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Abstract—This paper introduces the Ozone generator parameters analysis and its engineering design aspects.
Practically, Ozone is successfully used in water treatment applications; furthermore, it can be used to treat the
secondary system cooling water in nuclear research reactors. The main element in this process is the Ozone
generator; it has many parameters that need to be set at its design. These parameters can be divided into those related
to the electrical equivalent circuit of corona dielectric barrier discharge (DBD), those associated with injected gas
flow between the two electrodes, and those belonging to temperature of the electrodes. This paper is intended to
those parameters that are related to the electrical equivalent circuit which has two standard models: linear and
nonlinear. In this regard, the determination of the component values of nonlinear model can be achieved very hardly.
To handle such determination, the nonlinear model can be approximately treated as a linear model in an approaching
fashion. Based on this approximation, Lissajous plot and differential evolution (DE) methodologies are used for the
computation of DBD ozone chamber parameters. Additionally, a new theoretical technique will be presented.
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1. Introduction

In the last decade, using of Ozone in water treatment
and medication become attractive due to these well
recorded results from experiments and industrial
applications. One of the most important applications is
the water treatment; it has many benefits such as
minimization of chemical materials use with better water
quality. The process of Ozone generation consists of
different equipments. One of them is the Ozone generator
chamber, which plays the main role in the Ozone
generation process. Corona discharge and dielectric
barrier discharge (DBD) can be considered as the most
efficient ozone generation techniques [1,2,3,4]. They

high voltage is applied between the terminals a and b. Cd
and Ca are the dielectric and air or oxygen gap
capacitances, respectively. lonization or discharge occurs
at threshold condition that the charged voltage at the gap
capacitor is higher than the ionization voltage Vz. The
diode bridge is added to achieve the threshold condition.
The ionization voltage depends primarily on the gap
volume along with other parameters; pressure and
temperature of the gas. The model in Fig. 1b is called
nonlinear model. Since some components change their
behavior around the threshold condition, it is not easy to
design the power supply that drives this model.

have the same o0zone reactor construction which consists A

of two conductors as electrodes having gap to allow air or a—[

oxygen to flow in between. In addition, a high voltage is Cd

applied to the electrodes to overcome the gap insulation Cac=
[5]. As a result, micro discharges will be generated S T
causing ultraviolet radiations that transform the oxygen roce s

molecules into ozone. The only difference between b :

corona discharge and dielectric barrier discharge (DBD)

is that one of the two electrodes is covered with dielectric (a)

material in the case of DBD method as shown in Fig. la. (b)
In addition, it is necessary to avoid the arc discharge to

obtain the silent discharge [4,6]. Fig. 1b illustrates the Fig. 1. a: Ozone generator construction, b: Non linear model
standard equivalent circuit of the ozone reactor where the equivalent circuit.

Fig. 2, on the other hand, demonstrates the linear
model equivalent circuit, where C is the reactor
capacitance and R is the discharge resistance. Lissajous
plot and differential evolution (DE) procedures have been
used to solve this model. Unfortunately, each one of them
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depends on the operation frequency range. Lissajous plot
technique is suitable for the frequency range lower than
20 KHz where this plot will be distorted above this
critical value [3,7,8,9,10]. The second technique, on the
other hand, uses differential evolution technique. This
technique is valid for higher frequency range [11]. As the
frequency increases, its results will be enhanced.
Generally, the main function of these techniques is to find
the ozone reactor parameters; chamber capacitance,
discharge resistance and the ionization or threshold
voltage. In this regard, the ionization voltage depends on
the air or gas volume between the electrodes. The
required energy to produce ozone gas from air ranges
from 5.583kWh/m® to 8.631kWh/m® and 1.17243
kWh/m?® to 1.620kWh/m? for oxygen [12]. The electric
field can be evaluated via its relation with the required
energy. As a result, the threshold voltage can be obtained.

a o

CI:I R

b ¢ ?

Fig. 2. Linear model equivalent circuit of the ozone reactor

2. Lissajous plot and differential
evolution (DE) strategies

Lissajous plot and differential evolution (DE) methods
are the most common techniques that are employed to
determine the ozone generator parameters. Figure 2 is
considered as a reference model for these two techniques.
Lissajous plot uses the relation between the current and
the voltage to determine the reactor capacitance. On the
other hand, the reactor discharge resistance is calculated
using the relation between the applied voltage and the
charges through the discharge resistance. The maximum
ozone generator efficiency and stability performance are
achieved at the resonance frequency. As a result of the
applied voltage between a & b in Fig. 2, the excited
voltage will be purely sinusoidal. Thus,

V, =V, sin 2mft (D

In the above expression, V, is the applied voltage, V;, is
the voltage amplitude, f is the resonance frequency and t
denotes the time. The relation between the voltage and
the current of the capacitor has a formula given by:

AN A . ,
(v:) *(znvpfc) - @)

Here, I denotes the capacitor current and c represents
the generator capacitance. Fig. 3- a demonstrates the
Lissajous plot between the current and the voltage of the
capacitor in the frequency range (15-20 kHz) while Fig.
3-b represents the same thing for the other frequencies
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outside this range. In this situation, the capacitor value
can be calculated as [13,14]:
lo
c= 2nfv, at VvV, =0 3)

I, is the current value at zero applied voltage.

The discharge resistance value can be determined
using the relation between the applied voltage and the
charges that pass through it as depicted in Fig. 4. Thus,

AN s 2mQR\* . .
Q refers to the charge through the discharge resistance.

Accordingly, the discharge resistance can be formulated
as:

Vp

= Tmfos at V,=0 (5)
i/ lo ™~
é ! N .-"f
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Fig. 3. Lissajous plot between (voltage and current) for (DBD) ozone
generator a: 15KHz < f < 20KHz,  b: 15KHz > f > 20KHz

8 § 4 2 0 2 4 6 8
Voltage
Fig. 4. Lissajous plot between (voltage and charge) for (DBD) ozone
generator

Differential evolution (DE) method uses a variable
inductor L that will be connected in series with the ozone
chamber as Fig. 5 shows [13,14]. At resonance

Volume 12, 2021



WSEAS TRANSACTIONS on ELECTRONICS
DOI: 10.37394/232017.2021.12.3

frequency, the maximum voltage gain (Apnax = ‘i;“t
can be expressed as:
R
Amax = (6)
L__t
c 4 R2¢2
And the resonance frequency will be obtained as:
_ 1 1 1 .
~2m JLc 2c?R? )
L r Ozone Reactor ;
ac IV

L

cC R

Vi'n
I

b o

Fig. 5. An equivalent circuit of ozone reactor and variable inductor

The values of chamber capacitance and discharge
resistance can be obtained using two procedures. One of
them is by approaching the last two equations to become
[11]:

Q
Amax = 71)1 )
1 - 4-_Q127
1
f=f 1-—= (8)
p ZQg
Where, f, = ml/ﬁ and Q, = 2nf,CR. For@, > 1,
thus, Apax = Qp and f = £,

In this paper C & R will be graphically obtained
without approaching. Table | demonstrates a comparison
between these two methods.

TABLE I: A COMPARISON BETWEEN APPROACH AND GRAPHICAL

METHODS.

f Q |L Approach Graphical
(KHz) (mH) | C(pF) | R(KQ) | C(pP) | R(KQ)
29.3 12.8 193 152.5 | 454.8 151 452
315 13 168 153 432.3 153 431
33.7 13.1 145 155 402.2 155 403
35.4 13.26 | 128 157 377.5 158 378
37.2 13.47 | 116 158 365.2 159 365

As illustrated in the table; there are no differences
between approach and graphical results. Fig. 6
demonstrates obtaining the values of chamber
capacitance and discharge resistance graphically

for Apax = 12,43, L = 336.7 mH and f = 22.8 KHz.

3. Proposed theoretical method

Now, we are going to analyze the determination of the
dielectric barrier discharge ozone generator parameters.
In this regard, the ionization voltage can be calculated by
determining the required ionization energy. The gap and
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the dielectric capacitances will be theoretically calculated
by the using of Gauss's Law.

18- - F 1
17 \ §
— \ C=145pF ]
oul E iR \ R=599K0 ]

Fig. 6. Determination of capacitance and discharge resistance of
ozone chamber graphically

A. 3.1 The ionization threshold voltage

For co-core cylindrical ozone reactor; the electrical
field has a mathematical form given by:

\
EM) = (10)
rq

E denotes the electric field between the two cylindrical
electrodes; the value of which depends on the applied
voltage V and the radius of the reactor. r; & r, represent
the inner and outer cylinders radius, respectively. As
Eq.(10) demonstrates, the electric field is maximized at
r=r; and as a result of this, the ionization or the
threshold voltage can be calculated as [8]:

Emax

r<r<r,

Vo, = m (11)
ry

As mentioned earlier, ionization energy has a range
between 1.17243 kWh/m3 and1.620 kWh/m? for oxygen
and as a consequence of that range, the threshold voltage
can be calculated from the minimum required energy
(1.17243 kWh/m®). Thus, the ionization energy can be
expressed as

1 2
W=§Jﬂ-eoE dv (12)
vol
€, IS the free space permittivity, and  dv is the
differential volume. For co-core cylindrical ozone

generator; the electric field has maximum value at the
inner cylinder and minimum value at the outer one. In
other words, Emin and Emax have mathematical forms
given by:

E _ 2Wmax E.. = 2Wrnin
max Gng » Bmin eng

V, is the gap volume between the two electrodes. For
ozone generator model with inner cylindrical radius 1.45
cm, outer cylindrical radius 1.59 cm and of length 30cm,
the maximum and minimum values of the electric field
can be evaluated to give E,., =19.129 KV/cm
and E_;, = 16.273 KV/cm [8]. The electric field flux
is perpendicular to the electrode surface and therefore the
required threshold voltage for 1.4 mm ionization gap is
2.28 KV.

(13)
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B. 3.2 Air gap and dielectric capacitances

This section concerns with capacitance calculations of
two parallel plates and co-core cylindrical ozone
generators. Two parallel plates construction has two
medium; one of them depends on dielectric material and
the other for air or oxygen gap. The ionization gap
permittivity is air or oxygen permittivity at the operating
pressure and temperature. Fig. 7 illustrates the parallel
plates ozone reactor construction. k. & €, are the relative
dielectric and the ionization gap permittivities,
respectively, whilst t & d are the dielectric and air gap
thicknesses, respectively.

d Eq €5

Fig. 7. Cross section parallel plates 0zone generator

The potential difference between the two electrodes
can be formulated as [15]:
- Q Q
v_—L Edl = —Eod — Ep =~ad" oA
E, & Ep are the electric field values through the
ionization gap and the dielectric layer, respectively. A is
the electrode surface area and Q is the quantity of electric

charges on each electrode.

t (14)

Q 1 1
Wt e, I 1 (1%
€A €g keA Cy Cq
Thus,
€A e kA
Cc=— +  Ca=—r (16)

Cg & Cq are the capacitances of the ionization gap and
the dielectric layer, respectively, whilst C represents the
total capacitance.

For ozone generator with electrode surface area
of 0.045 m?, dielectric thickness of 1 mm, ionization gap
thickness of 3mm , and silica dielectric relative
permittivity of 8 [8]; the resulting gap capacitance Cg =
132 pF and the dielectric capacitance C4 = 3.186 nF.

The previous procedure will be applied for co-core
cylindrical ozone reactor. Fig. 8 demonstrates co-core
cylindrical ozone generator where a is the inner
cylindrical radius, b is the dielectric radius, whilst c
denotes the outer cylindrical radius.

b
, ch . Qi)  QInG) an
= — Y = — —_
a 2megk. L 2meyl
Q 1 1
VI nd Ine® Lyl (18)
da Cg
2megkelL 2megl
Thus,
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Fig. 8. Cross section of co-core cylindrical ozone generator

4. Conclusion

In this paper, determination topologies of ozone
generator parameters have been studied. Lissajous plot
achieved good results in frequency range (15-20 KHz).
This belongs to the plotting shape which will be distorted
outside this range. As a result of this distortion,
uncertainty will be occurred in determination of I, and
Qo values. Differential evolution (DE) method, on the
other hand, depends on the resonance frequency. This
means that as the resonance frequency increases,
accuracy of parameter values will be enhanced. A new
theoretical methodology is proposed. It is concerned with
calculations of the initiation or threshold voltage,
dielectric and gap capacitances for parallel and co-axial
0zone reactors.
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