. With the increase of the
reduced electric field, the ozone efficiency dropped to ~109 g/kWh at ~277 Td. A similar
result was obtained by Kitayama, demonstrating that ozone efficiency reduces gradually with

an increase in the reduced electric field when E/N > 100Td.

Figure 4.27 shows the cross section of electron collisions with oxygen molecules, including
elastic collision, momentum transition, rotational excitation, vibrational excitation,
dissociation, excitation of metastable states (/Ag, /Zg+) and ionisation [80]. The highest

dissociation cross section is ~ 0.3x10°16 cm?.
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Figure 4.27 The electron cross section with an oxygen molecule [80].

A continuous increase in the electron energy above 12.06 eV causes the ionisation cross

section to increase and the dissociation cross section to decrease.

Figure 4.28 shows a more detailed energy branching in oxygen.
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With a lower reduced electric field below 30 Td, most of the electron energy is used for the
excitation of oxygen molecules. At 30 Td, the probability of a dissociation process with 6 eV
increases to over 30% of the total energy branching. When continuously increasing the
reduced electric field to 100 Td, the percentages of the probability of vibration, elastic
scattering, rotation and excitation decrease dramatically. Simultaneously, the percentage of
8.4 eV dissociation probability increases to 80% [81][82]. Meanwhile, when continuously
increasing the reduced electric field, the probability of a 6 eV dissociation process reduces
while the ionisation probability increases rapidly. In this case, if the reduced electric field is
either less than 80 Td or is higher than 200 Td, ozone efficiency cannot be optimized. When
increasing the reduced electric field, the electron energy also increases. The cross section of
oxygen ionisation and dissociation increases dramatically, meaning that the number of
electrons and O atoms also increases.

According to the energy branching in Figure 4.28, with an increase in the reduced electric field
(above 100 Td), the ionisation process increases. In micro-discharges, part of the energy is
dissipated by ions, which is a situation to be avoided. In this case, there is an optimum reduced
electric field (discharge strength) that affords a compromise between avoiding the energy
losses of ions and minimising chemical-reaction losses. According to the modelling result that
was based on 76 reactions (including ground state, excited state and charged particles), the

concentration of different species of a single filament are shown in Figure 4.29.
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Figure 4.29 The concentration of different species of a single micro-discharge in pure oxygen [74].
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Most of the oxygen atoms are produced in the 10-ns discharge. The concentration of ground
state O(3P) is more than that of the exited state O(1D), as part of the excited atomic oxygen
collides with the third body and returns to the ground state atomic oxygen. Within nanoseconds,
when the concentration of O(1D) starts to decrease, the concentration of O;" increases. After
the discharge, the concentration of ground state oxygen starts to decrease gradually after the
nanosecond discharge and the ground state ozone concentration increases more rapidly due to
the reaction between the ground state O and the oxygen molecule O, and is also due to the
de-excitation of O;". After microseconds, the normalised density of ozone reaches 107. As a
result, the majority of ozone molecules are formed within microseconds. When increasing the
reduced electric field, the ozone dissociation rate will also increase. In general, the reasonable
c[O] / c[0,] ratio should be between 10° and 10*. In this range, the conversion efficiency
c[03] / c[O] can reach 1.

4.5 Conclusions

Firstly, the current distribution for different applied voltages, under different gas pressures
and for different barrier thicknesses was investigated. It was found that, when increasing the
applied voltage, the average peak current did not change significantly. Meanwhile, increasing

the gas pressure and the barrier thickness can decrease the amplitude of the external current.

According to the Td versus ozone efficiency curve (Figure 4.24), the ozone efficiency can reach
~207 g/kWh at ~123 Td. The ozone efficiency then reduces gradually when the reduced
electric field is increased from 140 Td to 210 Td. With the continuing increase of the reduced
electric field, the ozone efficiency fell rapidly to ~109 g/kWh at ~277 Td.

For a single filament, the voltage drop across the filament channel leads to the extinguishing
of the filament. With increasing pressure, the current distribution becomes narrower and the

mean amplitude of the filament current decreases, leading to higher ozone efficiency.

For the same reduced electric field, with lower amplitude of the filament current and narrower
current distribution, the ozone efficiency was found to increase as a result of the more uniform
distribution of the filaments on the barrier surface. The author is currently working to

determine the values of C," and C,", and the affected area of each filament.

The power supply will charge the test cell to recover the electric field across the gap, but the
local electric field across the previous gap channel is lower than the average electric field. The

next filament will then form at a different position on the electrode surface. When the filament
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is extinguished easily, the electron distribution in the gas gap tends to be more uniform,
increasing the ozone efficiency. With a higher external current and a strong filament, the
electrons produced in the filament channel can react with the oxygen molecules to produce
atomic oxygen with a higher density. Meanwhile, most of the oxygen molecules in the gap
cannot react with the electrons, and the atomic oxygen produced in the filament channel can

react with ozone molecules to reduce the ozone production efficiency.

In summary, for higher ozone efficiency, a low external current and uniform electron

distribution in the gap are the key factors.
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5 Current Amplitude Distribution and Ozone Efficiency

using Meshed Electrodes

5.1 Introduction

The results using planar electrode DBD showed that an average current amplitude of ~25 mA
and narrower distribution of current amplitude can increase ozone efficiency up to 207 g/kWh.
With a reduced current amplitude, the charge transfer of each filament decreases leading to a

greater number of discharges in a cycle.

In this chapter, meshed electrodes are used to optimise the current amplitude distribution and
ozone efficiency using dielectric barrier discharge. By changing the applied voltage, mesh
aperture size and gas pressure, the current amplitude distribution of 10,000 single discharges
was investigated for its relationship to ozone generation efficiency. In addition, the
relationship between reduced electric field and ozone efficiency was determined. Finally, a
comparison of current amplitude distribution and ozone efficiency versus reduced electric

field (E/N) when using a planar electrode and a meshed electrode was made.

5.2 Experimental setup

5.2.1 Test cell design

A schematic of the test cell is shown in Figure 5.1. The entire test cell is sealed in a PTFE
holder using a silicon O-ring. Two circular stainless steel (S5316) meshed-plates formed the
electrodes. The mesh diameter is 50 mm, the aperture size is 0.96 mm and the wire thickness
is 0.45 mm. A round quartz plate is located directly between the two meshed electrodes to
form a dielectric barrier with & = 3.8. The quartz plate diameter is 75 mm and the thickness is
1 mm. At the centre of top and bottom PTFE lids, a stainless-steel connector is located for gas

flow and voltage connection.
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Figure 5.1 Test cell design constructed with a 50 mm diameter, a 0.96 mm aperture size,
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SS316 stainless steel electrodes and a 75 mm diameter quartz plate.

5.2.2 Experimental arrangement

Figure 5.2 shows the experimental setup, similar to that for the experiment in Chapter 3. The
experiment was carried out by changing the applied voltage (4.5 kV, to 6.5 kV, voltage), gas
pressure (1.0 bar to 2.0 bar) and mesh aperture size (0.26 mm to 1.7 mm) to analyse the current
amplitude distribution, ozone efficiency and the corresponding reduced electric field. In this

experiment, the power applied was only enabled for 100 cycles for each test in order to

minimise the temperature rise in the discharge gap.
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Figure 5.2 Experimental arrangement using mesh electrodes.
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5.3 Discharge characteristics

5.3.1 Current and voltage waveforms
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Figure 5.3 The example quarter cycle waveform of voltage and current at 5.5 kV, applied

voltage.

Figure 5.3 shows an example of a quarter-cycle waveform of current and voltage at 5.5 kV,
applied voltage using 0.96 mm aperture size meshed electrodes. The time interval between
two discharges (the period between two measured current pulses) is shorter than 100 ns. The
measured results show that a few discharges can occur almost simultaneously. The shorter
single pulsed current duration means the diffusion of deposited charge on the quartz surface
is quite limited to extinguish the discharge quickly. The affected area of the single filament is

limited as well.
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5.3.2 Lissajous Figure analysis
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Figure 5.4 Lissajous figure of a 0.96 mm mesh plate test cell discharge with 5.5 kV, applied

voltage.

A. Breakdown voltage
Figure 5.4 shows Lissajous figure at 5.5 kV,, using 0.96 mm aperture size meshed-electrodes.
The segments of A-B and C-D represent the discharge phases and the segments of D-A and

B-C represent the non-discharge phases.

According to Figure 5.5, the gap length dq between the dielectric barrier and the meshed
electrodes is variable. The electric field across the entire gap is Eg. The maximum gap length
on each side is the mesh wire thickness, dw. With the continuous increase of the applied voltage
Va, the electric field across the gap increased, enabling gas breakdown to happen in longer
gaps, dg. The total breakdown voltage is the sum of the breakdown voltage across the two gaps

above and below the quartz plate.

SELO T~ 0 /1~

Va |

0 T~——0 — O

Figure 5.5 The schematic of gas discharge using a mesh plate electrode test cell.
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The positive discharge phase starts at point A at -750 V. Drawing a straight line between A
and B, the intersection with x-axis is termed as Vy.a, which is 1080 V. While, in this Lissajous
figure, once the charge transfer is equal to zero, the applied voltage at this point (E) is named
as Vpp and is 1670 V.

Extending the lines B-E and D-A, the intersection is named as A’. This implies that the staring
discharge point of the equivalent gap length at point B should be A’. The voltage at the
intersection A’ is 600 V, which is greater than the voltage applied at point A. With increasing
applied voltage, the discharge gap length at point B is much longer than that where the
discharge happens at point A. According to Figure 5.4, from point A to point E, the breakdown
voltage increases gradually. From point E to B, the breakdown voltage does not change
significantly.

By using meshed electrodes, the voltage across the test cell when y-axis Q=0, is the equivalent
breakdown voltage.

B. Input energy calculation

The equivalent total capacitance C; is the slope of DA and CB. The barrier capacitance Cq is
the slope of EB and DF. The energy input per cycle is measured based on these six points
selected. The equivalent gap capacitance Cq can be calculated using the capacitance formula.
As the measured Lissajous figure is not an ideal parallelogram, the calculated Lissajous figure
area is slightly larger than the actual input energy. The total input energy over 100 cycles can

be calculated by summing the energy input of each cycle, calculated as shown in (5.1):

C,+C, .
Ei = 4Cd_ivb_i(v —2= ==

max_i Cd Vb_i) (5-1)

C. Discharge gap length
The equivalent discharge gap length dy is calculated by the formula of parallel plate

capacitance shown in (5.2):

C =

9

&A
d, (5.2)

Here the discharge gap length is the sum of the gap length between the high voltage electrode

and barrier and the gap length between the barrier and the ground electrode.
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D. Electric field
The electric field is equal to the breakdown voltage divided by the gap length, as displayed in
(5.3):

V,C

Y/
E=-t=—-¢ (5.3)
d, &A

The reduced electric field (Td) can be calculated by dividing the electric field, E, by the

number of particles, N.

5.4 Current and ozone efficiency analysis under different conditions

Discharge characteristics and the corresponding ozone generation efficiency were investigated
under various applied voltages and gas pressures. Finally, the relationship between ozone

efficiency and reduced electric field was investigated.
5.4.1 Discharges at different voltages

The experiment was carried out by changing the applied voltage from 4.5 kV, to 6.5 kV, in
0.5 kV increments using meshed electrodes with 0.96 mm aperture size at 298 K and 1 bar
absolute.

A. Current amplitude distribution analysis

From the experimental results using planar electrodes, the current amplitudes conformed to a
normal distribution with an average amplitude of tens of milliamps. In this subsection, the
current amplitude distribution and the average peak current and its standard deviation are

investigated at different applied voltages.
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Figure 5.6 The average current with standard deviation at different applied voltages (from
5.0 kV, to 6.5 kV;) using meshed electrodes with a 0.96 mm aperture size, 0.5 slpm, at 298 K

and 1 bar absolute.
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Figure 5.7 The current amplitude distribution at different applied voltages (from 5.0 kV, to
6.5 kV ) using meshed electrodes with a 0.96 mm aperture size, 0.5 slpm, at 298 K and 1 bar

absolute.
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Figure 5.6 to Figure 5.7 show the current distribution at 5 kV, to 6.5 kV,. Each column
represents 1 mA interval. With increasing the applied voltage, the mean peak current increases
from 3.2 mA to more than 12.3 mA. The amplitude distribution of the external current at a
lower applied voltage (4.5 kV; to 5 kVp) is much narrower than that at a high applied voltage.
The maximum number of pulses at 5.0 kV, is over 3000 within 1 mA interval. With
continuous increasing the applied voltage to 6.5 kV,, the maximum number of pulses is only
1000 within 1 mA interval.

For lower applied voltage, the discharge starts to develop at a location with a short gap length.
The accumulated charges can only be deposited within a small surface area where the electric
field is strongest. With the increase in the applied voltage, the voltage across the gap also
increases to ignite the discharge in a location with longer gap length. According to the results
of average external current, it shows that by increasing the applied voltage, the amplitude of

the external current increases corresponding to increased charge transfer.

B. Lissajous figure at different applied voltages

The energy input of each experiment was calculated using a Lissajous figure, as shown in
Figure 5.8. The waveforms of all 100 cycles were recorded using the oscilloscope and were
analysed and calculated in Matlab (see Appendix A).
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Figure 5.8 The Lissajous figure at different applied voltages (from 4.5 kV,, to 6.5 kV;) with

mesh electrodes having an aperture size of 0.96 mm, 0.5 slpm, at 298 K and 1 bar absolute.
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Figure 5.9 shows the breakdown voltage under different applied voltages. With an increase of
the amplitude of the applied voltage, the equivalent breakdown voltage increases from 1105 V
to 2061 V. The higher applied voltage led to the breakdown of longer gaps. By increasing the
applied voltage, the total charge transfer increases which increases the density of charge
accumulation. The higher density of deposited charge will increase the breakdown voltage, as
in the analysis of using planar electrode, though it is not a major cause for increased

breakdown voltage here.
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Figure 5.9 Breakdown voltage vs applied voltage using 0.96 mm meshed electrodes, 0.5 slpm,

at 298 K and 1 bar absolute.
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Table 5.1 Discharge parameters at applied voltages ranging from 4.5 kV, to 6.5 kV, in 0.5 kV

increments using meshed electrodes with a 0.96 mm aperture size.

Applied  Input Energy Breakdown Equivalent Reduced
Voltage  per 100 cycle Voltage Gap length Electric
(KVp) (mJ) (kV) (mm) Field (Td)
4.5 28 1105 0.28 133

5.0 56 1465 0.31 138

55 84 1671 0.40 153

6.0 112 1826 0.39 161

6.5 136 2061 0.42 179
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Table 5.1 summarizes the variation of the input energy, breakdown voltage, equivalent gap
length and reduced electric field with applied voltage. The equivalent gap length increased
from 0.28 mm to 0.42 mm for the double gap structure. The equivalent reduced electric field
increased from 133 Td to 180 Td.

C. Ozone Efficiency at different applied voltages

Figure 5.10 shows the ozone concentration measured at different applied voltages. Two peaks
were observed in the ozone measurement. The first one corresponds to the ozone produced
between grounded mesh and the quartz plate, which flows to the ozone analyser first; while
the second peak corresponds to the ozone produced between the high voltage mesh and the
quartz plate, which flows to the ozone analyser after a short delay. The amount of ozone
produced in the two gaps is approximately the same. The total ozone production can be
calculated by integrating the ozone concentration curve with time. The peak value of the ozone

concentration increased from 31 ppm to 300 ppm.
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Figure 5.10 The corresponding ozone concentration in real time with mesh electrodes that

have an aperture size of 0.96 mm, 0.5 slpm, at 298 K and 1 bar absolute.
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Figure 5.11 The ozone efficiency with different applied voltages (from 4.5 kV, to 6.5 kV,,) at
1 bar absolute. The dielectric barrier is 1 mm thick, and the mesh has an aperture size of
0.96 mm.

In Figure 5.11, with the increase in the applied voltage from 4.5 kV, to 6.5 kV,, the ozone
efficiency drops from 303 g/kWh to 214 g/kWh. By increasing the applied voltage, the
average peak current and the charge transfer per filament increase. The charge transfer per
filament can be described as (5.4) [30]:

Q =eF [V, Nt (5.4)

where N, vqand F are the electron density, electron drift velocity, and the cross-section of
the micro-discharge channel, respectively. Assuming that the volume of each filament is the
same, the cross-section of the micro-discharge channel and the electron drift velocity are the

same, the increasing of charge transfer Q. means the increment of electron density Ne.

The reduced electric field is an important parameter for ozone generation, which is
proportional to the mean energy of the electrons [56]. Due to the increase of the reduced
electric field, the mean electron energy increases. Based on the electron collision cross-section
shown in Figure 4.27, the oxygen molecule dissociation cross section increases with electron
energy up to 30 eV. The increase in c[O] can produce more ozone molecules while the ozone

dissociation due to reactions between ozone molecules and atomic oxygen increases as well.
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The specific energy (J/L) is defined as the injected energy per unit volume of feed gas,
calculated using equation (5.5):

SpecificEnergy = F—LO (5.5)

where FL is the flow rate of the feed gas in L/min.
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Figure 5.12 The input energy per 100 cycle and the specific energy under different applied
voltage (from 4.5 kV,, to 6.5 kV;), using 0.96 mm meshed electrodes, 0.5 slpm, at 298 K and
1 bar absolute.

According to Figure 5.13, the increment of ozone concentration with specific power is not
linear. The ratio between ozone concentration and specific power decreases while increasing

the specific energy. As a result, the total ozone efficiency decreases when the applied voltage
increases.
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Figure 5.13 The relationship between specific power and ozone concentration under different
applied voltage (4.5 kV, to 6.5 kV;), with 0.96 mm aperture size meshed electrodes, 0.5 slpm,
at 298 K and 1 bar absolute.

5.4.2 Discharges under different gas pressures

A. Current amplitude distribution analysis

10,000 single current pulses were captured. The average peak current shown in Figure 5.14
decreased from 4.9 mA at 1.2 bar absolute to 3.3 mA at 2.0 bar absolute. The current
amplitude distribution is shown in Figure 5.15; with an increase in the pressure, the

distribution became narrower.

Current (mA)
N
T
1

I I I I I
12 14 1.6 18 2.0

Pressure (bar)

Figure 5.14 The average current with a standard deviation under different pressures with mesh

with an aperture size of 0.96 mm, 0.5 slpm, at 298 K and 6.5 kV,, applied voltage.
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Figure 5.15 The current amplitude distribution under different pressures from 1.2 bar absolute

to 2.0 bar absolute with meshed electrodes with an aperture size of 0.96 mm, 0.5 slpm, at 298

K and 6.5 kV, applied voltage.

It is found that the average peak current changes from ~ 13 mA at 1.0 bar absolute to ~5 mA

at 1.2 bar absolute. With continuous increasing the pressure to 1.8 bar, the average peak

current decreases from 5 mA to less than 3 mA. The narrower distribution is observed with

increasing the absolute pressure from 1.0 bar to 1.2 bar.

B. Discharge parameters at different gas pressure

Figure 5.16 shows the sampled Lissajous figures under different absolute pressure.

115



Chapter 5 Ozone Amplitude Distribution and Ozone Efficiency Using Meshed Electrodes

300 : . : . : . : . , 300
—1.2 Bar
200 | 4200
Q 400l 1100
>
2
c OF 10
|_
(D)
o
& .100 F 4 -100
O
-200 | 4-200
_300 1 N 1 N 1 N 1 N 1 _300
-6000 -3000 0 3000 6000
\oltage (V)

Figure 5.16 The Lissajous figure under different absolute pressure under 0.96 mm aperture
size meshed electrodes, 0.5 slpm, at 298 K and 6.5 kV, applied voltage.

With 6.5 kV, applied voltage, by changing the gas pressure from 1.2 bar to 2.0 bar, the
breakdown voltage decreases from 2011 V to 1419 V. According to Paschen curve, with
increasing gas pressure at the same gap length, the required breakdown voltage increases.
Nevertheless, the breakdown voltage shown in Figure 5.16 is decreasing with the increase of
gas pressure. Due to the uneven gap length, with increasing the gas pressure, the required
breakdown voltage increases. Under the same applied voltage, the gas breakdown can only

happen in a short gap length. As a result, the equivalent breakdown voltage decreases.
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Figure 5.17 Breakdown voltage versus gas pressure with 0.96 mm aperture size meshed
electrodes, 0.5 slpm, at 298 K and 6.5 kV,.
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Figure 5.18 The input energy per 100 cycle and the specific energy under different gas
pressure (from 1.2 Bar to 2.0 Bar) with 0.96 mm aperture size meshed electrodes, 0.5 slpm, at
298 K and 6.5 kV,.
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Figure 5.18 shows the input energy and the specific energy decrease linearly with the
increasing of gas pressure. The results prove that the discharge under meshed electrode always
develop in shorter gaps first and expand to longer gaps with the increase of voltage.

The parameters are calculated under different absolute pressure from 1.2 bar absolute to
1.8 bar absolute with 6.5 kV, as shown in Table 5.2.

Table 5.2 The discharge parameters under different pressures with applied voltage of 6.5 kV,.

Absolute Input Energy Breakdown Equivalent Gap Reduced
Pressure per 100 cycle Voltage (V) length (mm) Electric Field
(Bar) (mJ) (Td)

1.2 132 2011 0.42 166

1.4 99 1973 0.40 142

1.6 71 1737 0.34 130

1.8 45 1526 0.30 113

2.0 23 1479 0.25 108

With 6.5 kV,, applied voltage, the reduced electric field is decreasing from 166 Td to 108 Td,
while the equivalent gap length decreases from 0.42 mm to 0.25 mm. With increasing gas
pressure, the discharge is limited to short gaps below 0.3 mm. The majority of the discharge

filaments should develop at much shorter gap length.

C. Ozone efficiency at different gas pressure

Figure 5.19 shows the transient ozone concentration with 6.5 kV, applied voltage for
100 cycles energy generation. With the increase of gas pressure, the ozone concentration
decreases. The peak value of the ozone concentration shown in Figure 5.19 decreased from

nearly 300 ppm to 50 ppm.
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Figure 5.19 the corresponding ozone concentration in real-time under 0.96 mm aperture size
meshed-plates, 0.5 slpm, at 298 K and 6.5 kV, applied voltage.
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Figure 5.20 Ozone concentration with specific energy under different gas pressure (from
1.2 bar to 2.0 bar) with 0.96 mm aperture size meshed-plates, 0.5 slpm, at 298 K and 6.5 kV,
applied voltage.
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The ozone concentration increases non-linearly with increasing specific energy. With
increasing gas pressure, the ratio between ozone concentration and specific energy increases.
Figure 5.21 shows that the ozone efficiency increases with increasing gas pressure at 6.5 kVp.
The best ozone efficiency is 334 g/kWh at 2 bar absolute. With increasing gas pressure, the
gas density increases. The non-uniform gap length leads to the majority discharges happening
across shorter gap. According to Braun’s research [83], the pressure increasing can reduce the
filament radius therefore the diffusion area of the charges accumulated on the barrier surface
decreases, as a result, the reversed electric field can be established faster to extinguish the
discharge. For the same charge transfer, the discharge time increases leading to a more
uniform distribution of electrons to collide with oxygen molecules to produce ozone molecules.
The dissociation of ozone is related to the ozone concentration, which means that higher ozone
concentration can increase the ozone dissociation speed. The more uniform distribution of

ozone in the gas gap can decrease the ozone dissociation.
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Figure 5.21 The average ozone efficiency at different pressure from 1 bar absolute to 2 bar

absolute.

5.5 Ozone efficiency versus reduced electric field

In this section, the relationship between ozone efficiency and reduced electric field has been
characterised by changing the applied voltage from 4.5 kV, to 6.5 kV, in 0.5 kV increments
and changing the pressure from 1 bar absolute to 2 bar absolute in 0.2 bar absolute increments

under 5.5 kV, to 6.5 kV, applied voltage as shown in Figure 5.22.
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Figure 5.22 The relationship between reduced electric field (Td) and ozone efficiency (g/kwh)
using 0.96 mm aperture size meshed electrodes.

The highest ozone efficiency achieved in this experiment is 334 g/kwWh at 101 Td under
6.5 kV,, applied voltage and 2 bar absolute. After that, the ozone efficiency gradually drops to
214 g/kWh when the reduced electric field increases to 180 Td.

The O atoms are generated by collisions between O, molecules and electrons as shown in
reactions (5.6) and (5.7).

e+02L>oz(Asz;)—>0(3P)+0(3P)+e (5.6)
e+OZLOZ(B32;)—>0(3P)+0(lD)+e (5.7)

The number of oxygen atoms produced by one electron per cm of path can be calculated as
shown in (5.8):

N(0) = 2(k,, +k;,)-N(O,) ;" (5.8)

where N(O,) is the initial concentration of O, molecules in particles per cm?, and vy is the drift

velocity of electrons in cm/s.

The production of vibrationally-excited ozone molecules:
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040, +M—K 50+ M (5.9)

The production of ground state ozone molecules:

0:+0—% 0,40 (5.10)
0:+0,—X 50, +0, (5.11)

The dissociation of ozone molecules:

0+0.—K 420, (5.12)

The conversion ratio of atomic oxygen to ozone molecules can be calculated based on the
reaction rate (kia to ks) as shown (5.13):

_ k;N(O)N(0;) +k,N(0,)N(0;)

% k;N(O)N(0;)+k,N(O,)N(O;) +2k;N (O)N(O;)
k;N(0)+k,N(O,)

" k,N(0) +k,N(O,) + 2k.N(O)
1

N(O)
" N(O,)
k, NO) Ly,

N(O,)

N

14 2kclO]

k,c[0]+k,

2k (5.13)

1+

Where the relative atomic oxygen concentration is named as c[O].

The ozone production N[Os] is related to the production of atomic oxygen and its conversion
rate, which can be calculated as (5.14):

1
14 2kyc[O] (5.14)
k,c[O]+k,

N(O,;) =N(0)-Cq, =2(ky, +ky,)-N(O,) vt

In an oxygen discharge with the electrical field strength E, the energy obtained by an electron
per cm of path is given by (5.15):
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AE, =€eE (5.15)

Assuming that the portion of energy carried by electrons is ki, the total energy that is imparted
to the discharge in the electric field per cm of path is given by (5.16)

_AE,
"

r

AE (5.16)

According to [30] [84], the portion of k; is estimated to be 0.5 in dielectric barrier discharges,
because the dielectric barrier discharge is considered to be developed to the stage of the
streamer discharge, where electrons and positive ions are produced evenly along the discharge

columns [85]. The ozone generation efficiency is calculated as (5.17):

_N©@)_1.N©)

AE 2 aE o (5.17)

The theoretical ozone efficiency can be calculated using equation (5.18):

UTRLT L O,molecules / eV
Vy(E/N) 4, 2kc[o] (5.18)
k,c[o]+k,

It can be seen that the ozone efficiency depends on the relative O atom concentration c[O],
the reduced electric field (E/N), the reaction rate coefficients and the drift velocity of electrons
(va). As the O atoms are generated during the discharge, c[O] depends on the energy density
of these discharges (W) [74].

In this work, the feed gas pressure and applied voltage were adjusted, which leads to the
change of the internal gas discharge parameters, as a result, the 0zone concentration and ozone
efficiency changes. According to Seung-Lok Park’s research [86], by using meshed electrodes,
the ozone efficiency increases due to the electrode configuration limiting the ozone residence
time in the discharge gap. Park concluded that the decomposition of ozone was reduced.
Increasing the discharge power or reducing the gas pressure both resulted in increased specific
energy. With an increase in specific energy, the gas temperature increases, which results in
saturation of the ozone concentration when the ozone dissociation rate is equal to the ozone
formation rate. The same trend was found in [87] and [88]. The ozone concentration was found
to increase with increasing specific energy but tended to saturate when the specific energy was

raised higher than 2 kJ/L, where the ozone concentration was ~30 g/Nm?®. According to
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Monge’s research [88], when increasing the specific energy, the ozone concentration did not
increase linearly. It was found that the ozone concentration under 6 L/h was the same as that
under 8 L/h. It was also found that changing the amplitude of the applied voltage resulted in
different ozone performance. The ozone efficiency at lower voltage amplitude was higher than
that at higher voltage amplitude.

5.6 Ozone generation and mesh aperture size

In the following subsection, the meshed electrodes are changed by using different aperture
sizes. The diameter of the electrodes is kept the same. In this experiment, meshes with 1.7 mm,
0.56 mm and 0.26 mm aperture sizes are used. The relationship between ozone efficiency and
the reduced electric field with different aperture sizes is analysed.

5.6.1 Ozone efficiency

To analyse the behaviour of discharges for meshed electrodes with different aperture sizes,
the absolute pressure was changed from 1 bar absolute to 1.8 bar absolute in 0.2 bar absolute
increments with 6.5 kV, applied voltage. All the parameters were investigated, as shown in
Table 5.3.
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Table 5.3 The discharge parameters under different pressures (1 bar absolute to 1.8 bar

absolute in 0.2 bar absolute increments) using meshed electrodes with 1.7 mm, 0.56 mm and

0.26 mm aperture sizes with 6.5 kV, applied voltage at 5 kHz.

Aperture  Absolute Energised Breakdown Equivalent Reduced
Size Pressure Energy Voltage (V) Gap length Electric
(mm) (Bar) (mJ) (mm) Field (Td)
1.70 1.0 130 2780.9 0.82 140.8
1.2 89 2519.0 0.72 122.9
14 54 1979.3 0.59 101.3
1.6 39 1718.5 0.56 103.9
1.8 20 1331.5 0.34 90.3
0.56 1 101 1748.8 0.32 199.6
12 95 1644.5 0.29 193.78
14 85 165.3 0.29 165.7
1.6 74 1574.0 0.28 145.7
1.8 46 1430.1 0.25 135.5
0.26 1 103 1492.7 0.24 257.8
1.2 104 1612.7 0.29 200.0
14 87 1591.5 0.27 173.8
1.6 69 1445.5 0.24 155.1
1.8 48 1371.7 0.21 150.6

For the meshed electrodes with a 1.7 mm aperture size, the equivalent gap length increased

dramatically from 0.34 mm to 0.82 mm when decreasing the absolute pressure from 1.8 bar
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absolute to 1 bar absolute at 6.5 kV, applied voltage, while the energy input increased from
20 mJ to 130 mJ.

For the meshed electrodes with a 0.56 mm aperture size, increasing the pressure caused the
breakdown voltage to decrease gradually with the decrease in the power input. The maximum
reduced electric field increased from 140.8 Td when using meshed electrodes with a 1.7 mm
aperture size to nearly 200 Td when using meshed electrodes with a 0.56 mm aperture size.
The equivalent gap length continued to decrease from 0.32 mm at 1 bar absolute to 0.25 mm

at 1.8 bar absolute.

For the meshed electrodes with a 0.26 mm aperture size, increasing the pressure caused the
breakdown voltage to increase from 1492 V at 1 bar absolute to 1612 V at 1.2 bar absolute,
and to then drop to 1371V at 1.8 bar absolute. Increasing the breakdown voltage indicates
that, when using meshed electrodes with the thin wire, the discharge can occur along the entire
gas gap. Continuously increasing the pressure causes the discharge distance to reduce with the
decrease of the breakdown voltage.

Overall, when decreasing the aperture size, the equivalent reduced electric field increased
under the same discharge conditions (the same voltage and pressure).
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Figure 5.23 The relationship between the reduced electric field (Td) and ozone efficiency
(g/kwh) using meshed electrodes with (a) a 1.7 mm aperture size (solid triangles), (b) a

0.56 mm aperture size (solid diamonds) and (c) a 0.26 mm aperture size (open triangles).
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In Figure 5.23, the closed triangle points show the result when using a 1.7 mm aperture size.
The optimised ozone efficiency can reach 310 g/kWh at 90 Td. After this, the ozone efficiency
drops dramatically to 207 g/kWh at a reduced electric field of 161 Td. The closed diamond
points indicate the result when using a 0.56 mm aperture size. The maximum ozone efficiency
can reach 328 g/kWh at 103 Td and the ozone efficiency drops to 200 g/kWh at 200 Td. The
open triangles show the result for the 0.26 mm aperture size. The optimised ozone efficiency
can reach 320 g/kWh at 130 Td and drops to below 200 g/kwWh at 250 Td. All of the results
show that decreasing the reduced electric field can increase the ozone efficiency. In all the
experimental conditions, the peak value of the ozone efficiency can reach over 300 g/kWh.
On the other hand, for the same reduced electric field, the ozone efficiency increased when
decreasing the aperture size. For instance, for the same reduced electric field 140 Td, the ozone
efficiency was ~310 g/kWh when using the mesh with a 0.26 mm aperture size, while it was
~250 g/kWh when using the 0.56 mm aperture size and ~200 g/kWh when using the 1.7 mm
aperture size. With the increase in the aperture size, the wire thickness increased, leading to a
discharge being ignited in a longer equivalent gap length to increase the electron distribution
in the discharge gap. The ozone concentration in the gas gap increases to increase the
dissociation speed of ozone.

5.6.2 Discharge characteristics analysis

The average peak current under different applied voltage is shown in Figure 5.24. Increasing
the applied voltage leads to the increment of the average current amplitude. While, the average
peak current by using 0.26 mm and 0.56 mm aperture size meshed-electrodes does not show
much difference. The average peak current using 1.7 mm size meshed-electrodes increases
dramatically from 7 mA to 70 mA at 6.5 kV,. The standard deviation increases with the
increment of applied voltage to a maximum of 31 mA at 6.5 kV by using 1.7 mm aperture size

mesh electrodes.
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Figure 5.24 Average peak current under different applied voltage with 0.26 mm, 0.56 mm and

1.7 mm aperture size mesh.

The average peak current decreased when decreasing the aperture size. According to the
standard deviation analysis, it is clear that the concentrated current amplitude distribution can
increase ozone efficiency. With the higher amplitude of the total current, more energy is

released by each filament. As a result, ozone efficiency can be reduced.

5.7 A comparison of planar electrode and meshed electrode

With 100-cycle power input, for the planar-plates DBD, the best result achieved previously is
220 g/kwh. Compared with the characteristics of the peak current using parallel-plates, the
average peak current using meshed electrodes is smaller and the distribution of the peak

current is narrower. The more detailed comparison is investigated in the following section.
5.7.1 Ozone efficiency versus reduced electric field

In this subsection, the relationship between the reduced electric field and ozone efficiency is
investigated by using a meshed electrode (0.96 mm aperture size) and planar-plates electrodes,
as shown in Figure 5.25.
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Figure 5.25 The relationship between the reduced electric field (Td) and ozone efficiency
(g/kwh) when using meshed electrodes (shown by red diamonds) and planar plates (shown
by black triangles).

With the increase in the reduced electric field, the ozone efficiency decreased continuously.
The reduced electric field decreased with the increase in the pressure in the test cell. In addition,
when increasing the applied voltage, the breakdown voltage increased for both the meshed

electrode and the planar electrode.

However, the maximum ozone efficiency can be 334 g/kWh for meshed electrodes compared
to the maximum ozone efficiency of 207 g/kwh for planar electrodes. When changing the
parameters, such as the applied voltage and the absolute pressure, the ozone efficiency of
meshed electrodes decreased from 334 g/kWh to 250 g/kWh with an increase in the reduced
electric field from 100 Td to 190 Td. However, the ozone efficiency of planar electrodes
decreased dramatically from 207 g/kWh to 100 g/kWh with the increase in the reduced electric
field from 120 Td to 280 Td.

Under meshed electrode, the reduced electric field is an average value for the discharge. The
exact reduced electric field across the test cell is variable which depends on the gap length at
the discharge point. According to the results, the lower the reduced electric field is, the higher
the ozone efficiency will be. As the ozone efficiency using meshed-electrodes is, on average,
100 g/kWh higher than that of the planar electrodes, the discharge characteristics by using

different electrodes configurations might be different. In the following section, the average
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current amplitude at different applied voltage using both meshed electrodes and planar

electrodes has been investigated.

The result has an agreement with Takaki’s research [89]. Takaki compared ozone synthesis
and discharge properties based on DBD by changing the configuration of electrodes. The
ozone efficiency increased from 80 g/kWh to 120 g/kWh in pure oxygen by changing the
ground electrode from planar to multipoint. Besides, for the same charge transfer, the number
of discharges using multipoint reached ~3000 while the number of discharges using planar
was 20 times higher.

5.7.2 Current amplitude distribution analysis

In this subsection, the current amplitude distribution was considered by changing the applied
voltage from 4.5 kV, to 6 kV, under different electrode configurations. According to the
calculated equivalent gap length (= 0.4 mm) of meshed electrodes with a 0.96 mm aperture
size, a gap length of 0.4 mm was identified. 10,000 single pulses were captured to investigate
the distribution of the external current and the average value of the peak current.
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Figure 5.26 The average peak current at different applied voltages using the planar electrode

and the meshed electrode with its standard deviation.

When increasing the applied voltage from 4.5 kV, to 6.5 kV,, the average peak current using
planar electrodes did not change dramatically. For 4.5 kV, applied voltage, the standard

deviation was 7.77 mA. The maximum current captured was 84.6 mA and the minimum
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current was only 2.8 mA. With the continuous increase in the applied voltage, the standard

deviation varied from 4.48 mA to 7.42 mA.

In the current analysis of meshed-electrodes, when increasing the applied voltage from 4.5 kV,
to 5 kV,, the average peak current did not change significantly, with quite a low standard
deviation of ~1.6 mA. With the continuous increase in the applied voltage, the average peak
current increased dramatically to 12.3 mA with a large standard deviation of ~8.0 mA. It was
observed that the equivalent gap depth increased from ~0.30 mm at 4.5 kV,, applied voltage
to ~0.4 mm at 6.5 kV, applied voltage. The increase in the equivalent gap depth led to the
development of micro-discharges more completely and the accumulated charges required to

form the reversed electric field increased.

Figure 5.27 shows the current amplitude distribution of 0.3 mm planar electrodes at 4.5 kV,,
applied voltage and the current amplitude distribution of 0.96 mm meshed electrodes at
4.5 kV, applied voltage with a 1 mm thick quartz barrier. The current amplitude distribution
was plotted by capturing 10,000 single pulses. Each column represents 0.5 mA.
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Figure 5.27 The distribution of the peak current at 4.5 kV,, applied voltage using (a) 0.3 mm
planar electrodes and (b) meshed electrodes with a 0.96 mm aperture size.

The current amplitude distribution of 0.3 mm planar electrodes showed that most of the peak
current values were between 2.5 mA and 7.5 mA. In the distribution histogram, the maximum
peak current was over 35 mA. However, the distribution of meshed electrodes with a 0.96 mm

aperture size showed that most of the peak current values were between 1 mA and 3 mA.

Figure 5.28 compares the current and voltage waveforms of the sampled first quarter by using

different electrode configurations with the same charge transfer (225 nC). The applied voltage
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of the planar electrode was ~6 kV,, while the applied voltage of the meshed electrode was
""4 kVp

In Figure 5.28 (a), the maximum current was approximately 18 mA. The total discharge
number was over 300. In Figure 5.28 (b), the maximum current was approximately 25 mA.
The total discharge number was 197. The discharge frequency using meshed electrodes was
higher than that of the planar electrodes. The higher charge transfer per filament is indicative
of the higher electron density. Once the produced ozone molecules pass through the discharge
channel, the atomic oxygen and low energy electrons can dissociate ozone molecules. With
higher electron density, the concentration of both atomic oxygen and electrons increase. The
dissociation rate of ozone increases as well. As a result, the ozone production decreases
significantly with the same energy input.

) - 30
1500 i S SR R 20 000 T T T T T

4000 - GO0 |- —

3500 - J1s 5000 //
3000 |- / < 20

40040 - |~
= 2500 -

= 2000 -

Voltage (V)
s
Current (mA)
Voltage (V)
=
=
z
Current (mA)

= 1500

1000 -

500 =

qs
ol 1000 B
. . I . P . h o L . 1 . 0

-5 0 5 10 15 20 25 30 35 40 45 0 10 20 30 40

[ime (s) Time (us)

(a) (b)

Figure 5.28 The first quarter-cycle current and voltage waveforms of (a) meshed electrodes
with a 0.97 mm aperture size with 4 kV, voltage supply and (b) 0.3 mm planar plates with a
6 kV,, voltage supply.

5.8 Conclusion

According to the Td versus ozone efficiency curve for the 0.96 mm aperture size (Figure 5.22),
the maximum ozone efficiency can reach over 330 g/kWh at 100 Td. Ozone efficiency can be
manipulated by changing the applied voltage, changing the pressure in the test cell and
changing the aperture size. When increasing the applied voltage, decreasing the pressure and

increasing the aperture size of the meshed electrodes, the ozone efficiency decreases.

To establish the relationship between the filament current and the ozone efficiency, the total

current at different voltages, under different pressures and with different aperture sizes was
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measured. When increasing the applied voltage, the average peak current increased
continuously from ~3 mA at 4.5 kV, to ~12 mA at 6.5 kV,. The distribution was more
concentrated for the lower applied voltage. When increasing the pressure, the average peak
total current decreased dramatically from ~12 mA at 1.0 bar absolute to ~5 mA at 1.2 bar
absolute. With the continuous increase in the pressure, the average current decreased to ~3 mA.
The distribution was more concentrated when increasing the pressure. When increasing the
aperture sizes, the distribution of the current was wider. All the results indicate that a smaller
amplitude of pulsed filament current and a more concentrated distribution of the pulsed

filament current can increase the ozone efficiency.

With regard to the ozone formation process, meshed electrodes can increase the discharge
times and discharge frequency. This means that there were more discharge points per cycle
than when using planar plates with same amount of charge transfer. The comparison was made
at the same power density by using 0.96 mm mesh and planar electrodes with a 0.3 mm gap
size. The results show that the number of discharges was 398 for meshed electrodes and 118
for planar plates. The ozone efficiency was 230 g/kWh for meshed electrodes and 185 g/kWh

for planar electrodes.

For the meshed electrodes DBD, the discharge gap length was variable depending on the
amplitude of the voltage in real time. The discharge can be ignited at a low amplitude applied
voltage. The low external current magnitude indicates that the filament was easily
extinguished. As the electric field across the gap length was variable, the electron diffusion
area of the filament was limited. As a result, the radius of the filament channel was limited
and the charges transferred by the filament could not expand to a large area. With the same
charge transfer, the discharge when using meshed electrodes was more uniform. The electron
distribution in the gas gap tended to be more uniform as well. The concentration of atomic
oxygen produced was increased to increase the ozone concentration. The different discharge
characteristics between meshed-electrodes and planar-electrodes lead to the better

performance of ozone efficiency by using meshed-electrodes.
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6 Ozone Generation Technology below -80 <C

6.1 Introduction

6.1.1 Motivation

Considering the investigated results of the last two chapters, the optimized ozone efficiency
can reach over 330 g/kWh by using meshed-plates electrodes at 2.0 bar. The corresponding
current amplitude distribution is narrow and the amplitude of the external current is below
4 mA. The ozone efficiency increases from 15% to 26% under the same reduced electric field
compared with that of the planar electrodes. The water vapour can limit the ozone efficiency,
and the lower temperature can increase the reaction rate coefficient of ozone formation. To
further increase the ozone efficiency, the low temperature ozone generation needs to be
considered. According to the limitations of ozone generation discussed in Chapter 1, the water
vapour can produce unwanted species such as H-O,and OH to dissociate ozone molecules. At
cryogenic temperature, the liquid ozone can be formed which can limit the reaction between
ozone molecules and other species. As a result, in this chapter, the dielectric barrier discharge
is operating under low temperature (below -90<C) even to cryogenic temperature (normally
cryogenic temperature is defined as gas temperature below -150 <C). To indicate the
relationship between applied frequency and ozone efficiency, the experiment will be carried
out using 50 Hz and 5 kHz power supply respectively. In industry, the low concentration
ozone is produced by using air. To simulate the industrial performance of ozone generation,

both air and oxygen are used to test the ozone generation efficiency result.
6.1.2 Objectives

The main objectives are shown:
When air-fed:
e Investigate the current amplitude distribution under different temperature (-80°C to
-183<°C)
¢ Investigate the ozone efficiency under 50 Hz.
When oxygen-fed:
e Investigate the current amplitude distribution under different temperature (-80°C to
-183<C).

¢ Investigate the ozone efficiency under 50 Hz and 5 kHz.
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6.1.3 Properties of liquid ozone and liquid oxygen

Before describing the experiment, the physical properties of liquid ozone and liquid oxygen
will be discussed in detail in the following section, including density, viscosity and surface
tension. The boiling point of ozone is -112 <C and the melting point of ozone is -192.2 <C.
The boiling point of oxygen is — 183 <C and the melting point of oxygen is -218.8 <C.

The density of liquid ozone was measured by Charles K. Hersh et al. [90] , who used two U-
tubes in parallel in liquid nitrogen to prepare liquid ozone and liquid oxygen mixtures.

The density of the saturated solutions at -183 <C and -195 <C was determined. To ensure that
no solid was formed, the pressure in the U-tube was adjusted. Table 6.1 shows the results for

liquid ozone, liquid oxygen and saturated liquid mixtures.

Based on the results of Table 6.1, decreasing the temperature gradually increases the ozone

density.
Table 6.1 The physical properties of liquid oxygen and the mixture of liquid oxygen and liquid ozone
[90].
-195 C -183 C
Ozone wt% Density (g/L) Ozone wt% Density (g/L)
0 1.2 0 1.15
90.8 1.56 30 1.25
100 161 100 1.57

6.2 Experimental setup

6.2.1 Test cell design

In this subsection, the main design of the test cell is introduced clearly and in detail. Figure 6.1

shows the schematic diagram of ozone generation.
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Figure 6.1 The schematic diagram of ozone generation at a low temperature.

A U-shaped tube was used as the dielectric barrier. The U-shaped tube was made from
borosilicate glass with an inner diameter of 8 mm and an outer diameter of 10 mm. The
straight legs of the U-tube were 200 mm. A silicone rubber stopper was pushed into the tube
end with a stainless-steel needle electrode sealed at the centre of the silicon rubber. Slightly
to the side of the stainless-steel needle, a 1 mm outer diameter soda-lime tube was used as the
gas inlet. The length of the needle was 100 mm and the end of the needle was connected to a
7.5 mm diameter, 60 mm length stainless steel electrode by a banana plug. The outer surface
of the U-shaped tube was covered by aluminium foil, which is fixed by a 0.2 mm stainless
steel wire. The aluminium foil formed the ground electrode of the test cell. The other end of
the tube was sealed with a silicone stopper with the gas outlet through a soda glass tube. At
the other end of the U-shaped tube, another piece of silicone rubber was pushed into the tube
to seal it. At the centre of the silicone rubber, another 1 mm outer diameter soda-lime tube
was pushed into the silicone rubber as the gas outlet. The test cell was submerged ina 1 L

dewar flask which was filled with liquid oxygen.
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6.2.2 Experimental setup

A. The production of liquid oxygen

In this experiment, liquid oxygen was produced on site and used to cool the ozone test cell. A
copper coil tube was used to collect the liquid oxygen by putting it into a dewar flask filled
with liquid nitrogen. As the boiling point of liquid nitrogen is lower than that of liquid oxygen,
when passing the oxygen gas through the copper coil tube, the oxygen is liquefied. When the
pressure in the copper coil tube was high enough, the liquid oxygen was forced out into another
dewar flask, which was used as a liquid oxygen collector, as shown in Figure 6.2.

Gas Inlet

Copper Coil Liquid
Ve ™ Oxygen
outlet
4 N
2L Dewar
Flask | | 1L Dewar

| Flask

Figure 6.2 Preparation of liquid oxygen using a copper coil and liquid nitrogen.

B. Preparation of the experiment

Once the dielectric barrier discharge test cell was immersed in liquid oxygen and energized,
the liquid ozone was produced in the discharge gap. According to the literature review, if the
volume of liquid ozone is more than 1 mL, an explosion might occur [91]. The maximum
energisation time at 50 Hz was 3 min and the maximum energisation time at 5 kHz was 1 min

in order to reduce the risk of explosion.

C. Experimental schematic

Figure 6.3 shows the schematic of the experimental setup.

137



Chapter 6 Ozone Generation Technology below -80 T

Oxygen
Tank

Hygrometer

Flow Meter

Needle Valve

]

D Pressure
Meter

1:22
Transformer

HF
AC power

(

]

1000:1 HV Probe

Oscilloscope

TN

©O 00

1

Ozone
Analyzer

Needle Valve(%g/ — i

|

Ozone
E— Destructor

Ambient

Coaxial Cable
Z=50 Q

Figure 6.3 The schematic diagram of experiment arrangement.

The current was measured using a 50 Q coaxial cable. A measurement capacitor of 15 nF was

in series with the test cell to determine the power input using Lissajous figure. The ozone

analyser used was BMT 964. Once liquid ozone was formed, when removing the test cell from

the liquid oxygen after the discharge, the liquid ozone will vaporize. The transient reading of

the ozone analyser was logged by LabVIEW every 0.2 s.

D. Experiment procedures

Due to the instability of liquid ozone, the ozone generation process must follow strict

procedures for safety reasons. The procedures of the experiment are listed in detail:

e Liquid oxygen was made by cooling gas phase pure oxygen using liquid nitrogen.

e The feed gas was first passed through the U-shaped tube.
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e  Once the feed gas had filled the U-shaped tube, the test cell was put into the dewar flask.
e A thermometer was used to measure the test cell temperature at the ground electrode.
e  After the discharge, the test cell was taken out of the dewar flask gradually.

e  Because the temperature of the U-shaped tube was low, the water vapour was in the solid
state. Upon taking the U-shaped tube out of the dewar flask, the formed ice becomes
water drops. The next experiment should be done after the water drops in the U-shaped

tube were blow-dried.

6.3 Ozone generation with 50 Hz power supply

The energy input when using a 50 Hz power supply was only mJ meaning that the temperature
of the test cell remained stable. In this case, the ozone efficiency at different temperatures can
be investigated. The temperature can be adjusted by changing the surface level of the liquid

oxygen. The experiment was conducted using both dry air and pure oxygen.
6.3.1 Ozone generation in air

A. At low temperature (-80 T to -130 T)

The experiment was carried out with an input voltage of 7.5 kV, and a 0.4 L/min gas flow rate.
The energization time was 1 min. The test cell temperature was intentionally controlled by
adjusting the liquid oxygen’s surface level. The test result using dry air at different

temperatures is shown below.

180 T T T T T T T

T
A Testl
A Test2

150 4

90 B

Ozone Efficiency (g/kWh)
B
T
1

60 - -
I I I I I I I I

-140 -120 -100 -80 60 40 20 0 20 40
Temperature (degree)

Figure 6.4 The relationship between ozone efficiency and test cell temperature for 50 Hz energisation.
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For reference, the ozone efficiency was only 80 g/kWh at room temperature (25<C). In Test 1,
when decreasing the test cell temperature to -80 <C, the ozone efficiency increased from
80 g/kWh to 130 g/kWh. With a continuous decrease in the temperature, the ozone efficiency
increased to 145 g/kWh at -120 <C (see Appendix D). Overall, the ozone efficiency increased
more than 1.6 times when decreasing the temperature to -120 <C. The ozone concentration

and the Lissajous figure for different temperatures will be discussed in the following section.

400 -80 Degree|
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Figure 6.5 The ozone concentration at -80 <C with a 1 min energization time at 50 Hz, 7.5 kV, and

0.4 L/min air input.
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Figure 6.6 The Lissajous figure at -80 <C with a 1 min energization time at 50 Hz, 7.5 kV, and 0.4 L/min

air input.
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Table 6.2 The discharge parameters at different test cell temperatures with 7.5 kV, applied voltage.

Temperature Cq (pF) Cy (pF) Vi(V) Power
(mw)
-80 81.2 85.0 1535.5 109
-100 7.7 85.8 1678.4 100
-110 774 88.9 1792.6 94
-120 71.2 90.2 17145 84

All the relative parameters are shown in Table 6.2. When decreasing the ambient temperature,
the ozone concentration decreased from 370 ppm at -80 <C to 275 ppm at -120 <C. The
discharge parameters, such as gap capacitance and breakdown voltage, increased with the
decrease in the ambient temperature. The dielectric barrier capacitance and the power input

decreased with the decrease in the ambient temperature.

According to ideal gas law, when decreasing the ambient temperature, the number of particles,
N, increases. According to the relationship between breakdown voltage and the number of
particles based on Paschen’s law, the breakdown voltage increases with the increment of the
number of particles. For the same applied voltage, the breakdown voltage increasing causes
the decrement of the total charge transfer per cycle. The power decreases with the drop in the

temperature.

The relative permittivity e, represents the ability to store electrical energy in the electric field.
When decreasing the temperature, the space charge polarisation effect decreases. In this case,
more electric flux exists in the dielectric barrier with a lower permittivity. According to the
equation describing parallel-plate capacitance, the decrease in the relative permittivity causes

a decrease in the dielectric barrier capacitance.

With regard to the increment of gap capacitance, a possible reason was the change of the
thermal expansion leading to a change in the discharge distance. The thermal expansion is the
tendency of matter to change in shape, area and volume in response to a change in

temperature [92].

The temperature-dependent linear expansion (dL) of the tubes was proportional to the test cell

temperature:
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dL=alL,dT (6.1)

where « is the linear thermal expansion coefficient in 10° K and L, is the original length of
the test cell. In this experiment, as the starting temperature was room temperature (25<C), the
original length of the tube can be considered constant. The coefficients of thermal expansion
are different for different materials. The coefficient of stainless steel 316 is oss316 = 16.0 [93]
and the coefficient of Pyrex glass is apyrex= 3.2 [94]. With same change of temperature, the
linear expansion of stainless steel was five times greater than was the area expansion of the
glass. As a result, the decrease in the temperature will increase the gap length between the
stainless-steel tube and the Pyrex tube. Increasing the gap length, the breakdown voltage
increases. In this case, increasing the gap length and the number of particles can increase the
required breakdown voltage dramatically. The results show that the breakdown voltage only
increased from 1535 V at -80 <€ to 1793 V at -110 <C, and then decreased to 1715 V at -
120 <C. The increase in the gap length requires a higher breakdown voltage. As the gap length
was maintained via stainless steel wire around the high-voltage electrode, decreasing the
temperature, the thermal expansion of stainless steel decreases more than that of the pyrex.
The short gap formed between the stainless-steel wire and the pyrex tube, which was shorter
than the gap length between stainless steel tube and pyrex tube. As a result, once decreasing
the temperature to -120 <C, the discharge happened between the stainless steel and the pyrex
tube with lower breakdown voltage.

Based on the research by Choi et al. [95], the discharge mode varied under different
temperature (below 300 K). The gap breakdown voltage increased in pure helium DBD from
500 V at 300 K to 800 V at 170 K and then decreased to 650 V at 160 K. The breakdown
voltage then gradually increased to 700 V at 100 K. Between 170 K and 230 K, a static pattern
was exhibited with a higher breakdown voltage than the expected values. Choi at al. concluded
that the breakdown voltage was relatively high only in the case when the micro-discharges
were static. Compared with the breakdown voltage measured in the experiments, the abrupt
increase of the breakdown voltage at -110 <C might be due to the formation of a static pattern.

This theory needs to be confirmed using further diagnostics.

For the analysis of ozone efficiency, the chemical reactions in air need to be considered, as
they are more complicated than those reactions using pure oxygen. Due to the involvement of
nitrogen molecules, the reaction between nitrogen atoms (and nitrogen molecules’ excited

states N2(A%X, "), N2(B3I7;)) and oxygen atoms, and the reactions between nitrogen atoms (and
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nitrogen molecules’ excited states Np(A*X,*), Na(B%1y)) and ozone molecules are quite
complicated.
From the research, the main participant reactions for the formation process of oxygen atoms
are shown below [74][96][97]

N+0O, >NO+O (6.2)

k, =4.4x107" exp(— —3120)

N+NO—>N,+O (6.3)
k,=3.4x107" exp(—%)

N+NO, > N,0+0 (6.4)

k,=5.8x10" exp(—g)

N,”+0, - N, +20 (6.5)

k, =5.0x107" exp(—?)

N,”+0, > N,0+0 (6.6)
ky=4.6x107"

The simulation result from 143 reactions among 30 species [98][99][100] shows that the
concentration of nitrogen oxide reaches about 1% of the ozone concentration. The oxygen
atoms produced by nitrogen species, apart from the direct reaction between electrons and
oxygen molecules, can produce 50% of the ozone. The ozone formation time in air was longer
than it was in oxygen, which was around 100 us. Except for oxygen atoms, the resultants NO,
N-O and N are the main species from the micro-discharges. These species can form in 100 ns.
The oxygen atoms can react with the oxides to form other nitrogen oxide species such as NO,,
NO3 and N2Os,
O+NO+M — NO,+M (6.7)
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T
k. =1.0x107(—) [N
6 X (300) [ 2]
O+NO+M — NO,+M (6.8)
k,=9 0><10—32(L)’2'°[N ]
T 300 2
NO, + NO, — N,O, (6.9)
ky, =2 8><10’3°(L)’3'5[N ]
8 300 2

Some investigations show that the maximum ozone efficiency reduces to about 0.2 kg/kWh
in a higher reduced electric field (200-300 Td). The main reason is the nitrogen oxides. The
oxides can also react with ozone to reduce the ozone concentration further, as the following

reactions show.

NO, +0O; - NGO, + O, (6.10)

k, =1.4x107" exp(— @)

NO+0O, - NO, +0, (6.11)

k,=1.8x107" exp(—l?’rj)

N +0O, - NO+0, (6.12)

k, =5.0x107"* exp(— @)

With regard to the oxygen atom formation process, according to the rate coefficients of related
reactions, when decreasing the temperature, the oxygen atom formation rate decreases. The
production rate of nitrogen oxides (NO, N2O) also decreases. For the oxygen atom dissociation
process, the decrease in the temperature can increase the rate coefficients of the related
reactions. The concentration of atomic oxygen and the concentration of nitrogen oxides
decreased. In general, the reaction rate of the oxygen atom dissociation process decreased with

the decrease in the temperature. When decreasing the temperature, in the ozone dissociation
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process, the rate coefficients of related reactions also decrease to limit the ozone dissociation.
The experimental results closely agree with the theory, with the ozone efficiency increasing
from nearly 80 g/kWh to 150 g/kWh at -120 <C.

B. At cryogenic temperatures

This subsection describes the production of liquid ozone when conducting the experiment at
cryogenic temperatures (-183 <C). The test cell was dipped into liquid oxygen. The test cell
temperature was -183 <C. The energization time was 3 min. The gas flow rate was 0.4 L/min.
During the discharge time, the produced ozone is liquefied. In this case, the ozone production
can be measured by removing the test cell from the liquid oxygen environment. With a
continuous flow of the gas, the liquid ozone formed is vaporised into the gas phase. The ozone

concentration can then be determined.

Figure 6.7 shows the measured ozone concentration:
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Figure 6.7 Ozone concentration in real time at -183 <C with 7.5 kV;, voltage and 0.4 L/min air input.

At the beginning of the experiment, gas phase ozone was produced, reaching the maximum
ozone concentration of nearly 300 ppm. Then, the ozone concentration gradually decreased to
120 ppm by the end of the energy input (red point). As mentioned previously, the test cell
temperature was much lower than the boiling point of ozone. Part of the produced ozone was
liquefied. Table 6.3 shows the viscosity and the surface tension of liquid ozone and liquid
oxygen at -183 <C and -195 <C [90]. Regarding the units in Table 6.3:
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1cP=1mPas
1 Dynes/cm =1 mN/m

Table 6.3 Viscosity and surface tension properties of liquid ozone and oxygen mixtures.

-183 C -195 C
Ozone wt% Viscosity (cP)  Surface Tension Viscosity (cP)  Surface Tension
(Dynes/cm) (Dynes/cm)
100 1.57 38.4 4.2 43.8
0 0.189 13.2 0.189 15.7

According to the results shown in Figure 6.7, compared to the parameters of liquid oxygen,
the viscosity of ozone was nearly 10 times greater and the surface tension of liquid ozone was
nearly three times greater. The viscosity of the liquid ozone was nearly the same as that of a
water droplet. In this case, the liquid ozone attached to the barrier surface and the electrode
surface. When removing the test cell from the liquid oxygen, the liquid ozone is vaporized.
As shown in Figure 6.7, liquid ozone was vaporized to gas phase ozone from 220 s to 260 s.

The peak value of the vaporised ozone concentration was nearly 500 ppm.
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Figure 6.8 Lissajous figures at different energization times at -183 <C.
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From the experiments, it is found the area of the Lissajous figure decreases with increasing
energisation time. This result confirms that part of the liquid ozone was attached to the surface
of the glass tube and the high voltage electrode, reducing the discharge gap. The discharge
parameters at different energization time are shown in Table 6.4:

Table 6.4 The discharge parameters at different energization time.

Energization Cq (pF) Cy (pF) Vi(V) Power
time (min) (mW)
0 72.7 105.0 1839.5 109

1 66.2 99.0 1719.2 74

2 64.9 109.4 1697.5 72

3 58.6 134.0 1268.2 47

With the energization time increasing, the breakdown voltage decreased. At the same
temperature, the oxygen concentration did not change. The decrease in the gap length
decreased the breakdown voltage. If the liquid ozone is attached to the glass and electrode, the
total capacitance was the result of the equivalent capacitance of the layer of ozone and the

dielectric capacitance in series:

_ Cd ><Cliquidozone

Cd_total - C.+C
d

(6.13)

liquidozone

The total dielectric capacitance in this case must be lower than the glass capacitance. When
increasing the energization time, the produced liquid ozone increased. In this case, the
thickness of the liquid ozone layer increases. The equivalent capacitance of the liquid ozone
decreased gradually. Consequently, the total dielectric capacitance also decreased. As the

discharge gap decreases with time, the corresponding gap capacitance increases.

The calculated power at cryogenic temperatures was measured by averaging the power, which

was 74.2 mW. The ozone efficiency at cryogenic temperatures was 135 g/kWh when air-fed.
6.3.2 Current amplitude distribution using air

A. Current amplitude distribution at different temperatures
Figure 6.9 and Figure 6.10 indicate the current amplitude distribution of both the positive

discharges and the negative discharges at different temperatures.
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Figure 6.9 The current amplitude distribution of 5,000 single pulses at different test cell temperature

for the positive discharge cycle.
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Figure 6.10 The current amplitude distribution of 5,000 single pulses at different test cell temperature

for the negative discharge cycle.

148



Chapter 6 Ozone Generation Technology below -80 T

For the positive discharge current analysis, the current amplitude was investigated at room
temperature, at -90 <T and at -183 T, respectively. When decreasing the temperature, the

current amplitude distribution was narrower.

Table 6.5 Positive current analysis under different temperature.

Temperature Minimum Current Maximum Current Average Current
(C) (mA) (mA) (MA)
25 18.2 159.4 53.8
-90 14.4 132.0 34.7
-183 8.6 311 11.4

The current amplitude distribution in the negative discharge cycle was also investigated at
room temperature, at -90 <C and at -183 <C. The current amplitude distribution became much
narrower once the test cell temperature decreased to -183 <C.

Table 6.6 Negative current analysis under different temperature.

Temperature Minimum Current Maximum Current Average Current
(T (MA) (MA) (mA)
25 -420 -40 -121.6
-90 -360 -45 -97.5
-183 -25.3 -8.1 -11.9

As a result of decreasing the test cell temperature, the current amplitude distribution was
narrower and had a much lower standard deviation. At the temperature above the boiling point
of ozone, the negative discharge current was always greater than was the positive discharge
current due to the effect of electronegative gas as discussed in Chapter 3. At cryogenic
temperatures, the current amplitude distributions of both the positive discharge cycle and the

negative discharge cycle were nearly the same.

B. Voltage and current waveforms at different temperatures
In this subsection, the filament development is described. The current and voltage waveforms

measured at different temperature are shown in Figure 6.11 to Figure 6.13.
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Figure 6.11 The sampled full-cycle current and voltage waveforms at room temperature (25° C).
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Figure 6.12 The sampled full-cycle current and voltage waveforms at -90 <C.
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Figure 6.13 The sampled full-cycle current and voltage waveforms at -183 <C.

At 25<C, the maximum current for the positive cycle was 100 mA, while the maximum current
for the negative cycle was -200 mA. The ignition voltage of the positive discharge was -
1672 V. The average current amplitude for the positive discharge cycle was 48.6 mA and the
average current amplitude for the negative discharge cycle was 102 mA. The average
discharge duration (10% to 50%) was 21.6 ns.

At-90 <C, the maximum current for the positive cycle was 70 mA, while the maximum current
for the negative cycle was -85 mA. The ignition voltage of the positive discharge was -1073.6
V. The average current amplitude of the positive discharge cycle was 33.3 mA and the average
current amplitude of the negative discharge cycle was -50.1 mA. The average discharge
duration (10% to 50%) was 35 ns.

At -183 <C, the maximum current for the positive cycle was only 19.4 mA and the maximum
current for the negative cycle was -23.8 mA. The ignition voltage of the positive discharge
was -599 V. The average current amplitude of the positive cycle was only 10.1 mA and the
average current amplitude of the negative cycle was -12.5 mA. The average discharge duration
(10% to 50%) decreased dramatically to 15 ns.

Overall, when decreasing the temperature, the charge transfer of the single filament decreased
dramatically, as the average current amplitude and the discharge duration decreased at same
time. On the other hand, the ignition voltage of the discharge decreased dramatically with the
decrease in temperature. In this case, the amount of charge accumulated on the barrier after a

quarter cycle decreased and the reversed electric field decreased as well.
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6.3.3 Ozone efficiency in oxygen

In this subsection, ozone efficiency was investigated by using oxygen from -90 <C to -183 <C.
The experimental arrangement was the same as it was for air. The test cell temperature was
manipulated by adjusting the level of liquid oxygen. The flow rate of the input oxygen gas
was 0.4 L/min. The applied voltage was 7 kV, at 50 Hz. The energization time was 3 mins.
The ozone concentration was measured using the ozone analyzer and the power input was

measured by Lissajous figure.

A. Ozone efficiency at low temperature

In this section, the ozone efficiency at different low temperatures (-90 <T to -136 <C) was
investigated. The ozone concentration, the Lissajous figures at different energization times
and the ozone efficiency were calculated.

Figure 6.14 shows the measured ozone concentration sampled at -90 <C.
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Figure 6.14 The ozone concentration at -90 <C with 3 mins of energization time and oxygen feed.

When operating the test cell at -90 < (0zone concentration under different temperatures will
be shown in Appendix E), the 0zone concentration increased to 600 ppm during the discharge

time.

When decreasing the test cell temperature below the melting point of ozone, the produced
ozone was liquefied. When the discharge was finished and the test cell moved out of the liquid
oxygen, the liquefied ozone will be vaporized. With decreasing the temperature to -136 <C,
there was a sharp increase of the ozone concentration once the discharge stopped and the test

cell was removed from the LOy as shown in Figure 6.15.
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Figure 6.15 The ozone concentration at -136 <C with 3 mins of energization time and oxygen feed.

As mentioned previously, liquid ozone can narrow the discharge gap causing the power input
to drop. In this case, the Lissajous figure was measured every minute. The power input was
the average of all the Lissajous figures. Figure 6.16 shows the corresponding Lissajous figure
at -90<=C energized for three minutes.
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Figure 6.16 The Lissajous figure at -90 <C for 3 mins energization time and oxygen feed.

Table 6.7 shows the calculated parameters:
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Table 6.7 The discharge parameters at different test cell temperature.

Temperature Cq Cy Vb Power
(C) (PF) (PF) V) (mw)
-90 76.0 67.3 1774.2 100
-110 73.0 68.2 1890.9 99
-124 71.7 78.2 1803.8 66
-130 67.8 80.8 1723.4 90
-136 65.5 94.0 1693.0 70

When decreasing the temperature, the dielectric barrier capacitance decreased while the gap
capacitance increased. The breakdown voltage increased from 1774 V to 1890 V when the
test cell temperature decreased from -90 <C to -110 <C. With the continuous decrease in the
test cell temperature, the breakdown voltage decreased again to 1693 V. At -90 <C, the ozone
produced was in the gas phase. With the decrease in the temperature, the number of particles
increased and the corresponding breakdown voltage increased as well. When the test cell

temperature decreased to below -112 <C, liquid ozone started to form to decrease the discharge

gap.

To confirm the relationship between ozone efficiency and the test cell temperature, the
experiment was repeated more than twice. Figure 6.17 shows the relationship between the

average ozone efficiency and the test cell temperature.
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Figure 6.17 The relationship between ozone efficiency (g/kWh) and the test cell temperature (<C).

To indicate the efficiency versus the temperature, the experiment was conducted using five
different test cell temperatures. The ozone efficiency at room temperature when using the
same test cell was 187 g/kWh. At -90 <C, the ozone efficiency was 287 g/kWh, which was 50%
greater than it was at room temperature. With the continuous decrease in temperature to

- 110 T, the ozone efficiency increased to 354 g/kWh. The maximum ozone efficiency
obtained in the experiment was 400 g/kWh with a 10 g/kWh standard deviation at -136 <C.

As a result, the decrease in the temperature can increase ozone efficiency. Firstly, far below
0 <C, the water vapour is solidified. There is no reaction between water vapour and ozone
molecules. According to the dissociation process of ozone generation, when decreasing the
temperature, the rate coefficient decreases as well. Some dissociation reactions that occur at
the same time are shown below [101]:

0+0+0,—>0,+0, (6.14)

3, 300 170
k, =1.3x10"% Texp(—?)

0+0, — 20, +4.06eV (6.15)
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k; =2.0x10" exp(— @)

0" +0, >0, +20+0.86eV (6.16)
K, =2.4x10™%

where ka4 is independent of temperature [100-400 K].
Two oxygen atoms combine to form an oxygen molecule as shown in (6.14); thus, the energy
used for the production of atomic oxygen is wasted. Also, an oxygen atom reacts with an ozone

molecule to dissociate it to two oxygen molecules as shown in (6.15) and (6.16).
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Figure 6.18 The reaction rate coefficients with temperature dependent.

With decreasing the temperature, the ozone generation reaction rate coefficient k; shown in
(1.36) increases from 1.2x10 to 1.9%<10%. Meanwhile the coefficient ki, decreases from
8.4x10* to 8.2x10* and the coefficient kis decreases from 7x10® to 1x107°. The
simultaneous increasing of the ozone formation rate and the decreasing of the ozone

dissociation rate leads to the higher ozone efficiency with decreasing temperature.

Compared to the theoretical value, the maximum electron energy efficiency was 9.38 eV. The
ozone efficiency at -136 <C was more than twice the ozone efficiency at room temperature.
Other factors that may cause ozone efficiency increase at low temperature need to be

investigated. In the following section, the discharge property in oxygen is investigated.
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B. Ozone Efficiency at Cryogenic Temperatures

This section discusses the experiment that was carried out at — 183 <C (the boiling point of
oxygen). The gas flow rate was 0.4 L/min, and the applied voltage was 8 kV, at 50 Hz. The
energization time was 3 min. The ozone concentration and the Lissajous figure were measured

and shown in Figure 6.19.

Figure 6.19 shows the 0zone concentration at -183 <T in real time.
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Figure 6.19 The ozone concentration in 3 mins of energization time at —-183 <C.

From the above ozone concentration curve, within 3 mins energization time, the measured
0zone concentration was only 7.7 ppm. After the discharge, by removing the test cell from the
liquid oxygen environment, the ozone concentration increased to over 3750 ppm and then
dropped to zero after one minute. By integrating the ozone concentration in real time, the gas
phase ozone produced during the discharge time can be ignored. Most of the ozone produced
was in the liquid phase, which was vaporised only when the temperature of the test cell

increased.

Compared to the ozone concentration using air at cryogenic temperatures, when only one-
third of the ozone produced was in the liquid phase, almost all of the ozone produced using
oxygen was in the liquid phase. The boiling point of the feed gas affects the phase of the
produced ozone. The boiling point of air is -189 <C. In this case, when ozone was produced,

most of the ozone molecules can be blown out of the test cell. Meanwhile, with regard to the
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oxygen feed, the temperature in the test cell was low enough to liquefy oxygen. The ozone

was attached to the glass tube and the electrode and liquefied.

Figure 6.20 shows the Lissajous figure at -183 <C at different energization times.
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Figure 6.20 The Lissajous figure at different times at -183 <C with 7.5 kV, voltage at 0.4 L/min oxygen

input.

The discharge parameters at different discharge time were investigated, as Table 6.8 shows:

Table 6.8 The discharge parameters at different times at -183 <C.

Energization time Ca Cy Vb Power
(min) (PF) (PF) V) (mw)
0 75.6 88.2 2220.1 128
1 66.3 77.9 2068.1 115
2 67.3 79.5 2137.6 113

The average power input in this case was 117.7 mW. The ozone efficiency was 384.4 g/kWh.
The breakdown voltage increased to over 2000 V. At the beginning of the discharge, the input
power was 128 mW. After two minutes of discharge, the input power was only 113 mW. For
a single discharge, the above figure shows that the voltage drop of each discharge at -183 <C
was much higher than it was at a low temperature (-90 <C to -136 <C). The discharge at
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- 183 <C with oxygen feed was quite different from the discharge at -183 <C with air feed. In
the next section, the discharge property will be investigated in more detail.

6.3.4 Current amplitude distribution in oxygen

A. Current amplitude distribution at low temperature and cryogenic temperature
This section describes the current amplitude distribution that was investigated at -70, -110 and
-183 T, respectively. 5000 current pulses were analysed by the current amplitude distribution
and the discharge duration individually.

Figure 6.21 shows the negative current amplitude distribution at different temperatures.
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Figure 6.21 The current amplitude distribution of the negative discharge cycle at -70, -110 and -183 C

respectively.

Table 6.9 Negative current analysis under different temperature with oxygen-fed.

Temperature Minimum Current Maximum Current Average Current
() (MA) (MA) (MA)
-70 -600 70.0 172.0
-110 -400 28.8 131.3
-183 -360 18.4 116.6
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Compared to the current amplitude distribution with air feed, the average current amplitude

using oxygen was generally greater than that of air.
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Figure 6.22 The current amplitude distribution of the positive discharge cycle at -70, -110 and -183 <C,

respectively.

Figure 6.22 shows the current amplitude distribution at the positive half cycle at different

temperatures.

Table 6.10 Positive current analysis under different temperature with oxygen-fed.

Temperature Minimum Current Maximum Current Average Current
(T) (MA) (mA) (MA)

-70 4.8 80 17.3

-110 6.2 43 9.6

-183 30 1500 297.64

At -70 T, the distribution of the positive current amplitude was relatively narrow. The

distribution of the positive current amplitude at -110 <C was even narrower. The narrow
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distribution at lower temperatures implies that the filament development tends to be more
uniform. Meanwhile, when continuously decreasing the temperature to -183 <C, it was
obvious that the current amplitude distribution expanded dramatically. The only difference
when compared to the previous experiments (at low temperature) was that liquid ozone was
formed. Based on the observation, the power input decreased when the energization time
increased. In the following section, the current amplitude distribution at different energization

times is discussed.

B. Current amplitude distribution at -183<C with different energization times

In this section, the variation of current amplitude distribution with time is discussed. As seen
in Figure 6.23, the current amplitude distribution at -183 <C was quite different from that at
low temperatures (-90 <C to -136 <C). To investigate how liquid ozone formation can affect
the discharge, at -183 <C, the current amplitude distribution of both the positive and the
negative discharge cycles within 1 min, from 1 min to 2 min and from 2 min to 3 min were

investigated.

Figure 6.23 shows the current amplitude distribution of the positive discharge cycle at different

time.
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Figure 6.23 The positive current amplitude distribution at different energization time at -183 <C with

9 kV, applied voltage at 50 Hz.
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The maximum measured current amplitude was 1.7 A. A current amplitude above 1.7 A can
only be measured as 1.7 A due to the limitation of the oscilloscope. At different time, the
number of pulses with a measured amplitude of 1.7 A increased over time, which means that
the discharge becomes more energetic over time. The average current amplitude in the first
minute was 297.6 mA and increased continuously to 388.8 mA by the third minute. From the
Lissajous figure (shown in Figure 6.20), we can see that the power input decreases, while the

charge transfer per half-cycle does not change significantly.

Figure 6.24 shows the current amplitude distribution of the negative discharge cycle at -183 <C.
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Figure 6.24 The negative current amplitude distribution at different energization time at -183 <C with

9 kV, applied voltage at 50 Hz.

The average current amplitude in the first minute was 116.6 mA, and then increased to
142.4 mA in the second minute. Finally, in the third minute, the average current amplitude
was 129.1 mA.
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According to the Lissajous figure, the charge transfer of the positive cycle was the same as

that of the negative cycle. The average current amplitude of the positive cycle was more than

twice that of the negative cycle. In this case, the number of discharges in the positive cycle

was less than the number of discharge in the negative cycle. It was observed that the discharge

property using oxygen input at -183<°C was completely different from the discharge property

measured at low temperatures (-90 <T to -136 <C), once the liquid ozone was formed. The

current and voltage waveforms at different temperatures are investigated in the next subsection.

C. Discharge properties at different temperatures

In this section, the current and voltage waveforms at -70 <C, -110 <C and -183 <C are discussed
(as shown in Figure 6.25 to Figure 6.27).
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Figure 6.25 The sampled current and voltage waveforms with 0.4 L/min oxygen feed at -70 <TC at
7.5 kVp voltage, 50 Hz.
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Figure 6.26 The sampled current and voltage waveforms with 0.4 L/min oxygen feed at -110 T at

7.5 kVp voltage, 50 Hz.
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Figure 6.27 The sampled current and voltage waveforms with 0.4 L/min oxygen feed at -183 <C at
7.5 kVp voltage, 50 Hz.

At -70 <C, the maximum current amplitude during the positive discharge was approximately
100 mA, while the maximum current amplitude during the negative discharge was over
- 300 mA. The number of discharge of positive cycle was much higher than was that of the
negative cycle.

At-110 T, the average current amplitude of the positive cycle was much lower than it was at
-70 <C. Meanwhile, the average current amplitude of the negative cycle was much greater than
it was at -70 <C. The discharge frequency of the negative cycle decreased. With a decrease in
the temperature, the number of oxygen particles increases dramatically.

At -183 <TC, the discharge properties changed. In the sampled discharge cycle, the maximum
current amplitude of the positive cycle was nearly 1 A with a voltage drop of over 200 V. The
total number of discharges in the positive cycle was 12, while the total number of discharges
in the negative cycle was 29. The increment of the current amplitude in the positive cycle was
the result of the formation of liquid ozone. As mentioned previously, the ozone produced at -
183 <C was in the liquid phase. A thin layer of liquid ozone can form on either the glass tube
or the electrode. Based on the current waveform, the liquid ozone layer should form on the
high-voltage electrode. In the positive discharge cycle, the current amplitude value increased
dramatically as the temperature decreased. In this case, the charge transfer of each filament
increased significantly, which means that the micro-discharge in the positive cycle was
difficult to extinguish. As we know, liquid ozone has a strong electronegativity to absorb
electrons. Once the electrons move towards the anode, the liquid ozone on the high-voltage
electrode can obtain the electrons. In this case, the reversed electric field is quite difficult to
establish. As a result, more electrons are required to form the reversed electric field. In this

case, the current amplitude of the positive cycle increased significantly. As there was strong
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filament development, the electric field across the gas gap decreased dramatically. The next
discharge occurs until the electric field has been replenished, which explains why the
discharge repetition rate decreases. A proof experiment was undertaken by passing a mixture
of ozone and oxygen gas into a U-tube immersed in liquid oxygen; no liquid ozone was
detected. The only possible explanation is that the high concentration of ozone was produced
during the discharge at -183 <C. The distance between each molecule was close enough to

liquefy the ozone.

6.4 Ozone generation with 5 kHz power supply

For industrial use such as water treatment and DeNOx, ozone concentration above 150 g/Nm?
is normally required with the most commonly used frequency being between 0.5 and 5 kHz.
This section describes the experiment that was conducted using a 5 kHz AC supply. The ozone
test cell was immersed directly into the liquid oxygen to maintain the test cell at cryogenic
temperature. The input gas was pure oxygen with a flow rate of 0.4 L/min. The applied voltage
was 7 kV, with 1 min energization time. The test cell and experimental arrangement were
exactly the same as that of the 50 Hz experiment. The 0zone concentration was measured by

the ozone analyser.
6.4.1 Ozone concentration analysis

Figure 6.28 shows the 0zone concentration after 1 min discharge.
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Figure 6.28 The ozone concentration measurement with 1 min of discharge time at 5 kHz, 7 kV, with
0.4 L/min oxygen input.
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Figure 6.29 Liquid ozone (dark violet) produced under -183 °C with 5 kHz power supply, 7 kV,

operating 1 min.
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In Figure 6.28, during the energization time, the detected ozone concentration remained zero.
All the ozone produced was in the liquid phase. After the discharge, when removing the test
cell from the liquid oxygen environment, the liquid ozone vaporised gradually. A dark violet
liquid could be observed attaching to the high-voltage electrode as shown in Figure 6.29.
When removing the test cell, the temperature increased from the top of the test cell to the
bottom. The violet liquid that formed could be seen flowing down to the bottom of the U-
shaped tube along the high voltage electrode. At this time, a part of the liquid ozone vaporised
and the peaks shown in Figure 6.28 were measured. With a continuous increase in the
temperature, the remainder of the liquid ozone vaporised partly. As a result, there are several
peaks in the gas phase ozone concentration. The total ozone production was the integration of

the ozone concentration with time, multiplied by the flow rate.
6.4.2 Ozone efficiency analysis

Figure 6.30 shows the Lissajous figure obtained for every 15 s.
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Figure 6.30 The Lissajous figure at different time during the 1 minute energization time with 7 kV,

power supply at 5 kHz. The reator temperature was -183 <C.
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Table 6.11 The discharge parameters at different times.

Energization Time (s) Cad (pF) Cy (pF) Vi(V) Power (W)

0 88.3 94.2 1860.0 9.6
15 85.3 89.8 2123.8 9.6
45 85.7 93.4 1990.9 9.7
60 81.1 96.5 1878.4 8.9

In the above Lissajous figures, the area decreased over time. According to Table 6.11, the
dielectric capacitance decreased slightly over time. The input power did not change
significantly in the first 45s. The power input at 60 s decreased from 9.7 W to 8.9 W. The
average power input in this case was 9.45 W. The ozone efficiency was 396.6 g/kWh which

is equal to 9 eV electron energy efficiency.

6.5 Discussion

In the past century, ozone generation under low temperature was investigated by Hautefeuille
and Chappuis [102], who successfully obtained ozone concentrations of 14.9% by weight of
ozone at 0 °C, and 21.4% at —23 <C. High concentration ozone (350 g/Nmq) can be achieved
at —23°C due to the low ozone decomposition rate. Masuda et al. [45][46] recorded the
generation of ozone using a glow discharge in oxygen at cryogenic temperatures (liquid
nitrogen temperature -190 <C) with a maximum ozone efficiency of 550 g/kWh. The glow
discharge takes place in a quartz tube at low pressure of 0.5 to 2.0 Torr, with the distance
between two stainless steel electrodes being 100 mm. The test cell was dipped directly into a
tank filled with liquid nitrogen. An icy layer of ozone formed on the surface of the tube. After
10 minutes of energization time, the level of the liquid nitrogen was reduced to vaporise the
mixed ozone-oxygen gas into another collection tube. The results showed that the ozone
efficiency could be more than 300 g/kWh. The increase in the pressure could decrease the
ozone efficiency. The best result achieved using glow discharge was 550 g/kWh with a 5 mm
diameter tube at 1 Torr. Based on the measurement result, the electron energy efficiency at
cryogenic temperature by glow discharge was 45%, which is much higher than the commercial

0zone generator efficiency.

Masuda et al. [43] also did the research under the high-frequency surface discharge. The

cylindrical DBD configuration test cell with liquid nitrogen cooling system was used. The gas
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phase ozone was produced. The operating frequency was 10 kHz with different peak applied
voltage. The electrode test cell temperature was adjusted by controlling the input of liquid
nitrogen. The highest ozone efficiency achieved was 400 g/kWh at -90 T and 8 kV., power

supply.

Increasing the applied voltage, the ozone generation efficiency, based on Masuda’s
experiment result, was decreased. At -90 T and 10 kV,,, the ozone efficiency was only
240 g/kWh, which was only half of that obtained at 8 kV,.,. As the produced ozone was in the
gas phase, with increasing the voltage input, the energy input increased leading to the higher
gas temperature. The ozone dissociation rate increases significantly. While, from this
experiment, as the whole test cell was submerged in liquid oxygen, the heat transfer was better.
From another point of view, once the produced gas phase ozone transferred to liquid phase,

there was no dissociation progress.

Considering the energy efficiency, the theoretical ozone efficiency is 1280 g/kWh with 3 eV
to produce two ozone molecules. Without considering the dissociation process or the water
vapour effect, to produce two ozone molecules, the energy required is 5.13 eV. In this case,
the maximum ozone efficiency achievable is 748 g/kwh. According to the literature review
[74], the energy branching of DBD shows that the oxygen dissociation process mostly happens
at 8.4 eV. Normally, it is considered that the wasted energy was transferred into molecule
vibration and heat. In this case, the maximum ozone efficiency achievable is only 457 g/kWh.
The results of ozone production at cryogenic temperature show that the higher ozone
efficiency can be achieved which means the electron energy used for the production of two
ozone molecules was less than 8.4 eV. The results show that the energy wasted during the

process of ozone production can be re-used somehow.

6.6 Conclusion

In this chapter, the ozone efficiency at different temperatures was discussed. The experiment
was conducted from -90 T to -183 T at 50 Hz and 5 kHz, respectively. The maximum ozone

efficiency can reach nearly 460 g/kWh at -136 <C with an oxygen feed.

When using a 50 Hz power supply, the ozone efficiency was investigated using an air feed
and an oxygen feed, respectively. The ozone efficiency when using the air feed was more than
50% greater than it was at room temperature. The limitation of the ozone dissociation process

and the reduction of the water vapour effect led to an increment in the ozone efficiency. With
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the air input, the ozone produced was quite difficult to liquefy even when reaching the boiling

point.

With the oxygen input at -90 <C, the ozone efficiency was over 280 g/kWh, which was much
greater than that of the commercial ozone generator. When continuously decreasing the test
cell temperature to -136 <C, the maximum ozone efficiency was 460 g/kWh. Following
several repeatable tests, the ozone efficiency increased with the decrease of the test cell
temperature. The ozone produced was always in the gas phase. After immersing the test cell
in the liquid oxygen, the ozone produced in this case was all in the liquid phase. The discharge
became quite intense. The maximum ozone efficiency was 384 g/kWh.

When using the 5 kHz power supply, the maximum ozone efficiency was nearly 400 g/kWh.
Theoretically, 2.9 eV can produce an ozone molecule. The ozone efficiency was 1220 g/kWh.
According to the simulation results after 76 main reactions after oxygen feed, the most likely
oxygen dissociation energy was 8.4 eV. In this case, the ozone efficiency was approximately
440 g/kwh. According to the test results, the ozone efficiency at -183 <C can be 400 g/kWh,
which means the waste of the electron energy was quite low. Whether this was due to the
decrease in the temperature needs to be confirmed by more detailed experimentation.

The current amplitude distribution at different temperature has been investigated as well.
According to the literature review, the lower the temperature, the higher the ozone efficiency.
However, the formation of liquid ozone makes the discharge quite unstable. The average
current of the positive cycle in this case was at least 15 times greater than was the average
current at low temperatures (-70 T and -110 <C). The discharge area decreased with the
increment of the amount of liquid ozone. In this case, the power input was not a constant.
Further research needs to be done for a better understanding of the discharge properties when

the liquid ozone was formed.
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7 Conclusion and Future Work

7.1 Conclusion

As introduced in Chapter 1, ozone is an environmentally friendly oxidant with wide
applications in industry. The research focused on the investigation of the dielectric barrier
discharge with oxygen input for ozone generation. The aim of the research was to optimise
the ozone generation efficiency based on the dielectric barrier discharge. It included the
optimisation of micro-discharges and the creation of advanced ozone generation technology
to increase the ozone efficiency. Five different test cells were designed and manufactured.
Firstly, a cylindrical DBD test cell was used for the investigation of atmospheric pressure glow
discharge. Secondly, the open planar-plate configuration DBD test cell was used for the
investigation of filament development. Thirdly, a sealed test cell with planar electrodes
configuration was used for comparison with the commercially used ozone generator to
determine the current distribution and ozone generation efficiency. Fourthly, the same sealed
test cell with meshed electrodes configuration was used to determine the discharge
performance of optimised meshed electrodes. Finally, a U-shaped tube was used to investigate
the discharge performance and ozone efficiency at cryogenic temperatures. Two types of
power input mode were employed in the research, 50 Hz AC and 5 kHz AC. Two ozone
analysers with different measurement ranges were used to determine the ozone concentration.
Electrical and optical diagnostics were used to investigate the discharge characteristics and

behaviour of micro-discharges in the DBD.

Firstly, a literature review that discussed ozone’s properties and applications, the ozone
generation process and discharge methods was presented. It focused mainly on the chemical
reactions involved in the ozone generation progress. The critical kinetics of ozone generation
were analysed first. With regard to the ozone generation process, it was crucial to analyse the
electron energy efficiency. Based on the references concerning the cross section of electron
collisions with oxygen molecules, electrons with 10 eV to 20 eV have a higher cross section
of oxygen dissociation. Although the cross section of oxygen dissociation increases when the
electron energy increases to 30 eV, the unwanted cross section of oxygen ionisation increases
to the higher value. Based on the references regarding the cross section of electron collisions
with ozone molecules, electrons with energy from 1.06 eV to 3 eV have a higher cross section
for ozone dissociation. As a result, reducing the proportion of low-energy electrons and

increasing the proportion of high-energy electrons (less than 20 eV) can increase the electron
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energy efficiency. The reduced electric field, E/N, was the key parameter to reflect the mean
electron energy in micro-discharges. The reduced electric field between 100 Td to 300 Td was
the optimum range for ozone generation. If the reduced electric field was lower than 100 Td,
the mean electron energy was too low to dissociate the oxygen molecules but was just
sufficient to dissociate the produced ozone. Meanwhile, if the reduced electric field was higher
than 300 Td, the mean electron energy was too high to ionise the oxygen molecules and the
production of atomic oxygen increased dramatically to accelerate the ozone dissociation. As
a result, the concentration of oxygen atoms was an important factor in ozone generation. The
optimum range of the concentration of oxygen atoms was 10 to 10*. If the atomic oxygen
concentration was higher than 10, the reaction rate of atomic oxygen and ozone molecules
would increase. Based on the literature review, the 8.4 eV electron energy can dissociate
oxygen molecules to O(3P) and O(1D) with energy branching of over 60% once the reduced
electric field was greater than 100 Td. The critical problem was that the excited oxygen atom
would react with another oxygen molecule to transfer the energy into heat or react with an
ozone molecule to dissociate ozone back to the oxygen molecule. This part of the energy was
wasted. Meanwhile, 6 eV electron energy can dissociate oxygen molecules to 20(3P) with
maximum energy branching of only 30%. Most of the electrons reacted with oxygen
molecules to cause the vibration of oxygen molecules or to produce excited oxygen molecules.
Excited oxygen molecules mainly collide with other oxygen molecules and produce heat.
Overall, whether the wasted energy could be reused was worth investigating. If so, the ozone

efficiency could increase significantly.

Apart from the energy losses in the filament, the temperature and humidity effects can affect
the ozone generation efficiency. The ozone dissociation rate was proportional to the
temperature. When increasing the temperature, the ozone dissociation rate increased
dramatically. The cooling water (15 <C) was used for a large ozone generator to maintain the
gas temperature in the test cell. Moreover, the water vapour in the feed gas affected the ozone
generation by producing OH and HO; to react with ozone. The dew point of the feed gas was
usually below —40C.

The research was based on ozone generation using dielectric barrier discharge which was
found as a filamentary discharge. It was found that the single discharge time was 10 ns with
milliamps current amplitude, accompanied by a voltage drop across the test cell. It was also
found that the transferred charge of a quarter-cycle discharge on the barrier surface distributes
to two parts. Part of the charge forms a reversed electric field with opposite polarity charges.

The other part of the charges induces charges with the opposite polarity from the ground
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electrode. The charge transfer analysis of a full cycle was investigated by measuring the
Lissajous figure. The charge accumulation value at the critical points was calculated. The
analysis of the single filament focused on the equivalent circuit, which separated the discharge
gap capacitance and the discharge barrier capacitance from the total gap capacitance and total
barrier capacitance. This indicates that the filament current was formed by the charges
increasing the voltage across the discharge barrier capacitance Cq " and the charges causing
the voltage drop across the discharge gap Cy". The charges increasing the voltage across Cq~
were the charge transfer from the stray capacitance and the rest of the total capacitance of the
test cell C;. Overall, the expression of the filament current was shown in (3.22). The
distribution of the current was investigated and found to conform to a normal distribution with
the standard deviation. Finally, the transient state dielectric barrier discharge process was
analysed. From the result, it can be seen that the dielectric barrier discharge can be balanced
quickly in the first few cycles. The discharge waveforms in the first cycle show that the current
amplitude was much higher than was that in the steady state. Without the accumulated charges
on the barrier surface, the filament developed sufficiently. From the second cycle onwards,
the discharge was more harmonious and the establishment of the discharge was made. The

current distribution of the planar electrode configuration DBDs was worth investigating.

A sealed planar-plate configuration test cell was used for the investigation of the relationship
between the filament current and ozone efficiency. The current distribution was determined
by changing the applied voltage, the gas pressure and the barrier thickness. It was found that,
when increasing the applied voltage, the average peak external current did not change
significantly. The increment of the gas pressure leads the current amplitude distribution to
become narrower. With an increase in the barrier thickness, the current amplitude distribution
became more concentrated and the average discharge current decreased from 25 mA to 10 mA
by increasing the pressure from 1.0 bar to 1.6 bar. After the investigation of the current
distribution, the ozone efficiency under different conditions was investigated as well. When
increasing the applied voltage, the ozone efficiency decreased because the higher
concentration of ozone produced was dissociated by the atomic oxygen. When increasing the
pressure, the ozone efficiency increased because the filament development was more uniform.
For the same charge transfer, the number of discharges increased, leading to a more uniform
distribution of atomic O. When increasing the barrier thickness, more of the accumulated
charges will contribute to the establishment of the reversed electric field to extinguish the
filament more easily. Ozone efficiency versus the reduced electric field figures were

developed, as shown in Figure 4.26. The ozone efficiency can reach ~207 g/kwWh at ~123 Td.
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The ozone efficiency then reduces gradually when the reduced electric field is increased from
140 Td to 210 Td. With the continuing increase of the reduced electric field, the ozone
efficiency fell rapidly to ~109 g/kWh at ~277 Td.

It was found that, with low external current magnitude, the filament could easily be
extinguished. The power supply will charge the test cell to recover the electric field across the
gap, but the local electric field across the previous gap channel is less than the average electric
field. The next filament will then form at a different position on the electrode surface. When
the filament was easily extinguished, the electron distribution in the gas-gap tended to be more
uniform, increasing the ozone efficiency. The electrons are produced in the filament channel
and only react with the oxygen molecules in the channel. With a higher energy filament, the
discharge number reduces if the charge transfer remains the same. Most of the oxygen
molecules in the gap cannot react with the electrons, and the increasing amount of electrons

can also react with ozone, reducing the efficiency of the ozone production.

To produce a uniform filamentary discharge, the planar electrodes were replaced by meshed
electrodes. The discharge occurred in the gap between the barrier and the wires. When
increasing the applied voltage, the discharge area expanded. With the increase in the applied
voltage, the average peak current increased from 3 mA to 21 mA. The equivalent gap length
increased from 0.28 mm to 0.42 mm and the breakdown voltage increased from 1105 V to
2061 V. This was accompanied by a decrease in the ozone efficiency from 303 g/kwWh to
214 g/kWh. It can be seen that the increase in the discharge current led to a decrease in the
ozone efficiency. When increasing the applied voltage, the average peak current increased
continuously from ~3 mA at 4.5 kV, to ~12 mA at 6.5 kV,. The current amplitude distribution
is narrower for the lower applied voltage. When increasing the pressure, the average peak total
current decreased dramatically from ~12 mA at 1.0 bar absolute to ~5 mA at 1.2 bar absolute.
With the continuous increase in the pressure, the average current decreased to ~3 mA. A more
uniform discharge with a lower amplitude of the external current can increase the ozone
efficiency. By decreasing the aperture size, the discharge current amplitude at the same applied
voltage and gas pressure decreases. For the same reduced electric field, the ozone efficiency
increases when reducing the aperture size. All the results indicate that a smaller amplitude of
pulsed filament current and a narrower distribution of the pulsed filament current can increase
the ozone efficiency. A comparison was made between the meshed electrode DBD and the
planar electrode DBD. At the same reduced electric field, the ozone efficiency using the
meshed electrode was 100 g/kWh higher than when using the planar electrode. To investigate

the differences in current amplitude distribution using different configurations, the same gap
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length as with the planar electrode was used. The result shows that increasing the applied
voltage from 4.5 kV, to 6.5 kV, does not change the average peak current of planar plate
dramatically, from 8 mA to 10 mA, while the average peak current of the meshed plate
increased from 2 mA to 22 mA.

When using meshed electrodes, the discharge was relatively independent. The diffusion area
of the single filament was quite limited due to the uneven gap length. With a nanosecond
discharge, there is diffuse discharge using planar electrode. By changing the electrode
configuration, the ozone efficiency increased dramatically. Comparing the results of the two
electrode configurations, the highest ozone efficiency was achieved by increasing the gas
pressure. The increase in the gas pressure decreases the mean free path of the electrons and
the faster extinguishing of the filament. In this case, for the same charge transfer, there is
increased number of filaments developed in the discharge gap leading to a more uniform

electron distribution. The ozone dissociation due to electron effect is limited.

To get better results of ozone efficiency, the temperature effect and the reactions which can
dissociate ozone production need to be limited. By reducing the temperature to below — 80 °C,
the effect of humidity was removed. Another advantage was that the rate coefficient of ozone
formation increased while the dissociation rate decreased. The total ozone reaction efficiency
can increase. The test cell was located in a dewar flask that was filled with liquid oxygen.
Once the discharge occurred, the heat produced in the test cell transferred to the liquid oxygen
to vaporise it to the gas phase. Ozone generation with air input at different temperatures using
50 Hz was tested. With regard to the air input, ozone generation at 25°C was 80 g/kWh. Ozone
generation increased to 130 g/kWh at -80 °C. The continuous decrease in the temperature to -
120 °C caused the maximum ozone efficiency to increase to 145 g/kWh, which was 1.6 times
greater than was the ozone efficiency at room temperature. With regard to the oxygen input,
the maximum ozone efficiency was 460 g/kWh at -136 °C. With decreasing in the temperature,
the ozone efficiency increased from 280 g/kWh to more than 400 g/kWh on average. The
ozone efficiency at -183 °C was also measured. Because of the production of liquid ozone, the
strong surface tension resulted in a high probability for liquid ozone to attach to the surface of
the glass tube or to the metal electrode. The formation of liquid ozone decreased the discharge
area. When using 5 kHz power supply at -183 °C, all of the ozone produced was in the liquid
phase. The ozone output in the gas phase during the discharge was zero. When removing the
test cell from the dewar flask after the discharge, it could be seen that the violet-coloured

liquid was vaporising. As a result, the ozone concentration was calculated in real time. The
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maximum ozone generation efficiency achieved was 396.6 g/kWh which is equal to the 9 eV

ozone molecule.

7.2 Highlights of the results

Throughout this thesis, the research focused on ozone generation using the AC dielectric

barrier discharge. The important findings are listed as follows:

1. The charge transfer of a single filament was composed of the charges leading to the
voltage drop across the discharge gap capacitance and the charges produced to
increase the voltage across the discharge barrier capacitance.

2. The external current was due to the voltage drop across the stray capacitance. The
distribution of the external current can reflect the distribution of the filament current.

3. An optimised meshed electrode was used to replace the planar electrode. The lower
amplitude of the external current and a narrower current amplitude distribution can
lead to higher ozone efficiency of 330 g/kWh.

4. Ozone generation at cryogenic temperatures was investigated. The highest measured
ozone efficiency was 460 g/kWh, which was three times higher than commercial
ozone efficiency with the liquid ozone produced. Furthermore, there was no longer a
need to use the cooling system. The liquid oxygen can take away the heat in the test

cell and the vaporised oxygen can be reused as the gas input.

7.3 Future work

There are two major areas in which the author would like to conduct further research. The first
is the mechanism of the ozone generation process. The second would be an attempt to

commercialise 0zone generation technology at cryogenic temperatures.

With regard to the investigation of the mechanisms involved in filamentary discharge, the
external current distributions under different parameters have been performed. In the research,
aregular external current trend was shown in Figure 7.1. It captured the peak current of 20,000
single discharges with air input. The peak current shows quite an interesting distribution. It
would appear that every charge that accumulated on the barrier surface was moving and trying
to establish a new balance after a certain period. The phenomenon only occurs when using an

open test cell. A more detailed analysis needs to be performed in future work.
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Figure 7.1 The trend of the peak current value using DBD in air.

Secondly, the species produced in the discharge channel with the oxygen feed are crucial for
the analysis of the kinetics of ozone generation. The most reliable result was based on the
simulation of the 76 main reactions. In this research, the spectra of oxygen during the
discharge were measured using the cylindrical test cell. The results at different applied
voltages are shown in Appendix F. It would appear that the only line spectra detected was
777 nm. The rest of the spectra were between 300 nm and 400 nm. As the spectra bands of the
second positive and first negative systems of the nitrogen molecule were quite close to the line
spectra of atomic oxygen, it was difficult to identify the species in the discharge. Whether
these are the wavelengths of nitrogen molecules or the wavelengths of atomic oxygen needs

to be investigated in detail.

Finally, ozone generation at cryogenic temperatures needs further investigation. The ozone
concentration and ozone efficiency results were satisfied in a short operation time. Conditions
were unsafe if the liquid ozone in the container was more than 1 mL. A method to collect the

liquid ozone is a crucial aspect for future investigation.
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A. The calculation of Lissajous figure

$*Read excel

B = xlsread('H:\LOxExperiment\Mesh\Transient LOx Voltage
Data.xlsx', 'Sheetl', 'B2:C100001");

T = xlsread('H:\LOxExperiment\Mesh\Transient LOx Voltage
Data.xlsx', 'Sheetl', '"A2:A100001");

A = zeros (8,100);

A con = zeros (8,100);
X = zeros (1000,100);

Y = zeros (1000,100);

T 1 = zeros (1000, 100);
Q 1 = ones (1000, 2)*(-2000);
Q 2 = ones (1000, 2)*2000;
P1=[01,02];
P2="P1;

7z = zeros (100, 12);

C = zeros (1000,1);

D = zeros (1000,1);

E = zeros (1000,1);

F = zeros (1000,1);

G = zeros (1000,1);

H = zeros (1000,1);

I = zeros (1000,1);

J = zeros (1000,1);

K = zeros (1000,1);

L = zeros (1000,1);

Z 1 = zeros (100,8);

k = 100000/100;

for 1 = 1:1:100

for 3 = 1:1:1000

1 =%k * (i-1);

X (j,1) =B (J+1, 1);
Y (j,1) =B (J+1, 2);
T (3,1) =T (3+1, 1);
end

end

for 1 = 1:1:100

C =X (:,1);

D=Y (:,1);

[ymax, index] = max (D);
xmax = C(index):;
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Z (i,1) = xmax;

Z (i,2) = ymax;

[ymin, index] = min (D) ;
xmin = C(index) ;

Z (i,3) = xmin;

(:,1)7

[ymax, index] = max (D);

xmax = C(index);

Z 1 (i,1) = xmax;

Z 1 (i,2) = ymax;

if index + 100 <=1000

Z 1 (i,3) = C (index + 100);

Z 1 (i,4) = D (index + 100);
else

Z 1 (i,3) = C (index - 900);
Z 1 (i,4) = D (index - 900);
end

[ymin, index] = min (D)

xmin = C(index);

Z 1 (i,5) = xmin;

z 1 (i,6) = ymin;
if index + 100 <=1000
Z 1 (i,7) = C (index + 100);

Z 1 (i,8) = D (index + 100);

else

Z 1 (i,7) = C (index - 900);

Z 1 (i,8) = D (index - 900);

end

end

for 1 = 1:1:100

alpha = 0;

for 3 = 1:1:999

if Y (3,1) * Y (j+1,1i) <= 0 && alpha <=2
alpha = alpha +2;

A (1,1) =Y (3,1);

A (2,1) =Y (3+1,1);

A (3,1) = min (abs(Y(J,1)),abs(Y(3+1,1)));
if A (3,1i) == abs(A (1,1))

A con (alpha,i) = A (1,1);

A con (alpha-1,1i) = X (j,1);

end

if A (3,1) == abs (A (2,1))

A con (alpha,i)
A con (alpha-1,1
end
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end

end

if A con (1,i) < A con (3,1)
Z (i,5) = A con (1,1);

Z (1,6) = A con (2,1),

Z (i,7) = A con (3,1);

Z (i,8) = A con (4,1);

end

if A con (1,i) > A con (3,1)
z (1,7) = A con (1,1);

Z (1,8) = A con (2,1),

Z (i,5) = A con (3,1);

Z (i,6) = A con (4,1);

end

end

for 1 = 1:1:100

alpha = 4;

for j = 1:1:999

if X (3,1) * X (3j+1,i) <= 0 && alpha <=6
alpha = alpha +2;

A (4,1) =X (3,1);

A (5,i) =X (j+1,1);

A (6,1) = min (abs(X(j,1)),abs(X(j+1,1)));
if A (6,1) == abs(A (4,1))

A con (alpha-1,i) = A (4,1);
A con (alpha,i) =Y (j,1);
end

if A (6,1) == abs (A (5,1))
A con (alpha-1,1i) = A (5,1);
A con (alpha,i) =Y (J+1,1);
end

end

end

if A con (6,1i) < A con (8,1)
Z (i,9) = A con (5,1);

Z (i,10) = A con (6,1);

Z (i,11) = A con (7,1);

Z (i,12) = A con (8,1);

end

if A con (6,i) > A con (8,1)
Z (i,11) = A con (5,1);

Z (1,12) = A con (6,1);

Z (1,9) = A con (7,1);

Z (i,10) = A con (8,1);

end

end
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B. The current and voltage waveforms under APGD with helium input.

B.1 With helium gas directly from cylinder.
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Figure B.1 The current and voltage waveforms once the discharge ignited with helium.
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Figure B.2 The current and voltage waveforms at 1 kV, with helium.
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Figure B.3 The spectra of atomic helium at 1 kV, power supply.
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Figure B.4 The current and voltage waveforms at 1.5 kV,, with helium.
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Figure B.5 The spectra of atomic helium at 1.5 kV, power supply.

B.2 With dried helium gas.
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Figure B.6 The current and voltage waveforms at 1 kV,, with dried helium gas.
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Figure B.7 The current and voltage waveforms at 2 kV, with dried helium gas.
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Figure B.8 The current and voltage waveforms at 3 kV, with dried helium gas.
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C. The sampled quarter cycle waveform of voltage and current at different pressure.
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Figure C.1 The example quarter cycle waveform of voltage and current at (a) 1 bar
and (b) 1.6 bar. The dielectric barrier is 0.2 mm thick, and the gap length is 0.3 mm
with 3 kVpeak supply voltage.
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D. The Ozone Concentration and Lissajous Figure under Different Temperature with

Air Input.
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Figure D.1 The ozone concentration at -100 C with air input.
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Figure D.2 The Lissajous figure at -100 C with air input.
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Figure D.3 The ozone concentration at -110 C with air input.
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Figure D.4 The Lissajous figure at -110 C with air input.

188

10000



Chapter 9 Appendix

400 T T T T T T T T T T T T

300 -

200 -

Ozone Concentration (ppm)

100 |

0 : ! . ! . ! . ! . " :
0 20 40 60 80 100 120 140

Time (s)

Figure D.5 The ozone concentration at -120 C with air input.
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Figure D.6 The Lissajous figure at -120 C with air input.
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E. The Ozone Concentration and Lissajous Figure under Different Temperature with

Oxygen Input.
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Figure E.1 The ozone concentration at -110 C with oxygen input.
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Figure E.2 The Lissajous figure at -110 C with oxygen input.
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Figure E.3 The ozone concentration at -124 ‘C with oxygen input.
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Figure E.4 The Lissajous figure at -124 C with oxygen input.
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Figure E.5 The ozone concentration at -130 C with oxygen input.
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Figure E.6 The Lissajous figure at -130 C with oxygen input.
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Figure E.7 The ozone concentration at -136 C with oxygen input.
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Figure E.8 The Lissajous figure at -136 C with oxygen input.
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The spectra of atomic oxygen under different applied voltage.
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Figure F.1 The spectra of the discharge gas at 5 kV,.
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Figure F.2 The spectra of the discharge gas at 5.5 kV,.
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Figure F.3 The spectra of the discharge gas at 6 kV,.
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Figure F.4 The spectra of the discharge gas at 6.5 kV,.
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