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Abstract

Abstract

The Dielectric Barrier Discharge (DBD) is used to generate atmospheric or
higher-pressure non-thermal plasmas and has found various commercial applica-
tions such as in industrial large-scale ozone generation. Ozone (O3) is a powerful
chemical reactant that is used to kill bacteria, to deodorize and to perform water
purification. The effectiveness of the DBD reactors depends on the electrode ar-
rangements, gap lengths, dielectric materials, operating gases and feed gas quality
to name a few. However, the production of O3 is heat sensitive. In order to prevent
O3 destruction thermal cooling of the DBD is needed. The industry approach to
lower the temperature in the DBD ozone generators is by water convection. This is
accomplished by having water in contact with the ground electrode. The result of
lowering the temperature by convection increases Os yield. This research shows
the results of O3 production in a DBD with a novel double cooling electrode con-
figuration. We found a linear relationship between ozone production and the gas
flow rate as the latter increases, the ozone yield decreases. We observed when
cooling the inner electrode (high voltage) and the outer electrode (ground) at the
same time an increase of 7 % in the ozone yield. This research shows a linear
dependency between ozone production and temperature but also manifests a more

complex relation between temperature and voltage.
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Introduction

The ancient Greeks defined plasma as a ‘moldable substance.” However, modern physics
and chemistry defines it as the fourth state of matter. In the beginning of the twentieth
century Nobel Prize winner Dr. Irving Langmuir while working on vacuum tubes was
the first one to coin the term ‘plasma’ to describe ionized gases [1].

Matter is classified in fourth different states: ice, water, gas and plasma. Each state
could be defined by the behavior of its particles in such a way as compressible or not
compressible. In other words the ability to move or flow. Using a more comprehensive
definition the different states can by classified by the energetic levels of the particles
in a system as shown in Figure 1. Where, solids and liquids posses energies between
0.01 and 0.75 electro-volts (eV'), gases posses energies between 0.01 and 3.00 eV and

plasma posses energies between 0.01 and 10.05 eV.

| PLASMA
|  GAsEs |
| Lauips |
| soLps |
L L lasnl 1 o1l | ol el
0.0 0.1 1 10

Particle Energy(eV).

Figure 1. States of matter vs particle energies (eV'). Adapted from “Cold Plasma Material in
Fabrication: From Fundamentals to Applications” (page 3) by A. Grill, New York: IEEE (1994).

A more valuable definition of plasma is defined as follows: plasma is a quasi-neutral
gas of charged positive and negative ions, electrons and neutral particles that possesses
a collective behavior, delineated by the Kinetic Theory of Gases [2].

A specific application of cold plasma is ozone generation using a Dielectric Bar-

rier Discharge (DBD) reactor. Ozone or trioxygen O3 is an inorganic molecule with



symmetric bond angles of 117° and lengths of 0.128 nm [3]. Because of its chemical
composition Oy is a powerful oxidizer therefore, ozone is used as a germicide. The 14"
International Symposium on High Pressure Low Temperature Plasma Chemistry enu-
merated some ozone applications such as sterilization, pest control and laser circulation
system [4-6]. However, one of the most important uses of ozone is the treatment of
water, waste water, reuse and industrial water application. In the Unites States, munici-
pal waste water treatment plants (WWTPs) have been using ozone since the mid 1970s.
Currently there are 15,000 publicly owned WWTPs and about 2,700 industrial WWTPs
in the United States. However, worldwide the uses of ozone as a waste treatment is lim-
ited, but there is a renewed enthusiasm in the ozone treatments and ozone potential such
as disinfection of secondary effluent, sludge conditioning, odor control, pre-oxidation
of primary effluent [7]. In 1987, the term “advanced oxidation” was introduced [8], the
author discusses oxidation and the uses of ozone in the treatment of water sources. The
outcome of ozone on Cryptosporidium was first studied in 1991 at the Colorado River
water treatment facility. The most favorable disinfection of affluent of water with ozone
under different conditions was reported by 1979. Furthermore, the industrial applica-
tion of ozone in the last 30 years are: control of pollution, recycling marine aquaria,
electroplating wastes, electronic chip manufacture, textiles and petroleum refineries. In
2001 the US FDA approved ozone as a safe agent in the treatment of malevolent mi-
croorganisms. Research is ongoing on its agricultural food applications. The research
of ozone application is comprehensive in areas such as cooling tower water treatment,
odor control and removal, microelectronics industry, silver recovery, medical and dental
applications [9].

The Dielectric Barrier Discharge configuration is used in industrial and commercial
ozone generators or reactors. However, the efficiency of the DBD reactors depends on
many factors such as electrode arrangements, gap lengths, dielectric materials, operat-
ing gases and feed gas quality. However, one of the most important factors in the ozone
production is the cooling of the DBD because ozone destruction reactions increase with

temperature. The most common approach to cool a DBD reactor is with water flowing



in contact with the electrodes. The removal of heat from the reactor depends on input
power, cooling water flow conditions, electrode geometry, reactor geometry and ap-
plied power density. The result of lowering the temperature on the reactor is the direct
increase in ozone production. We create a novel reactor with a double cooling feature
in order to maximize ozone capability and output.

This thesis will be organized as follows:
In Chapter 1 we will describe general introductory theory of non-thermal plasmas.
In Chapter 2 we will describe the properties of Dielectric Barrier Discharge. In order to
do so we will define the basics of the theory as well as the history behind the subject.
In Chapter 3 we will conduct a literature review to find out studies concerning ozone
generator configuration such as electrode arrangements, gap lengths, operating gases
and electrical discharges as well as cooling system to obtain similarities and differences
with the novel double cooling system.
In Chapter 4 we will discuss the experimental setup, the approach and equipment used
to run the trials. A full description of the novel double cooling system will be analyzed.
In Chapter 5 we will discuss the results and present a full analysis of the output of ozone
production, voltage and current will be given for the reactor configuration.

Finally, the last Chapter is a synopsis of the conclusions of the paper.



1 Plasma Theory

The kinetic theory of gases assumes that the particles of the uncharged gas are rigid
spheres or radius r with density n then, we define the cross section o, mean free path v

and the collision frequency v as follows

o =7, (1.0.1)
1
N = , (1.0.2)
g *xn
v="2 (1.0.3)
ot

: (1.0.4)

follow that

v = (%) (1.0.5)

where 7' is the temperature of the system, M is the mass of the molecule and £ is the
Boltzman constant [10]. However, in plasma we need to account for the movement
of charge particles through the medium and the concentration of positive and negative
electric charges in the medium. The accumulation and movement of charge particles in
plasma is responsible for the creation of Columbus forces and electromagnetic fields.
The concentration of charges in a plasma are restricted to a small volume of range \p

called Debye length. This length is defined by the following equation

1
Ap = (GokTe) , (1.0.6)

nee?

where, €y, T¢, n. and e are the permittivity of free space, the electron temperature, den-



sity of electrons and the electron charge. The last equation shows the following relation,
Ap decreases with the increases of the density of electrons. Furthermore, if we define
a sphere of radius Ap, we obtain a Debye sphere called Np. Mathematically, Np, is
defined as follows

3
4dr \ 1.718 x 109T2eV

3 N@E

The last two parameters will define two conditions when an ionized gas becomes a

plasma therefore

Ap < L, (1.0.8)
Np > 1, (1.0.9)
wT > 1, (1.0.10)

where L is the dimension of the system [11]. However, another condition is needed in
order to have a plasma which is associated with the frequency of collision in the plasma

and is given by

wT > 1, (1.0.11T)

where 7 is the mean time between collision of ions and neutral species.

Starting with the concept of thermodynamic equilibrium, we use the temperature of
the species in the plasma to classify them. Taken in consideration several temperatures
at the same time such as: 7; the temperature of the ions, 7, the temperature of the
electrons, T, the temperature of the gas related to translational energy of gas, 7¢, the
temperature of the exited particles, 7}; the temperature related to dissociation, 7;,, the
temperature related to ionization, and 7. the temperature of the radiation [12]. If all the

temperatures mentioned above are equal, then we achieved complete thermodynamic



equilibrium or CTE-plasmas. This kind of plasma exists only in the stars or supernova
explosions. If all the temperatures mentioned above are equal, except for the thermal
radiation 7;. then we have plasma in local thermodynamic equilibrium or LTE-plasmas.
Currently, LTE plasma with heavy energetic particles are used in fusion energy research.
If the LTE-plasmas are at standard atmospheric pressure then they are described in
the literature as thermal plasmas. As an example of these kinds, we have electric ark
discharges and plasma jets.

If the thermodynamic equilibrium is broken then we have non-local thermal equi-
librium plasmas or non-LTE. In these kinds of plasma the temperature of electrons is

much higher than the ions, then we have the following relation

Te>T > Ty > T, (1.0.12)

The electron temperature can be as high as 10x° Kelvin degrees (K) or 10 eV,
while 7}, could be as low as room temperature. Non-LTE plasma or cold plasma are at
the center of much research because of its application in medicine, power generation,

food industry, etc.

1.1 Ionization Process

Gas is transformed into plasma by the process of ionization. This occurs when neu-
tral atoms or molecules become ions. The most important species in this process are
positive ions and electrons. Excited electrons provide energy for the plasma. The rate
of this process depends on the electron energy distribution function f(¢). The energy
function shows the probability of an electron to have energy e. Distribution function
is strongly dependent on electric field and gas characteristics [13]. However, the elec-
trons temperature play an important role on the distribution and a quasi-equilibrium is

defined by the Maxwell-Boltzmann distribution function as follows

f(e) = 2v/e/m(kto)3e </ ) (1.1.1)



where k is the Boltzmann constant. Electron attachment to atoms or molecules gives
rise to negatives ions of a charge of —e = 1.6 x 107'9C the energy released during this
process is defined as the electron affinity. If the atom or molecule losses an electron then
we have rise to a positive ion of charge +e. In both cases the energy distribution func-
tion is described by the Maxwell-Boltzmann distribution function. Ionization energy
(1) is the energy needed to form a positive ion. Ionization is defined as an elementary
process. Therefore, ionization of species by electron impact, electron attachment or ion
molecules reactions are examples of chemical reactions occurring in plasma. But also
there are other reactions such as electron-ion, ion-ion recombination, excitation and dis-
sociation of neutral species by electron impact, relaxation of excited species, electron
detachment and destruction of negative ions and photo-chemical processes. The global
behavior of these chemical reactions describe the plasma characteristics. In these pro-
cesses, only the inelastic collision transfer energy between the species. As specified by
the Kinetic Theory of Gases five parameters are needed to describes elementary pro-
cess, these parameters are: the cross-section, probability, mean free path, interaction
frequency reaction rate, and reaction rate coefficient. The cross section equation 1.0.1
can be idealized as an imaginary circle with area m moving in conjunction with one of
the species. The probability can be defined as the ratio of the inelastic collision cross
section to corresponding cross-section of elastic collision under the same condition.The
mean free path equation 1.0.2 can be interpreted as the distance that one specie travels
before hitting another specie. The interaction frequency of one collision partner A with

partner B is given by the following equation

vy = Ngov. (1.1.2)

The reaction rate can be interpreted as the number of elementary processes that can
occur in unit volume per unit time. It can be used for any type of monomolecular,

bimolecular, and three-body reactions. The bimolecular reaction rate is given by

katpy = /f(v)a(v)vdv = (ov). (1.1.3)



However, the ionization rate coefficient by direct electron impact can be given by

81, -1
ki(T.) = 7Tmaoe:vp?. (1.1.4)

The direct ionization rate can be expressed as a function of the reduced electric
field £ /no which is the ratio of electric field and concentration of the species. Another
important ionization process is described as the Penning Ionization in which the energy
of a metastable* atom A* excited by an electron impact, exceeds the energy of an atom

B therefore their collision initiates the ionization process.

1.2 DC Discharge

A DC discharge is the simplest breakdown method to obtain plasma. A DC' glow dis-
charge is produced by applying a direct current voltage between two electrodes inserted
in a gas at low pressure. As the voltage is increased, the free electrons are accelerated
in the electric field gaining kinetic energy. As the electrons move from the cathode to
the anode they create an avalanche of electrons that ionized the gas. The avalanche is
characterized by the Townsend Coefficient « rather than the ionization rate coefficient
[13()]. The Townsend Coefficient is defined as the electron production per unit length
along the electric field. Breakdowns occur at room temperature and are inversely pro-
portional to pressure. However, there is a secondary emission Townsend Coefficient
named v which shows the probability of a secondary release of electrons from the cath-
ode by ion impact. This secondary Townsend parameter depends on electrode material,
surfaces gas composition as well as the reduced electric field. The total current in the
cathode is given by the initial electrons plus the secondary electrons emission. Further-

more, the total current in the gap is given by

ipexp(ad)

' T feaplad) — 1]

(1.2.1)

fMetastable state: A particular excited state of an atom, nucleus, or ion that has a longer lifetime than
the ordinary excited states and that generally has a shorter lifetime than the lowest, often stable, energy
state, called the ground state.



where % is the initial current. In order for a breakdown to occur the denominator in
the last equation needs to go to zero. This occurs when the Townsend Coefficient «
grows large enough. The process of ignition and self sustained current in the gap which
is controlled by secondary emission is referred to as the Townsend Discharge Mecha-
nism. The relationship between the breakdown voltage and the reduced electric field is
established by the discharge gas pressure and tube dimension. However, the dependence

of the breakdown voltage on gas pressure and distance can be expressed as

. C1(pd)
b

= i (1.2.2)

where ('] and C5 are constants that depend on the gas characteristics, p is pressure and
d is the distance in the gap [14]. The last equation expresses the relationship between

voltage and (pd), which is refereed as the Paschen Law or curve as seen in Figure 2.

Paschen Curve

—\,A/ V, pd Miinimum

Breakdown Voltage V

pd (Torr-cm)

Figure 2. Paschen curve. Adapted from https://www.eeeguide.com.

The minimum point on the curve corresponds to the minimum voltage required to
start the breakdown. This voltage is around 300 V' corresponding to an electrified of
300 V/em Torr and 0.7 cm Torr for the pd. The right side of the curve shows the

case when the electron avalanche has sufficient distance and gas pressure to create in-

9



tensive ionization even at moderate electric fields. This occurs as the pressure becomes
greater than 1 T'orr for a gap of about 1 cm. The left side of the curve shows the
case when ionization is limited by the avalanche size and gas pressure. In this case the
breakdown occurs with higher electric fields. If the distance and pressure are small, the
secondary electrons emitted from the cathode will not create sufficient amount of ions
needed for the regeneration of secondary electrons. If the pressure is too high, then not
enough energetic electrons are available to produce ions. If the distance is too large
then not enough ions will reach the cathode to generate secondary emissions. Finally,
we observed that the smallest the pd number the highest the voltage needed to start the
breakdown.

The Townsend mechanism of breakdown occurs when pd < 4000 T'orr at atmo-
spheric pressure and d < than 5 ¢m. If the distance in the gap is big then the avalanche
is not independent and they perturb the electric field leading to a spark mechanism of
breakdown. Taking into consideration the electron attachment processes, we define a

new Townsend Coefficient 3 as follows

1 ka(E/no)
pe (E/no)

where k, is the rate of attachment coefficient. The three coefficients together describes

p= (1.2.3)

the Townsend mechanism discharge.

The sparks mechanism occurs when the distance in the gap is large and the pressure
is high. This mechanism supplies breakdown in a local narrow channel at very high
currents in the order of 10* — 10> Amp. and is related to electron avalanches. These
narrow channels grow along the positive trail left by the primary electron avalanche.
They also generate photons that initiate secondary avalanches after the initial one. In
turn electrons from the secondary avalanche follow the strong electric field generated
by the positively charged row of the primary avalanche. In this process, streamers that
can propagate fast between anode and cathode are created. The external electric field is
amplified by a strong primary electron avalanche that creates an ionized channel where

the streamers grow. The avalanche change to streamer occurs when the internal elec-

10



tric field is comparable to the external electric field. However, if the discharge gap is
small, the transformation occurs when the avalanche arrives at the anode. This streamer
is called a positive streamer and grows from anode to cathode. The formation of this
streamer is due to high-energy photons released from the primary avalanche providing
photo-ionization that is initiating secondary avalanches. Then, electrons from the sec-
ond avalanche are induced to the ionized trail of the first one and in the process create a
quasi-neutral plasma. After repetitions of this process, streamers grow. Streamers grow
with a velocity near of 10® cm/s. If the discharge distance is larger than the streamer,
it can grow to either electrode. This kind of streamer is called negative streamer. The
growth in the direction of cathode is similar to the positive streamer. However, in the

anode direction the second avalanche can be initiated by electrons as well.

1.3 Air Plasma Reactions

Ionization of ground state species that are denser that other species requires a minimum
energy of 10 eV. The tail of the energy distribution of electrons is capable of this ion-
ization process due to its high energy. Taking into consideration the ionization cross
section of the ground and the ionization cross section of meta-stable state, the latter re-
quires less energy since the number of electrons with lower energy is much higher than
electrons with high energy. Chemically, reactive free radicals are formed by electron
impact dissociation. This process is the predecessor of chemical reactions. Random
collisions between heavy particles is calculated by the coefficient rate. The probability
of this rate is calculated by the velocity of the colliding species [15]. The coefficient
rate depends on temperature of the heavy particles and is described by the Arrhenius

Law as follows

k(T) = AT exp(E, /kT), (13.1)

where A is a scaling parameter F, is the chemical reaction activation energy and n is a

parameter describing the growth of the reaction versus temperature. The time span of

11



electron ionization and excitation is on the order of picoseconds and the electron energy
distribution function reaches equilibrium in picoseconds as well. However, electron
dissociative ionization and dissociation processes take nanoseconds to microseconds.
At normal condition of atmospheric pressure, the duration of the chemical reactions
involving ground state species is on the order of milliseconds to seconds and the free
radical occurs in the order of seconds to milliseconds. The degree of ionization of air

plasma is defined as follows

a =ne./(ne + ng), (1.3.2)

where 7. is the density of electrons and n is the density of neutrals species, which is
on the order of 107%; this shows a weak ionization but the degree of disassociation is
higher. At standard atmospheric conditions plasma chemical reactions are produced by
reactions involving neutral species and ionic species.

Chemical reactions in air plasma are initiated by the ionization process on the main

air plasma species O, and Ny

e”+0;,—= 05 +e, (1.3.3)

e +0;,504+0+e, (1.3.4)
e”+0;, 0" +0+e, (1.3.5)
e~ + 0y — OFf +2¢, (1.3.6)
e~ + 0y — OF* +2¢, (1.3.7)
e+ 0y — 0" +0+ 2, (1.3.8)
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e +0y —= Ot 4+ 0" +2e, (1.3.9)

e+ 0y — O™ + O, (1.3.10)

e+ Os+ M — Oy + M, (1.3.11)

where * denotes an excited state and M is a third body collider. In the last set of equa-
tions, we can replace O with N and we will have the same reactions. However, in
equation 1.3.11 a third body is needed to account for energy and momentum conserva-
tion [16]. For the following reactions we need to take into consideration ground-state
neutrals, ions and excited species that are in a metastable state. Furthermore, account-
ing for the rotational and vibrational energy of the molecular species, different reaction
pathways and rates of chemical reactions are observed.

Neutral species are involved in the chemical reactions at standard condition of air
and pressure. In the following table, we have the low-lying and long lived metastable
states of O and O, which are important to the reaction of air plasma [17]. These are

related to the energy needed to form them.

Table 1. Low-lying metastable states Oy and O.

Species State Energy(cm™') Energy (eV)

Os alA, 7928.1 0.98
Os blZ;r 13195 1.64
O 1D, 15867.9 1.967
O 1So 33792.6 4.190

Dry Air Plasma chemical processes are initiated by electron disassociation of Ny
and O,, the latter requires less energy for the process. The dissociation of nitrogen and
oxygen molecules into reactive radicals is a fundamental complex step in the chemical

processes of air plasmas as shown in Figure 3 [18].
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Figure 3. Schematic diagram of the primary chemical reactions in an air plasma. Adapted
from “Rotational and vibrational temperature measurements in capillary plasma electrode” by
M. Figus, Master’s Thesis, Steven Institute of Technology, QC718.5.S6 F54 (2004).

In table 2, we present the ground state of two body reactions involving O atoms [19-

200].
Table 2. Ground-state, two-body reactions involving O atoms.
Reactions koos Temperature dependence ~ Temperature
(em® mol™'s™1)  k(T) (cm?® mol~1s™1) Range K
O+ 03 = Oy + Oy 8 x 10719 2.0 x 10~ exp(—2300/T)  200-400

O+ NO, — O, +NO  9x 10712 6.5 x 10~ 2exp(—120/T)  250-350

In table 3, we present the ground state of three body reactions involving O atoms.

Table 3. Ground-state three-body reactions.

Reactions k300 Temperature dependence ~ Temperature
(em? mol=1s71) k(T) (ecm? mol~'s™1) Range K

O+0+M— 0+ M 9.8 x 107 4.5 x 10~ *exp(630/T)[No]  200-400
O+0;+M—=0s+M  16x107" 6.0 x 10734(T/300)"2%[Oy]  100-300
O+0y+M—O3+M  1.5x107" 56 x 10734(T/300)28[Ny]  100-300
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The following table (4), presents the two body reactions involving electronically excited

species of O.

Table 4. Two-body reactions involving electronically excited species.

Reactions kaos
(cm?® mol™'s™1)
O(lD) + 03 — 20 + O, 1.2 x 10719

O(1D) + 05 = 20,3(3;)  1.2x 1071
OQ(lAg) 4+ 03 — 205+ O 3.8 x 1071
02(129_) + 03 — 205+ O 2.2 x 1071

The table 5 below presents two body reactions including O3 [21].

Table 5. Reactions including O3, mainly two-body reactions.

Reactions kso00(cm® mol~'s~1) Temperature dependence k(T')
01 05 = Oy(a"A) + 05 3% 10T 6.3 x 10 Zeap(—2300/T)
O+ O3 = O5(b'Y) + O, 1.5 x 1071 3.2 x 107 2exp(—2300/T)

Tables 2 through 5 shows a direct temperature dependence of the rate constant. In
the case of the three body reactions, the rate constant depends on temperature and gas
density per cm?, at atmospheric pressure. We also see the differences between two and
three body system reactions. Furthermore, reactions with the surface material should
be taken into consideration since the reaction probability, of a given chemical reac-
tion, depends on the characteristics of the surface material and temperature. Notice that
Ion-molecules kinetics affect the outcome of the chemical reactions. Ion-molecules
reactions are characterized by (F, ;) the average reactant rotational energy, (E"gural)
the average reactant vibrational energy and (FE},..,s) the average translational energy.
However, these energies are more influential in chemical reactions at much higher tem-

peratures that room temperature 300 K.
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2 Dielectric Barrier Discharge

21 DBD

Dielectric-Barrier Discharge was introduced in 1857 by Siemens in Germany [22]. This
paper proposed a novel electrical discharge that produced ozone. The Siemens configu-
ration was arranged as follows: no metallic electrodes were in contact with the discharge
plasma. Air or oxygen at atmospheric pressure was passing in the axial direction along a
limited annular space in a double-walled cylindrical glass vessel. Cylindrical electrodes
were located inside the inner tube and wrapped around the outer tube as seen in Figure
4. It used an alternating radial electric field with enough power to cause the electrical
breakdown of the gas inside the circular discharge gap. Due to the effect of the dis-
charge, part of the oxygen in the gas flow was converted to ozone. The glass walls have
a strong effect on the discharge properties. They are referred as the Dielectric-Barrier

Discharge (DBD).

Figure 4. Siemens’ historical ozone discharge tube. Reprinted from “Poggendorff ’s Ann. Phys.
Chem.” by W. Siemens (1857).

In 1860 Andrews and Tait, suggested the name “silent discharge.” At the beginning
of last century important contributions were made by Warburg and Becker in indus-
trial ozone DBD’s. K. Buss acquired photographical evidence of micro-discharges and
recorded current voltage using an oscilloscope. In 1943, Manley suggested a technique
to find the dissipated power using a relation voltage versus charge named in today’s
literature as Lissajous figures [23]. He derived the power formula for ozonizers. Impor-
tant contributions to understanding DBD’s were made by Klemenc in 1937; Suzuki and
Naito in 1952; Gobrecht et al in 1964 and Bagirov et al in 1972 [24-27]. In 1970 much
research focused on understanding DBD’s. Today, we use the term non-equilibrium dis-
charge to describe this phenomenon. The main edge of DBD’s is that non-equilibrium

plasmas can be made in a simple and effective process at standard conditions, 1 standard
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atmosphere, and 288.15 K. Because DBD’s are used globally, the ozone generation

market is expected to rise to 1.5 billion by 2023.

2.2 Electrode Configurations and Discharge Properties

Dielectric Barrier Discharge has different electrodes configurations, as shown in Figure
5. The main property being that one of the electrodes is insulated with a dielectric in
order to limit the discharge current between the electrodes. Today, the most common
configuration of the ozone reactor is the volume DBD with cylindrical structure. DBD’s
are AC' operated and the electrode separation ranges from 0.1 millimeter (mm) to few
centimeters (cm). Frequencies oscillate between 60 H Z to 300 M H z and voltages from
100 V' to several £V of course variation are observed for different gases. A pressure of
10° Pa. is the favored range for ozone reactors. At this pressure, large micro-discharges
are observed [28]. In the most high power driven DBD’s one of the electrodes is cooled

in order to absorb the excessive heat coming from the discharge.

Dielectric Barrier Discharge

High Voltage Electrode
[C———————J Dielectric Barrier
AC — Discharge
—

Ground Electrode

High Voltage
Electrode

Cooling Channel

Ground Electrode

Figure 5. Schematic of a Dielectric Barrier Discharge (covering volume discharges left and
right). Adapted from “Non-Equilibrium Air Plasmas at Atmospheric Pressure” (page 70) by
K.H. Becker, et al. London, United Kingdom. Published by Institute of Physics Publishing,
wholly owned by The Institute of Physics, London. Print, (2005).

To transfer current in the discharge gap the electric field has to be steep enough
to cause a breakdown in the gas. The dielectric side of the DBD’s limits the average
current density in the gas space. Typically, the dielectrics are constructed with glass
materials, ceramics or polymer layers. Current flow and power dissipation in DBD’s
occurs in short sustained micro-discharges that are recorded as average values.

When an AC voltage is applied to a DBD we have periods of discharge activity

followed by discharge pauses, as seen in Figure 6. If the DBD is operated at a high
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Figure 6. Schematic representation of micro-discharge activity. Adapted from “Non-
Equilibrium Air Plasmas at Atmospheric Pressure” (page 71) by K.H. Becker, et al. London,
United Kingdom. Published by Institute of Physics Publishing, wholly owned by The Institute
of Physics, London. Print, (2005).

frequency, then the charge inside the gap won’t recombine giving rise to some electri-
cal conductivity trough the period. The voltage-charge Lissajous figure for DBD’s is
similar to a parallelogram as shown in Figure 7. This geometrical figure is extensively
used in the ozone research literature on partial discharge [29-30]. The Lissajous paral-
lelogram can be obtained by measuring the current and the voltage. If the peak to peak

from the voltage is less than 2U,,;y, then a straight line is observed and there is no

discharge in the gap. Otherwise, the slope represents the total capacitance as follows

1
tan(a)

Ctotal = (22 1)

When we have discharge activity in the gap, the slope belongs to the capacity of the

dielectric barrier which is given by

(2.2.2)
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Figure 7. Lissajous Figure. Adapted from “Non-Equilibrium Air Plasmas at Atmospheric Pres-
sure” (page 71) by K.H. Becker, et al. London, United Kingdom. Published by Institute of
Physics Publishing, wholly owned by The Institute of Physics, London. Print, (2005).

The DBD electrical behavior can be represented by a simple circuit, where the dis-
charges can be regarded as a two Zener diodes limiting the discharge voltage to + Up;g.

Where Up s represents the mean gap voltage during discharge and can be given by the

following equation

UMin
Upis = ———, 223
Pl tan(1 + ) (223
where [ = g—g and C¢ is the capacitance of the gas, Cp is the capacitance of the

dielectric material. Furthermore, U can be derived from the power equation as follows

e 1
P=7 /O UI(E) dt =~ Ups /A 10 (2.2.4)

The first integral is evaluated over 1 period 7' of the voltage and the second one over

active discharge times. Total capacitance is given by the following equation

1 1

Clotal = o + o (2.2.5)

The Lissajous figure demonstrates that different micro-discharges have homoge-
neous characteristics [23(*)]. If the voltage in the gap is below the threshold Up;, then
no discharge occurs. Otherwise, micro-discharge begins in the gap before peak match-

ing of external electric field. At this point, the displacement current along the dielectric
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stops. Moreover, the area of the Lissajous parallelogram corresponds to the power sink-
ing during the discharge cycle. The average discharge power is given by the following
equation

forU > (14 B)Upis,

A~

P =4fCpUpis [U — (1 + B)Upis| =
otherwise P = 0,

where f is the frequency; the last equation is used for technical design of DBD’s. The

power formula, using Up;; 1s as follows

1 A fOTU Z UM’iHJ
P=4fCp (14 B)" UminlU — Untin] =

otherwise P = 0,
where U is the peak voltage. For a specified peak voltage, -power 1s proportional to
frequency. For a specified discharge configuration and frequency the discharge starts at

U = Ujpin and the power rise equivalent to the peak voltage with the following slope

A+ 8) (2.2.6)

Finally, we define the average power factor cos(y) as an average quantity for a
whole operating cycle of duration 7". Power factor depends on the voltage form and is

given by the following equation

P P r
Power Factor = cos(p) = = / U(t)I(t) dt. (2.2.7)
0

Ueplers  Uesplegs

2.3 Micro-Discharge

When the electron source production due to the process of ionization by electron im-
pact occurs, then the detachment or photon-ionization is bigger than the drain, and an
electron avalanche occurs. As the avalanche of electrons reaches a critical density the

micro-discharges are created. If the electric fields E(t) are changing gradually, then
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the critical point is defined by the Paschen curve which is a function of the product of
density n and gap distance d.

If the distance d in the gap is small in the range of 1 — 3 mm stronger electric
fields are needed for ignition. Time lags are observed in DBD’s configurations, where
the alternative electric field reaches higher values than the stationary electric field. The
reduced electric field defined as £/n varies over the ranges of 100 7d < E/n < 200
Td where, 1 T'd or Townsend unit is equal to 1077 V' ¢m? [31-32]. Time delay and
the effective field are impacted by the Townsend Coefficient A which is defined by
the number of secondary electrons released from the cathode. The Townsend Coef-
ficient varies as a function of the dielectric material and the surface properties of the
electrode. The coefficient influences the micro-discharges. These micro-discharges
will be initiated by Townsend avalanches if nd is small, A is high and, slowly varying
fields; otherwise the micro-discharge is started by a streamer. When micro-discharges
hit the dielectric, the field is reduced because the charges accumulate at the insulator.
As the field is reduced, attachment is more important than ionization and detachment;
therefore, the discharge is terminated [33]. This process occurs in nanoseconds. The
dielectric limits the charge of individual micro-discharges as well as makes certain that
the whole electrode surface is filled with micro-discharges as seen in Figure 8-a. The
oxygen breakdown and ozone production occurs only during micro-discharges. The ra-
dius of a micro-discharge is in the order of 100 x and the properties of micro-discharge

channel as follows n = 2.4 x 1019 em™3, d = 0.1 cm, total charge ) ~ 107°AS,

2 3

current density j ~ 103A ¢m~2, electron density n, ~ 10 e¢m™3, energy density
Ji ~ 1072J em™3, reduced field E/n ~ 100 — 200 T'd and electron energy in the or-
der of 5 eV. When a DBD has low frequency and high voltage the micro-discharges
are more spreading as shown in Figure 8-b. If the DBD has low voltage and a high
frequency the micro-discharges tend to repeat itself in the same channel every half pe-
riod. However, the principal characteristics of micro-discharges are given by pressure,

as well as the configuration and composition of the electrodes.
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a) Representation of Micro-discharges. b)Representation of spread Micro-discharges.

Figure 8. a) Representation of micro-discharge activity over the electrode surface. b) Represen-
tation of micro-discharge activity over the electrode surface at low frequency and high voltage.
Adapted from “Ozone synthesis from oxygen in dielectric barrier discharge” by B. Eliasson, et
al. Phys. D: Appl. Phys., 20 1421-1437. Printed in the UK (1987).

In order to produce ozone in a DBD reactor we need to take into consideration the
evolution of different species after the micro-discharges hit the pure oxygen. Some
chemical reactions limit the desirable atom concentration, degree of dissociation and
maximum attainable ozone concentration. In order to achieve a better ozone yield an
atom concentration of < 10~ is required. Therefore, a weak micro-discharges are
needed. The micro-discharges in the reactor need to have an equilibrium between ex-
treme energy losses (weak micro-discharge) due to ions, and eludes too many chemical
reactions (strong micro-discharges). The ozone concentration rises with an increase in
energy which translates into an increase of micro-discharges. Eventually, a saturation
point is reached and the micro-discharges will destroy as much ozone as they yield.
Saturation of ozone depends on the temperature in the gap. In order to improve ozone
yield a cooling of the rector is needed.

In the dissociation process the electron excitation energy ranges from 6 to 8 eV/.
This is related to the electron scattering cross-section. The electron impact cross-section
is used to calculate the dissociation rate coefficient. The dissociation process can be
observed in the following ranges 100 7'd < E'/n < 300 T'd. Elastic collision, rotational
and vibrational excitations are important for low energetic electric fields; otherwise,
ionization dominates the reactions. The energy acquired by an electron per cm, in the

electric field is given by the following equation
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AE = ¢E, 2.3.1)

and the number of oxygen atoms produced by electron impact is given by

n, = 2p7nyo_1, (2.3.2)

where p- is the dissociation rate coefficient, n the particle density of Oy and 1 the drift
velocity of the electrons [34]. Taking the ratio of the last two equations, we find the
energy needed to obtain 1 oxygen atom. This relation shows the maximum achievable
efficiency of ozone formation

n P

ey =2

AFE evgE/n’

(2.3.3)

The saturation value of ozone formation is on the order of 0.22 O3 molecules per
eV. However, the saturation of ozone is achieved if the relative atom concentration is
defined by 219 = [0]/[O] is less than 10~*. The relative atom concentration depends
on gap separation, pressure, electrode, dielectric and gas flow level. We can define the
relative atom concentration by the following equation
Q. Q. A

) T L — (2.3.4)

—9 — a
10 p7chyd p7eud(E/n)eff n’

where the energy density is given by

T = /0 "B (t)dt = n%(E/n)eff, (2.3.5)

Cc
where

Q.= Fc/ J)tdt = eFC/ vanetdt. (2.3.6)
0 0

Then, the intensity of a micro-discharge can be determined by energy density after
current pulse termination or relative atom concentration.
The micro-discharge strongly depends on the temperature of the gas in the channel.

An estimated upper limit of the temperature is given by the following equation
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AT, < 0.67Jy/pcy, (2.3.7)

therefore, an approximation of 33% is used to create ozone and a 67% will increase the
temperature in the channel [35]. If we have J; ~ 2x1072Jem ™3, p =~ 1.3x 10 3gem =3

and ¢, = 0.92Jg 'gK ! then

AT, < 11K. (2.3.8)

The change in temperature in the gap is proportional to the relative atom concen-
tration and energy density but it will increase with gap distance and pressure increase.

The average temperature increase in the gap is defined by the following equation

AT, = a(d/N)(P/F)(1 - 7). (2.3.9)

The last equation shows that the gap temperature is a balance between power and
heat dissipated by cooling the reactor. Where, A is the heat conductivity of the gas.
(P/F) is the ratio between power and electrode area. Dissipating the power pseudo-
equally in the volume of the discharge gap, a parabolic increase is obtained, where the
coefficient a is given by % for the cooling of one surface and % for the cooling of both
surfaces [36-37]. The factor (1 — 1) accounts for the energy not used in the ozone
formation. Furthermore, the average temperature can be described with the following

equation

T, = T, + AT, (2.3.10)

where, T, is the wall temperature. Therefore, in order to improve the micro-discharge
and the ozone production an improved cooling system is needed. The cooling of the
wall is achieved by water convection. In the case of the double cooling system both

electrodes are cooled in order to achieve maximum heat release from the reactor.
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2.4 Kinetics of Ozone

As the DBD’s apply an electrical discharge onto O or air, the chemical bonds between
the molecule are broken and then we have subsequent reactions ending in the formation
of O3 as well as other products. The reactions have ions, electrons and C'O acting as
reactants but the heavy charged electrons are the most active in the reactions by electron
impact disassociation of O,. The reaction scheme of ozone formation were studied by
Yagi and Tanaka in 1979 [38]. In a pure oxygen discharge, ozone is produced by a

three-body collision of one oxygen reacting with two O, molecules

O+OQ+02:>O§+02:>03+02, 2.4.1)

where O} represents an initial exited state where ozone is produced; the time duration
of this reactions is in the order of microseconds. When electrons react with O,, then O
is formed and after excitation the threshold energy ranges from 6 eV. to 8.4 eV'. Also,

there are fast side reactions where O destroys the O3 molecules such as

O+ O+ 0y = 20, (2.4.2)
O + O3 + O = 304, (2.4.3)
O('D) + O3 = 20, (2.4.4)
O + O% + Oy = 30,. (2.4.5)

The last four equations represent the upper limit of atom concentration and the de-
gree of dissociation for micro-discharges. Because Equation 2.4.3 is quadratic in atom
concentration then low atom concentration is expected. Models show that full concen-
tration from O to O3 can be achieved only if the relative atom concentration or ratio stay

below 10~%. If the energy density and the degree of dissociation is low in a discharge,

25



then 50 % of energy is dissipated in ions without any increase in ozone production.
An equilibrium situation between energy losses related to ions and ozone formation is
reached when the oxygen atom concentration is about 2 x 10~ in the micro-discharge
channel. This should be attained with an energy density of around 20 m.J/cm ™2 [39].
In this case 80 % of O is used in ozone formation. In order to consider the ozone forma-
tion efficiency we need to consider the enthalpy efficiency of formation given by 1.48
eV/O3 m. A 100 % ozone formation is given by formation of 0.6803 molecules per eV .
The dissociation energy of 5.16 eV on O, gives an upper limit at 0.7 kg/kW h. Taking
in consideration the electron energy distribution in oxygen, the upper limit is given by
0.4 kg/kWh. The ozone concentration in the gas increases due to the accumulation
action of micro-discharges. After saturation occurs, additional discharges destroy O3 as
well. Therefore, to obtain an optimal saturation concentration, an equilibrium between
temperature and pressure must be obtained.

Dry air ozone formation is more complex since we have nitrogen atoms as well
as excited species such as N*, N, N, Ny(A*3S,) and No(B®I1,). Excitation and
dissociation of nitrogen molecules, can generate additional oxygen atoms for ozone

generation. Then we have the following equations

N+ 0, = NO + O, (2.4.6)
N+ NO+ Ny = N, + O, (2.4.7)
N + NOy = Ny + 20, (2.4.8)
Ny(A, B) + Oy = N,O + 20, (2.4.9)
No(A) + Oy = N,O + O. (2.4.10)
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The oxygen atoms of these reactions, as well as the ones generated by direct electron
impact, contribute 50 % of the ozone formation. The reactions take about 100 us. A
fraction of the energy loss, in electron nitrogen collision can be eventually recovered in
ozone production, as shown in equations 2.4.6 trough 2.4.10. Besides, ozone formation
produces species of nitrogen such as NO, NoO, NO,, NO3 and N,Os [40]. The peak
of achievable energy efficiency is around 0.2kg/kW h and electric field values in the
order of 200—300 7'd. The achievable ozone concentration is lower than in pure oxygen
discharges and no saturation concentration point is attainable. The discharge poisoning
effect prevents the formation of Oz and destroys molecules of ozone already in the
system [41]. Furthermore, if a concentration of 0.1 % NO,, is added to the feed of the
reactor, it may destroy or suppress ozone formation.

A more complex situation is in the case of ozone production in conditions of humid-
ity, oxygen and air. This is because humidity changes the conductivity of the dielectric.
With the same AC' conditions fewer micro-discharges occur and bigger reaction paths
results from the presence of OH and H(O,. The last two reactants are known to be

limiting the production of ozone, due to further catalytic ozone destruction.
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3 Ozone Generators

3.1 Temperature and Frequency

Experimental measurements of the gas temperature in DBD’s and its evolution at dif-
ferent frequencies has been reported in [42]. For a frequency of 100 / z and voltage
of 13.4 kV. The temperature of electrons increases until it reaches a steady state of
40°C, the temperature of the gas follows the same path and reaches 30°C' . Now, for a
frequency of 200 H z, the steady state of electrons is reached at 58°C" and for the gas
this value is 40°C. However, with a frequency of 300 H z the same phenomenon as
before is not reported until the temperature reaches 60°C'. At this point a steep increase
is reported until a steady state is reached at a value of 170°C. The inner temperature
of a gas reactor was measured and found the following; the gas temperature increases
with the ‘plasma on’ until it reaches a steady state. However, some variations to the
pattern has been detected at 65°C' with an increase of power as well as temperature.
This variation could be due to the impedance of reactor.

The temperature of the reactor increases with time and voltage. This effect pro-
duces a decrease in the ozone production. For some DBD’s configurations, the ozone
concentration decreases from 14 g/h to 3 ¢g/h after 10 minutes of operation [43]. The
temperature increases at different points of the reactor but is lower at the oxygen inlet
than the ozone outlet. After 10 minutes of reactor operation the temperature increased
from 26°C to 97°C producing an ozone decrease due to molecular dissociation. There-
fore, an increase of ozone production efficiency can be achieved by cooling the system.

The cooling of ozone reactors is achieved by water convection near the electrodes.
The larger systems are cylindrical in shape, with external water cooling of the elec-
trodes; internal cooling is also used in different systems in the US. Several patents of
ozone reactors were presented to the USPTO such as U.S. Patent 4614573, 3921002,
4079260 [44]. Today, ozone reactors are made of stainless steel and the cooling system
may be an open or closed loop. But the latter is better for water quality. Reducing

the water temperature from 35°C' to 5°C' could save about 30 % of energy required for
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an ozone production rate. However, there is a cost associated with cooling water in
the form of electrical energy operation for chillers which is most notable in the case of

industrial ozone production.

3.2 Ozone Production in Coaxial DBD Using an Amplitude-Modulated

AC Power Supply in Air

Zhang, et al. [45] investigated the ozone generation characteristics under different con-
ditions such as distinct energy densities, duty cycles and air flow rates, as well as cool-
ing conditions and frequencies. The goal of the researchers was to increase the ozone
production without increasing energy consumption of the reactor. In this case, the ex-
periment was set up as shown in Figure 9: the tubular reactor, gas-feeding unit, water
cooling unit, ozone monitors, temperature sensors, discharge power supply unit and
electrical diagnostics. Synthetic air was used to produce the ozone, the air flow was set
as 5 slm, gas temperature at the inlet was 24.6 £ 0.2 K. The pressure in the discharge
gap was 760 4= 5 T'orr and the temperature of cooling water at the inlet of the reactor

was kept constant at 19.2 K + 0.3 K.
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Figure 9. Schematic diagram of the experimental setup. Reprinted from “Ozone Production in
Coaxial DBD Using an Amplitude-Modulated AC Power supply in Air” (page 2) by Y. Zhang,
et al. Ozone: Science & Engineering. Taylor & Francis Group (2018).

The researchers discussed the results of energy density changes and its effects on
the reactor ozone production. They analyzed typical voltage waveforms as well as
the discharge power for each AC' cycle which is represented with the corresponding
Lissajous figure. The average discharge power increases with the increase of peak to
peak voltage as expected. The average discharge power is lowered with water cooling in

the reactor. The ozone concentration and output when the reactor is cooler with water
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has a linear increase in energy density; as energy density increases to 350.71 % the
ozone concentration and output reaches 2120 ppm and 1.74 £. If the ozone reactor is
not cooled with water, then the relation between output ozone generation and density
energy diverge from linearity as the gas temperature increases. As expected, without
water cooling, the gas temperature increases. This is due to an increase in heat from the
grounded electrode that can not be eliminated. Using synthetic air and oxygen in the
discharge, the researchers found out that the temperature difference is higher in oxygen
because more energy is needed to produce ozone. In the case of pure oxygen with an
energy increase of 348.73 k.J/m? the temperature rises to 4.7 K. When the reactor is
water cooled, there is a small increase in the air gas temperature around 1, 34 K and an
insignificant increase in water temperature. The gas temperature in the outlet increases
slowly in a long period of time. The AC frequency of 1 kHz shows the following:
the average ozone yield is 52 £+ 3 g/kW h with ozone concentrations ranging from 518
ppm to 2120 ppm in the cooled case and 42 + 5 g/kWh in the non-cooled case. Ozone
production is higher under the water cooling conditions as seen in Figure 10. This

happened because higher ozone concentration at lower temperatures.
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Figure 10. Ozone concentration and production vs. Discharge power. Reprinted from “Ozone
Production in Coaxial DBD Using an Amplitude-Modulated AC Power supply in Air” (page 5)
by Y. Zhang, et al. Ozone: Science & Engineering. Taylor & Francis Group (2018).
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The general influence of duty cycle on ozone generation is as follows: when a sin-
gle AC cycle in one complete period, the average discharge and ozone concentration
show an initial linear increase with departure from linearity as temperature increases
with higher cycles. However, ozone production is maintained almost constant in both
synthetic air and pure oxygen in a different spectrum of duty cycles. In the event of
several AC' cycles in one period, we observed the following: for higher duty cycles, a
much larger deviation and a tendency of the ozone to achieve steady state concentration
and production. However, ozone production decreases in time with the increase of duty
cycle. Water cooling the reactor has no effect on the positive, negative or peak to peak
voltage. Furthermore, there are no significant effects with the water cooling reactor or
without the water cooling at different AC' frequencies. The influence of gas flow on
ozone production is as follows: ozone concentration decreases as air flow increases.
This is due to a shorter contact with discharge. The thermal decay of ozone produc-
tion due to temperature can be neglected because of high rates of water flow through
the reactor. However, ozone yield and ozone output increase gradually with increasing
air flow rate. The ozone concentration and ozone yield are inversely proportional at a
high discharge power and voltage. High energy electrons depend on discharge power
and more ozone is produced when exited electrons avalanche through the gas. But the
output is an increase in temperature and that decreases the ozone yield.

The capacitance of the reactor can be obtained by the Lissajous figure and can be
separated in total capacitance, gap capacitance and dielectric capacitance. The dielec-
tric capacitance goes up and then stabilizes as energy density increases. The gap ca-
pacitance decreases and then becomes unperturbed or constant. The total capacitance
of the reactor was nearly constant at 1.78 £ 0.02 nF'. If the reactor is cooled, then
dielectric capacitance is moderately lower and the gap capacitance is a bit higher. The
total capacitance is mostly independent of water cooling conditions, energy density and
frequencies. However, gas capacitance and dielectric capacitance are barely influenced
by water cooling.

Ozone concentration and ozone production exhibit a linear increase with energy
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density as the reactor is cooled. The linearity is broken after a certain temperature is
reached. Therefore, ozone production is higher in the cooling case. Ozone concentra-
tion decreases with the increase of air flow because less contact time is allowed at the
discharge. A lower dielectric capacitance and higher gas capacitance is obtained in the

cooling case. The total capacitance is not affected by the cooling water.

3.3 Comparative Experimental Analysis of Ozone Generation be-

tween Surface and Volume DBD Generators

Nassour, et al. [46] researched and compared surface DBD versus volume DBD, both
with cylindrical geometry and taking into account parameters such as ozone concentra-
tion, energy efficiency and cooling performance. The experiment set up was as follows:
the tubular reactor (ozone generator), variable AC' power supply, HV/H F transformer,
piroscope, air supply and ozone monitor 106 .

The reactors were placed inside a container for cooling purposes. Three different
cooling systems were applied to the volume DBD and surface DBD. The cooling sys-
tems are described as follows: system 1— air ventilation using a fan, system 2— the con-
tainer was filled with water, system 3— the container was filled with moving cooled wa-
ter. In addition, the flow rate of oxygen was set at (1 — 10 L/min) and the experiments
were done under standard conditions of temperature and humidity. The current in the
VDBD is shown to be greater than in the SDBD. However, uniform micro-discharges
density is obtained in the surface configuration. If the same applied voltage of 5.5 £V
is delivered to both configurations the power consumed by the SDBD is smaller than
the VDBD configuration. The energy consumed during one cycle was 0.855 m.J corre-
sponding to a consumed power of 38.5 W for SDBD and 1.112 m.J corresponding to a
power use of of 50 W for the VBDB.

The ozone concentration as a function of voltage, increases with applied voltage in
either configuration. When voltage is greater than 5 £V, we observe an increase in tem-
perature due to extra energy being transformed into heat resulting in ozone dissociation.

Ozone concentration is higher in a SDBD than in VDBD because of the higher density

32



of micro-discharges for the surface plasma and the geometry of the mesh electrode.

When the oxygen flow rate is increased, the ozone production is increased as well.
However the SDBD output is higher than VDBD. The energy efficiency representing
the variation of the ratio ozone-rate/power as a function of the applied voltage shows a
superior ratio in the case of SDBD.

The three systems were compared with the no cooling system in order to see the
effects of temperature in ozone production. The effects of the discharge are an increase
in heat, and part of this heat is removed with the cooling system. System 3 with cooling
moving water was the best for both reactors VDVD and SDBD maintaining a quasi con-
stant temperature for a period of up to 3 hours. With no cooling system the temperature
rises up to 90°C' in an hour which causes a failure of the glass tube.

The ozone concentration is higher with system 3 and it’s production remains con-
stant during the experiment. Finally, the SDBD has a better output of ozone concen-
tration and uses less energy than VDVD. The cooling system 3 is more efficient for
decreasing temperature. Therefore, is better suited for ozone production and concentra-

tion.

3.4 Energy Conversion and Temperature Dependence in Ozone Gen-

erator Using Pulsed Discharge in Oxygen

Wei, et al. [47] did a kinetic model on 11 species and 63 reactions in order to investigate
energy and temperature dependency of ozone generators using pulsed discharge. They
analyzed the rate of production for the most important species O3, O, O(1D) as seen
in Figure 14. They estimated the temperature dependency of sensitivity coefficient
and production rate for each species. The production rate of ozone is linear with the
increase of temperature but also increases the destruction of ozone, therefore the gain is
neutralized. It has been estimated that 20 percent of the energy is used in the production
of ozone. The rest of the energy is converted into heat which dissipates through the walls

of the reactor as well as increases the temperature in the gap.
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Figure 11. Reaction pathways for ozone production. Reprinted from “Energy Conversion and
Temperature Dependence in Ozone Generator Using Pulsed Discharge in Oxygen” (page 37) by
L. Wei, et al. Nanchang, China. Ozone: Science & Engineering 2017, Vol. 39, No. 1, 33-3.
Taylor & Francis Group (2016).

Usually the energy in the reactor is divided into three parts: reaction heat, heat
carried by gas and heat loss to ambient. The temperature of the gas is defined by the
difference in temperature between inlet and outlet. Also, the energy conversion ratios
are given by 7 reaction, 7 gas and 7 loss. When the inlet gas temperature changes from
298 K to 343 K then, n reaction, n) gas and 7 loss change from 32.6 %, 5.7 % and 61.7
% to 13.7 %, 7.5 % and 78,8 %. The decrease in the reaction is due to the increase
in the temperature in the inlet gas. The gas temperature is the fundamental parameter
that defines the energy efficiency. The production and destruction of ozone dependent
on temperature. Therefore, the combined yield is a function of temperature. Where the
reaction rates of ozone production decrease with the increase of temperature as well as
the rate of ozone destruction. The rate of production is useful to determinate the con-
tribution of each individual reaction to the contribution or destruction of species. The
analysis of O3 species at different temperatures shows that reaction R35 is the most im-
portant in the ozone production with the increase, in temperature. But reaction R2, with
the same increase, creates more oxygen destroying ozone formation. The gas tempera-
ture is responsible for the reaction rate and sensibility coefficients. As the temperature
increases the gas density will change and the electron temperature will change, since it
is a function of the electric-field £ /n. The temperature on the electron influences the

reaction rates and sensitivity coefficients of reaction by ionization. Reactions R41 and
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R44 increase the ozone destruction with the increase of temperature. Reactions R35
and R45 contribute the most to ozone formation. Finally, the production and destruc-
tion rate increases linearly in all reactions with the increase of temperature, showing a
clear picture of the ozone temperature-production relation.

The oxygen rate of production at different gas temperatures is dominated by reac-
tions R2 and R7. While, the coefficient reaction of R2 decreases with the increase in
temperature, the coefficient reaction R7 increases with the increase of the gas tempera-
ture. Both reactions shown linear behavior with the increase of gas temperature. This
is due to more energetic electrons being produced at high gas temperatures causing a
peak of oxygen concentration. Reaction R35 is the main producer of ozone and oxy-
gen destruction as temperature increases. This reaction increases the consumption of
oxygen.

The O(1D) rate of production at different gas temperatures is dominated by reac-
tion R7 and reaction R44 have a high sensitivity coefficient as temperature increases.
Reactions R28, R27 and R2 are responsible for significant rates of destruction and pro-
duction rates of O(1D). All reactions increase destruction and creation rates as the gas
temperature goes higher.

The numerical results of this paper agree with the experimental data of ozone pro-
duction and destruction rate for different species: 7,55 and 7,4, increases with the gas
temperature. However, 7),.cq1ions decreases with the increase of temperatures in the dis-
charge gap. Reactions O3+ O3 => O3+ Oy + 05 and O3+ 0 => O,(b'2) + O, are the
most important reactions for ozone destruction, and reaction O + Oy + Oy => O3+ Oy

is the most important reaction to form ozone.
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3.5 Gas Temperature Effect on Discharge-Mode Characteristics of
Atmospheric-Pressure Dielectric Barrier Discharge in a Helium

Oxygen Mixture

Kang, et al. [48] did a numerical study for a Dielectric Barrier Discharge in order to
obtain a better understating of gas and the temperature effects on plasma characteristics.
In the numerical simulation, they included temperature effects, gas heating by enthalpy
change and Joule heating with ionic current movement are considered in the helium-
oxygen mixture. They used 13 species and 46 reactions and changed the ambient tem-
perature from 300 K to 500 K. There, the plasma characteristics, are calculated by the
variations of the electric field, species densities in the DBD region and voltage-current
characteristic curves. The simulation is carried on in a 1 dimension time dependent
numerical study where the plasma is assumed to be uniformly distributed. The gap on
the reactor is 3 mm, the dielectrics material is 1 mm thick and the relative permittiv-
ity is 8. The continuity equation is used to calculate the motion of ions and electrons.
The Poisson equation is used to calculate electric potential and electric field. For the
boundary conditions, at the barrier-plasma interface, all incoming electrons and ions
are assumed to accumulate at surface charges, depending on the electric field and sec-
ondaries emission from the barrier surface and ion-electron recombination at this point.
The boundary conditions for electric field and potential are calculated with the Gauss
theorem with surface charges. The gas temperature is calculated by using the energy
equation including enthalpy changes and Joule heating during the reactor discharge.
The average gas velocity v is assumed to be constant at 5 m/s. Simulations are carried
out at three different temperatures 300 K, 400 K and 500 K with a power frequency of
10 kH z and oxygen concentration of 5 ppm. At 300 K the discharge voltage gradually
increases up to the breakdown voltage of the gas, the maximum current achieved is 4.2
mA/em? and then there is a rapid voltage drops. At the moment of the current peak,
the average density of electrons and helium metastable species is also at peak value.

When the temperatures are at 400 K and 500 /K, the discharge current peaks are less
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than 1.4 mA/cm?. Electron and helium densities show smaller peak values against the
300 K case. A stronger electric field and species density is observed at 300 K. The
ozone density is a little higher at 500 K than 400 K and 300 K. The voltage current
characteristic curve is higher for the 300 K temperature, followed by the 400 /& and 500
K. At 300 K, the DBD plasma showed the typical characteristics of a self-sustaining
glow discharge with increasing currents up to 4.2 mA/cm?. When the frequency was
changed from 10 kH Z, 20 khz and 30 kH Z, but the temperature was kept constant
at 300 /K, the density of ozone was higher in the following order: 30 kHZ, 20 kHZ
and 10 kH Z. The results show that the discharge characteristics of a DBD is strongly
related to temperature. Gas temperature is the principal cause of increase or decrease
of species in the reactor, in particular to this case the study reactions 19 through 23, are

ozone related as seen in Table 6 [49].

Table 6. Physical and Chemical reactions.

Reactions Rate Coefficient k(1)
19 O+0,+0—=03+0 2.15 x 1073 exp (345/T,)emCs™!
20 O+ 03+ Oy — O3+ Oy 6.9 x 10_34(300/Tg)1'25cm68_1

21 O40y+ 05— 05+05 4.6 x 1073 exp(1050/T,)cmbs !
22 O340, = 0+0,4+0,  7.3x 10710 exp(—11400/T,)cm3s™
23 03405 —0+0,+0;  1.65x 107 exp (—11400/T,)cm3s ™!

The transition from glow to Townsend due to the temperature change can be ex-
plained by the following two-step reactions. First, temperature-dependent reaction rate
coefficients increase at a high ambient temperature, and the dissociation of ozone is ac-
cordingly accelerated by the relevant reactions of the density of ozone decrease, while
the densities of O and O, increase in the discharge region of the reactor. These increased
O and O species extinguish the generation of He* species that are necessary to sus-
tain a glow discharge state. Secondly, the density of He* decreases, and the discharge
characteristics will be changed to a Townsend mode.

The V-1 characteristic curve shows the lower discharge voltage not cooling 400 K
with a Townsend mode. Then, a higher discharge at 350 K and the highest at 300 K

where the discharge changes to a glow mode.
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4 Setup of the Experiment

O GI Mass Flow

Pure Oxygen Tank

Fume Hood

Ozone Analyzer

Oscilloscope

Power Supply Unit Computer

Figure 12. Schematic of experimental setup.

The experimental setup in Figure 12 is as follows: the novel cylindrical reactor
has two separate cooling systems; one in the inner electrode and the other one in the
outer electrode. The discharge gap was fed with pure oxygen UN 1072 research grade
99.999 %; containing 0.5 ppm of H,O, 0.2 ppm of THC, 0.5 ppm of CO, 0.5 ppm
of C Oy, 3 ppm of AR, 5 ppm of Ny and 2 ppm of Kr. The circulation of the oxygen
was controlled by a ColeParmer®) mass flow controller. The ozone production was
measured with ozone analyzer BMT 964-C, produced by BMT Messtechnich, Berlin.
The ozone analyzer BMT 964 is fully automatic. The UV photometer measures the
density [g/m?] of ozone. However, we present the data as the ratio mass ozone, mass

ozone gas which is given by the following equation

100[g/Nm?]

[U}t/wt] = [g/Nm?)] _ g_;[g/Nm?’] + pra,

(4.0.1)

where pg = 2143.93 g/Nm? is the density of ozone, p, = 1498.26 g/Nm? is the
density of oxygen and p,, = 1293.0 g/Nm? is the density of dry atmospheric air.
The temperature of the water is controlled by thermo scientific NESLAB Merlin M33
recirculating chiller which is designed to provide a constant supply of cooled liquid at
constant temperature and volume. A high-voltage AC power supply (PSU) is connected

to the reactor terminals and used to create the discharges. The measurement of voltage
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and current is done using an oscilloscope from Tektronix model MSO-4054 with the fol-
lowing specifications; 1 GH z, 500 M H z and 350 M H z bandwidths. The oscilloscope
possesses four channels, with sample rates up to 5 G.S/s on all analog channels and
10 M points record length on all channels and 50,000 waveforms per second display
rate. The following probe was used in the experiment, the Tektronix P6015A 1000X,
3-meter Single-Ended High-voltage Probe. This is the industry standard for heavy-duty
high-performance measurements of voltages over 2.5 £V. We used the programs Tek-
visa and Open-wave to collect the data from the oscilloscope every second during the

run period of each trial.

Gas source input
Interpal electrode

Water output

p— External electrode

Water input

Ozone output

Figure 13. Reactor Schematic. Adapted from C. Diminick, Seton Hall alumni, Presentation
material, not dated.

The reactor schematic, shown in Figure 13, features the gas (oxygen) input and
ozone output. The water input and output for the inner electrode, and the outer electrode
is shown as well. The reactor is composed of stainless steel tube (alloy 1.4404/316L)
which corresponds to the industry standard ozonizers as seen in Figure 14-(a) [50].
The inner tube of the reactor was a standard, ceramic coated, high voltage electrode
placed into the exterior tubes which acted as ground electrode. The outer electrode was

24 inches long and 4 inches high; the gap separation between inner and outer electrode
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(b) Inner and outer electrodes.

Figure 14. a) Reactor. Gustavo, Duarte. 2020. JPG file. b) Inner electrode, ceramic coated.
Gustavo, Duarte. 2020. JPG file.
was measured and was 3 mm as shown in Figure 14-(b).

A cooling water jacket was mounted inside the inner electrode to remove heat from
the gap by convection. The process of cooling the inner electrode is novel, and the area
of study as seen in Figure 15. The outer electrode was cooled as well, using the standard
of the industry. Furthermore, in our system, we can cool both electrodes at the same
time or each electrode by itself. In the experiment we use the data of the outer electrode

as standard or ground level, since the industry uses this setup for cooling the gap.

Chiller

Gas In

i I Anode I ]l
L ~— I e

| Ozone Out
I Cathode I

Figure 15. Reactor inner and outer electrodes. Schematic by M. Feurer, Seton Hall alumni,
Presentation material, not dated.

The experiment was conducted under standard conditions of pressure and temper-

ature. The rate flow of the gas was set at 1 liter per minute (L/min), 2 L/min, 3

40



L/min and 5 L/min. The chiller temperatures were set at 5°C', 20°C' and 35°C' for
the inner electrode, the outer electrode, and both electrodes as well. The duration of
each run to collect data was set at 120 minutes or 180 minutes for each trial. After
shutting off the power to the reactor, before running the next test, we allowed the reac-
tor to re-equilibrate. We flowed pure O, through the system after shutting off power,
in order to flush out residual ozone. The oscilloscope was set to measure total applied
Voltage (Peak-to-Peak) across the entire circuit (V-AC"), V(gns) and I(gass). We used
5.0 M S/sec (million samples per second) with Waveform Averaging of 32 or higher.
Also, a signal trigger was set for the applied voltage and put it on DC'. The scope was
properly grounded. The applied voltage frequency of the current (PSU) was 2295 Hz.
For the following measurements. The following data was collected every 10 minutes:

apparent power (V' A), wattage, power factor, line current draw (Amps).
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5 Results and Analysis

The weight by weight percentage of ozone production vs time is shown in Figure 16.
The gas flow rate is 1 liter per minute (L/min). Both electrodes are cooled at the same
temperature during the running time of 2 hours. But, the temperature was adjusted to
7°C, 10°C, 13°C, 16°C, 19°C' and 22°C'. When the temperature of the chiller is 7°C’
the ozone yield is in the order of 15 % [wt/wt] and production is increasing during the
trial without reaching a stable state or declining state. At 22°C', the ozone production
is in the order of 13.5 % [wt/wt] and production is mainly linear at different periods of
time. The other temperatures follow a similar trend. Taking into account the different

temperatures, we observed that the production of ozone increases with the decreases of

temperature.
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Figure 16. Ozone production, cooling both electrodes at a gas flow rate of 1 L/min. Data
recorded every 10 minutes.

Figure 17 shows a gas flow rate of 2 L /min. Both electrodes are cooled at the same
temperature during the running time. In this case, when the temperature is 5°C' the
ozone yield is in the order of 16 % [wt/wt] and production is decreasing with a slower
pace during the trial. At 35°C, the ozone production starts in the order of 12 % [wt/wt]
but ends at 9 % [wt/wt]. A similar trend is observed at 20°C' and 30°C..

Figure 18 shows a gas flow rate of 3 L/min. Both electrodes are cooled at the same
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Figure 17. Ozone production, cooling both electrodes at a gas flow rate of 2 L/min. Data

recorded every 5 minutes.

temperature during the running time of 2 hours. When the temperature of the chiller is

at 7°C', the ozone yield starts in the order of 10.3 % [wt/wt] but ends at 10.1 % [wt /wt].

At higher temperatures the decline of ozone yield changes drastically with the increase

of time. In the case of 19°C, it goes from 9.9 % [wt/wt] to less than 9.2 % [wt/wt].
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Figure 18. Ozone production, cooling both electrodes at a gas flow rate of 3 L/min. Data

recorded every 12 minutes.

Figure 19 shows a gas flow rate of 5 L./min. Both electrodes are cooled at the same
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Figure 19. Ozone production, cooling both electrodes at a gas flow rate of 5 L/min. Data
recorded every 12 minutes.

temperature during the running time of 2 hours. When the temperature is at 7°C/, the
ozone yield starts in the order of 8 % [wt/wt] but decreases slowly to 7.8 % [wt/wt].
At higher temperatures the decline of ozone yield changes drastically with the increase

of time. At 19°C, it goes from 7.4 % [wt/wt] to less than 6.4 % [wt/wt].

5.1 Oj3 Production of Outer Electrode, Inner Electrode and Both

Electrodes at the Same Time

The weight by weight percentage of ozone production vs time is shown in Figure 20.
The gas flow rate is 1 liter per minute (L/min). The electrodes are cooled at the same
temperature during the running time of 3 hours. But, the temperature was adjusted
to 5°C', 20°C' and 35°C'. These conditions remain the same for ozone production in
Figures 21 and 22. However, Figure 20 refers to the data obtained when cooling the
outer electrode. When the temperature of the chiller is 5°C, the ozone yield is on the
order of 14.5 % [wt/wt] and production is increasing during the trial without reaching
a stable state or declining state. At 20°C’, the ozone production is in the order of 13.5
% |wt/wt] and production is mainly linear, at different periods of time. At 35°C), the

ozone production is in the order of 11.5 % [wt/wt] and production is increasing during
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the trial. We observed that the production of ozone increases with the decreases of

temperature.
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Figure 20. Ozone production, cooling the outer electrode with a gas flow rate of 1 L/min. Data
recorded every 15 minutes.

Figure 21 shows weight by weight percentage of ozone production vs time when
cooling the inner electrode. In this case, when the temperature is 5°C’; the ozone yield
is on the order of 14.75 % [wt/wt] and production is increasing without reaching a
stable state or declining state. At 20°C', the ozone production is in the order of 13.25
% [wt /wt] and the production curve follows a similar trend as 5°C'. At the temperature
of 35°C), the ozone production is on the order of 11.75 % [wt/wt] and production is

increasing during the trial.
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Figure 21. Ozone production, cooling the inner electrode with a gas flow rate of 1 L/min. Data

recorded every 15 minutes.

Figure 22 shows weight by weight percentage of ozone production vs time. Both
electrodes, inner and outer are cooled simultaneously at the same temperature during
the running time. In this case, when the temperature is 5°C', the ozone yield is on the
order of 15.6 % [wt/wt] and production is decreasing with time. At 20°C', the ozone
production is in the order of 14 % [wt /wt] and production is increasing without reaching

a stable state or declining state. At 35°C/, the ozone production is on the order of 12.25

% [wt /wt] and production is increasing during the trial.
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Figure 22. Ozone production, cooling both electrodes with a gas flow rate of 1 L/min. Data

recorded every 15 minutes.



Table 7. O3 yield side by side comparison.

O3 Production 5°C 20°C 35°C
Outer - - -

Inner 0.78 % [wt/wt] 2.87 % [wt/wt] 6.90 % [wt/wt]
Both 6.89% [wt/wt] 4.38 % [wt/wt] 9.28 % [wt/wt]

Table 7 shows a side by side comparison between the different temperatures vs
cooling the outer electrode, inner electrode and both electrodes at the same time. Since
cooling the outer electrode is the standard in the industry, we take the outer electrode as
the ground level or O level. Notice, that cooling the inner electrode produces an increase
in ozone yield % [wt/wt]. But, the larger increase occurs at 35°C' in the order of 7 %
[wt /wt]. When both electrodes are cooled at the same time the increase of ozone yield

is on the order of 7 % [wt /wt] at 5°C' but almost 9.3 % [wt /wt] at 35°C'.
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52 Vigus

The voltage root mean square value V(ryss) measured at the oscilloscope vs time is
shown in Figure 23. The gas flow rate is 1 (L /min). Only the outer electrode is cooled,
at the same temperature, during the running time of 3 hours. But the temperature was
adjusted to 5°C', 20°C" and 35°C' . The conditions remain the same for Figures 24 and
25. When the temperature of the chiller is 5°C, the V; average is 2322 V. At 20°C,
the V[, average is 2231 V. Finally, at 35°C, the V) average is 2140 V. Therefore, we

observe an increment in the V;; when the reactor is running at lower temperatures.
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Figure 23. V(g5 output for the outer electrode cooling. Screenshot of the oscilloscope taken
every 10 minutes over a period of 3 hours.

The voltage root mean square value V(grars) vs time is shown in Figure 24 when
cooling the inner electrode. When the temperature of the chiller is 5°C/, the 1}, average
is 2347 V. At 20°C\the Vj average is 2250 V. At 35°C), the V} average is 2150 V.
Therefore, we observe an increment in the V, used by the reactor at lower values of

temperature. A similar trend was observed when cooling the outer electrode alone.
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Figure 24. V( gy 5y output for the inner electrode cooling. Screenshot of the oscilloscope taken
every 10 minutes over a period of 3 hours.

The V(rars) vs time is shown in Figure 25. Both electrodes, the inner and outer,
were cooled at the same temperature during the running time. When the temperature of
the chiller is 5°C', the V average is 2190 V. At 20°C, the V|, average is 2046 V. At

35°C the V| average is 1828 V. We observed an increment in the V{, used by the reactor

at lower temperatures.
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Figure 25. V(gars) output for both electrodes cooling. Screenshot of the oscilloscope taken
every 10 minutes over a period of 3 hours.
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5.3 Other Measurements and Analysis

Table 8 shows the current measured at the oscilloscope vs temperature for each elec-
trode and both electrodes at the same time. A trend is manifest where the lower tem-
perature uses more current than the higher temperatures. Nevertheless, the difference
is small and accounting for error and standard deviation shows no significant changes
occur with the current.

Table 8. Current vs. Temperature.

5C 20C 35C
Outer 0.1616 A 0.1605 A4 0.1592 A
Inner 0.1613 A 0.1598 A 0.1580 A
Both 0.1570 A 0.1543 A 0.1533 A

As expressed in the experiment setup section, other data set were collected such
as peak to peak or apparent power (V' A) to name a few. However, we did not report
these results at this time because some parameters are related to V{, or the changes were
not significant enough to be reported. An interesting result is shown in Figure 26. We
observed the inner tube with physical deposition of material. The powder deposited on
the electrodes occurs during the reactor live operation which is calculated to be in the
range of 300 to 400 hours. This powder could be fragments of metals sputtered out of
the bulk material of the discharge tube by the high energy ions present in the discharge
gap while the plasma is ‘on’. However, notice that equivalent result was obtained by

Bonitz et al. [3].

., °

Figure 26. Deposition of material in the inner electrode. Gustavo, Duarte. 2020. JPG file.

50



Figure 27 shows a clear picture of the influence of gas flow rate on ozone production
vs gas flow rate. We observe under 7°C' a considerable decrease of ozone yield with
the increase of gas flow from 1 liter per minute to a 5 liter per minute. A similar result
was obtained by Zhang, et al. [45]. This decrease is due to the gas having less contact
time with the discharge when the airflow is incremented. Notice that at 1 L/min ozone
yield is in the order of 18 % [wt/wt]. At 3 L/min the ozone yield decreases near to
10 % [wt/wt] which is a reduction of 4 % [wt/wt] per liter added at the flow rate. At
5 L/min the ozone yield decreases near to 8 % [wt/wt], a reduction of 2.5 % [wt/wt]
per liter added at the flow rate. The ozone reduction yield is more severe in the initial
transition from 1 L/min to 3 L /min than in the second one from 3 L/min to 5 L/min.

Nevertheless, we observed a linear relationship between ozone production and flow rate.

Q, at different air flow T

13{) _

16

Figure 27. Ozone production cooling both electrodes at different gas flow rates, at same tem-

perature.

Figure 28 shows the ozone output for the cooling of the outer electrode, inner elec-
trode and cooling both electrodes at the same time vs temperature. Moreover the figure
shows the difference of ozone output at different temperatures for each configuration.
We observed in each case that the ozone yield is higher for 5°C than 20°C. A sim-

ilar result was obtained by Nassour, et al. [46]. The ozone yield increases at lower
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temperatures because heat is removed from the discharge gap by water convection and
conduction. Furthermore, we observed that inner and outer electrodes cooling processes
have similar output characteristics. When cooling both electrodes the output of ozone

increases by almost 7 % [wt /wt] at 5°C' and 5 % [wt /wt] at 20°C..

O,Production

15.0
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X o %

=
=
=

i

% 2
Figure 28. O3 Production for different electrodes cooling configuration.

The increase of ozone production at lower temperature is due to various variables.
The decrease in temperature also decreases the velocity of the species in the reactor.
Velocity and energy are related to changing the reaction path of ozone reactions. De-
creasing the number of excited species in the plasma leads to an increment of ozone
because excited species tend to destroy the ozone molecules [47]. When the temper-
ature increases the opposite is observed. Furthermore, the ozone yield is related to
variables such as the secondary Townsend Coefficient, the reduced electric field, the
relative atom concentration and thermal pressure relationship to name a few. Most of
these variables have a direct or indirect relationship with temperature. Nonetheless, a

linear relationship between ozone production and temperature was observed.
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Figure 29 shows the V)¢ reading from the oscilloscope vs temperature. The figure
also shows the V¢ reading for each electrode configuration at different temperatures.
We observed in each case that Vs is higher for 5°C' than 20°C' and 35°C'. We ob-
served that inner and outer cooling processes have similar Vs characteristics. When

both electrodes are cooled the V)5 is lower than the other configurations.
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Figure 29. Vg for different electrodes cooling configuration.

The increase of Vi, at lower temperature is due to various parameters. These
parameters are the energy of the excited state of the species, the vibrational and rota-
tional energy. We must also contemplate the reaction path of the species, the secondary
Townsend Coefficient, configuration of the electrodes and materials to name a few.
Furthermore, the walls of the electrodes are partially responsible for the Va5 increase
at lower temperatures [48]. The deposition of materials in the inner electrode affects
directly the reduced electric field. Nonetheless, we observed a linear relationship be-

tween, Vs and temperature for the different electrode configuration.
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6 Concluding Remarks

This Thesis has provided an introduction to the theory of Plasma Physics and Dielec-
tric Barrier Discharge. We have discussed the mechanism of plasma formation such
as direct ionization or ion-ion recombination to name a few. Also, we discussed the
Townsend process, the formation of streamers and micro-discharges. We learned the ba-
sis of Dielectric Barrier Discharge such as the different configurations, Lissajous figure
and electrical properties. We learned the theory behind ozone formation and chemical
reactions. We reviewed the literature from the main authors on the field. We specifi-
cally reviewed literature related to effects of cooling in ozone production and reactors
characteristics.

We present a novel DBD reactor with the capability of cooling the inner electrode
only, the outer electrode only and both electrodes at the same time. We found out that
cooling both electrodes improves the ozone production by almost 7 % in comparison
with the industry standard. We noted a linear relationship between ozone production
and the gas flow rate; as the latter increases, the ozone yield decreases. A linear rela-
tionship between ozone production and temperature is outlined by the data collected.
The data shows an increase in the ozone yield as the temperature decreases. We also
found out that the voltage increases as the temperature decreases. The increase of volt-
age is related to various factors such as energy of the species or reduced electric field.
We also discovered that a deposition of material in the inner electrode may suggest
changes of the electric field. Furthermore, the accumulation of charges at the electrodes
could play a significant role in the increase of voltage at lower temperature. Neverthe-
less, we found a linear relationship between voltage and temperature.

The cooling of the inner electrode and the outer electrode combined produced more
ozone than the market standard. But notice that having water on the inner electrode
(high voltage) is a source of possible corrosion of the dielectric. The risk of water leaks
on the inner (high voltage) electrode could be catastrophic for the reactor. Neverthe-
less, more research is needed to understand the consumption of energy at the reactor;

the effects of voltage accumulation at lower temperatures and the relationship between

54



deposition and charge accumulation. Finally, Spectrometry could be used to better un-
derstand the influence of chemical reactions and the different species formed as the

temperature changes in the system.
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