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ARTICLE INFO ABSTRACT

Article history: BACKGROUND: Plasma jets have several advantages compared to volume or surface
Received 12 October 2017 dielectric barrier discharges particularly concerning the enhanced control of discharge
Accepted 22 December 2017 conditions and reactive species output. However, a feed gas has to be supplied for the
Available online 31 December 2017 operability of plasma jets. Commonly noble gases are used for this purpose. The

interest in these atmospheric pressure plasmas have been emphasized in practical
applications because it minimizes the need for vacuum systems and enables the
treatment of materials continuously. OBJECTIVE: The aim of the present work was

Keywords: the study of some of the electrical characteristics of the atmospheric plasma jet and
Argon plasma jet, waveforms, plasma determine some of its parameters. We investigate some of the electrical characteristics
lengths, photos of plasma, power of the atmospheric argon plasma jet which were applied for the surface modification.
efficiency RESULTS: The waveforms of the applied voltage and current across the two

electrodes of the plasma jet as a function of argon gas flow rate are measured. An
adjustable high voltage power supply with the amplitude from 0 to 30 kV and the
frequency from 20 to 50 kHz is connected to the upper electrode, and the bottom
electrode is grounded. The plasma lengths in the plasma jet at different experimental
conditions are calculated using photos of the plasma column at different discharge gas
flow rate and at different discharge voltage. The deposited and consumed power and
power efficiency were calculated. CONCLUSION: The results indicate that the gas
flow plays a key role in variation of the structure and contributes much to enlarging the
plasma lengths. The maximum values of plasma length are dependent on the values of
applied voltage.

INTRODUCTION

Glow discharge can be occurred at either atmospheric pressure or low pressure. Since the last century, many
research projects on glow discharge at low pressure were developed and it is well established. It is widely used
in many applications such as surface treatment, light sources and thin film coating. Yet, it is costly in order to
maintain at low-pressure condition. Due to this limitation, many researches had been implemented on
stabilization of glow plasma at atmospheric pressure (Kanazawa et al., 1988; Yokoyama et al., 1990). Several
researchers claimed that glow plasma is possible to stabilize at atmospheric pressure if three simple
requirements are fulfilled: (i) source of frequency is over 1 kHz, (ii) dielectric plate is inserted between the two
metal electrodes, (iii) helium is used as a dilution gas (Harry and Yahya, 1999).

Another important result relating to the stabilization of an atmospheric pressure glow discharge (APGD) is
its appearance in air, argon and oxygen when using a 50 Hz source and a fine wire mesh as the discharge
electrodes (Okazaki et al., 1993). These initial experiments have since been confirmed (Yokoyama et al., 1990;
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Tepper and Lindmyer, 2000), and it has also been established that fine mesh electrodes produce a more stable
glow than do coarse mesh electrodes (Tepper et al., 2002). Since ozone is commonly generated in air or in
oxygen, the production of an APGD in air is potentially important, and forms therefore the focus of the present
investigation.

Besides reducing the characteristic length of the discharge chamber, stable atmospheric pressure glow
discharges (APGDs) used for technological applications have also been operated when other conditions are
fulfilled with respect to the structure of the electrodes, the carrier gas and the frequency of the applied voltage
(Francis, 1956; Bogaerts et al., 2002). Typically, in APGDs, at least one of the electrodes is covered with a
dielectric, and the discharge operates at alternating voltages. Furthermore, the kind of discharge gas determines
the stability of the glow discharge.

The main advantage of APGDs is the absence of vacuum conditions, which greatly reduces the cost and
complexity of the glow discharge operation (Deng et al., 2005). This generic capability has brought in the last
ten years much closer to practical applications such as biological decontamination and open —air surface coating
(Shi et al., 2006).

Plasma treatments are realized by the plasma plume, i.e. the plasma developing at the outlet of the discharge
reactor flushed with rare gas expanding in the ambient air. Plasma plume length and gas jet physics are coupled
as already mentioned in literature (Karakas et al., 2010). Plasma plume length depends on several parameters
such as pulse width, applied voltage, and also the gas flow (Jiang et al., 2011).

The effects of air diffusion on the spatial distribution of OH radicals and O atoms in the afterglow of
atmospheric-pressure plasma jets was studied (Nikiforov et al., 2014). These effects are investigated by
performing and comparing measurements in ambient air with measurements in a controlled argon atmosphere
without the admixture of air, for an argon plasma jet. The higher density of active species in the discharge in
ambient air is likely due to a higher electron density and a more effective electron impact dissociation of H,0
and 0, caused by the increasing electrical field, when the discharge is operated in ambient air.

Arrays of atmospheric-pressure plasma jets as a means to increase the area being treated in surface
modification and in plasma medicine in particular was considered (Babaeva and Kushner 2014). A unique
challenge of scaling plasma jet arrays is that individual plasma jets in an array tend to interact with each other,
which can lead to quenching of some individual jets. To investigate these potential interactions, a computational
study of one-, two- and three-tube arrays of micro-plasma jet arrays was performed. lonization waves (IWs) or
plasma bullets, which form the jets on the boundaries of an array, encounter higher mole fractions of air earlier
compared with the center jet and so are slower or are quenched earlier. The close proximity of the jets produces
electrostatic repulsion, which affects the trajectories of the IWs. If the jets are close enough, photo ionizing
radiation from their neighbors is an additional form of interaction.

The effects of the gas flow on the propagation of atmospheric pressure plasma plumes within the range of
the Ar flow rates from 2 to 6 1/min, was studied (Wu et al., 2013). The length of the downstream plasma plume
was found larger compared to the upstream plume. Moreover, the length difference Lqoyn — Ly, became larger
with the increase of the gas flow rate.

The effect of gas flow rate of helium and argon on the length of dielectric barrier discharge (DBD) jet
generated under atmospheric pressure using an AC source was investigated (Lau et al., 2014). It is found that as
the flow rate increases, the jet length increases up to a maximum length under laminar flow. Further increase in
flow rate, it will cause the jet length to decrease as the flow becomes turbulent. Also, was found that, there is an
obvious increment in jet length of argon DBD system when the applied voltage is increased from 8.8 kV to
11.0 kV, but not in helium DBD jet. The longest jet in helium is obtained at 17-19 I/min and 8.8 kV while in
argon, it is obtained at 5.5 1/min and 11.0 kV.

The characterization of electrical power distribution in an atmospheric pressure plasma jet operated at six
different frequencies was studied (Gerling et al., 2017). It was found, that the effluent length of the device scales
linearly with the plasma power and total input power into the effluent increases continuously with frequency.

The aim of the present work is to investigate some of the electrical characteristics of the atmospheric
plasma jet and determine some of its parameters.

MATERIALS AND METHODS

A schematic diagram of the plasma jet and its power supply is shown in fig. 1. the electrical
characterization of the plasma device is performed in order to gain access to the values of the dissipated power
into the plasma. Established techniques are limited by the applied frequency of the plasma jet and the resulting
wave nature of the physical values. Due to the frequency range used for the plasma jet under investigation, the
dissipated power determination has to be adapted based on techniques introduced in the literature.

The plasma jet consists of two cylindrical electrodes; the inner electrode is made of stainless steel of width
1 mm, enclosed by quartz tube of diameter 4 mm. The other electrode is covered by copper tape and connected
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to the earth. An adjustable high voltage power supply with the amplitude from 0 to 30 kV and the frequency
from 20 to 50 kHz is connected to the upper electrode, and the bottom electrode is grounded.

Electrical measurements of the applied voltage and discharge current are measured using Tektronix voltage
probe (model P6015A), while the current flowing in the circuit is measured using current monitor (model 6585
Pearson electronics, USA). The applied voltage on the two electrodes and the discharge current through the
reactor are monitoring using a 500 MHz four-channel digital phosphor oscilloscope type Tektronix (model DPO
4054). Argon gas is supplied at a rate of 1.5 standard liters per minute (SLPM) using a calibrated mass flow
controller and a Canon (EOS40D) camera was used to capture the image of the plasma jet.

Power supply
Flowmeter

Current probe

Voltage probe

Fig. 1: Schematic diagram of the experimental setup
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Fig. 2: V-1 waveform for Ar gas at flow rate 1.5 (SLPM) and 21 kHz
RESULTS AND DISCUSSION
The waveforms of the applied voltage and current across the two electrodes of the plasma jet as a function

of Ar gas flow rate are shown in figure (2) and figure (3). Spike currents are observed in the current waveform
in the rising portion of each half cycle of the applied voltage from the start to the time of voltage peaking. The
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spikes are caused by the filament discharges, which compose the dielectric barrier discharge in air at
atmospheric pressure (Bogaerts et al., 2002; Wu et al., 2013).

As the two electrodes are of the same size and shape, the discharge current in the positive half-cycle is
about the same as that in the negative half-cycle. The APGD is character by a single current pulse per half-cycle
of the applied voltage with the same periodicity.
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Fig. 3: V-1 waveform for Ar gas at flow rate 3.5 (SLPM) and 21 kHz

Like low-pressure glow discharges, plasma jet is characterized by relatively strong light emission near the
cathode. Photos (1 and 2) show the plasma lengths intensity in the plasma jet at different experimental
conditions, as shown in figure (4). From these photos we can calculate the plasma lengths at different discharge
gas flow and at different discharge voltage (Lau et al., 2014).

Voltage 5 (kV) Fre21 (kHz) flow2.5(SLPM) | DPlasmalength 1| Voltage 7 Fre2l (kHz) flow 4 (SLPM) | Plasma length
| (m) (30) 1.13 (cm)

Photo (1) Photo (2)
Fig. 4: Plasma lengths intensity in the plasma jet at different experimental conditions

Figure (5) and figure (6) Shows the relation between the plasma lengths, which calculated from the above,
photos as a function of applied voltage at different Ar gas flow rate. It's clear from this figures that, the plasma
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lengths increase with increases the applied voltage until reaching to the saturation at higher values of applied
voltages (Karakas et al., 2010).
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Fig. 5: Relation between Plasma length and applied voltage at Flow 1.5 (SLPM) and 21 kHz
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Fig. 6: Relation between Plasma length and applied voltage at Flow 3.5 (SLPM) and 21 kHz
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Fig. 7: Relation between Plasma length and Argon flow rate at 5 kV and 21 kHz
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Fig. 8: Relation between Plasma length and argon flow rate at 7 kV and 21 kHz

Figure (7) and figure (8) show the relation between the plasma length, which determined from the above
photos in figure (4), as a function of argon flow rate at different applied voltage. These figures show that, the
plasma length increases with increasing the flow rate until it reaches to maximum value then it decreases to
reach to nearly saturation at higher flow rate (Lau et al., 2014). In the low argon flow rate region, when flow
rate increases gradually, more gas particles are available to be ionized and the number of charged particles
forced out from the quartz tube would be higher, so a longer plasma length is observed. This is characteristic of
laminar flow (Li et al., 2009). After a maximum length of plasma jet, the length becomes shorter when flow rate
is increased. This is due to turbulence flow of the gas in quartz tube (Lau et al., 2014). The maximum values of
plasma length are dependent also on the values of applied voltage.

On the other hand, figure (9) shows the power deposited during one-cycle discharge of plasma jet at a
frequency of 21 kHz as a function of applied peak voltage (peak -to-peak), V.. The power linearly increases
with increasing applied peak voltage (Gerling et al., 2017).

Generally, the average power of an electric signal of period T = %is defined by (Dunnbier et al., 2015):

1 pto+T
p=J, 1OV dt 1)
Where I(t) and V(t) being the instantaneous current and voltage respectively. In case of a sinusoidal waveform,
equation (1) can be written as (Dunnbier et al., 2015):

P = Irms Vrus cos(@) 2)
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Where Izys = lo/vV2and Vgys = Vo/V2 are the root mean square (RMS) current and voltage,
respectively. I. and V. are the peak values of the current and voltage respectively and ¢ is the phase angle
between the discharge voltage and current. Usually, the total power (power deposited) delivered by the
generator into the electrical network down to the plasma can be calculated from measurements of current,
voltage and phase angle ¢ directly at the electrodes.

Moreover, the consumed power P is obtained using equation (1) and its calculated value is equal to 23.2 W.
Also, the mean energy consumed is estimated by multiplying the consumed power by the period time, which
gives 2.3 mJ (Dunnbier et al., 2015).

The power efficiency of the plasma jet device can be calculated by dividing the measured consumed power
by the input power to be 58 %, (Input power for this system is equal to 40 W).
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Fig. 9: Relation between power deposited during one- cycle discharge and applied peak voltage at 21 kHz

From the above results, one could be clarified that, the gas flow rate is one of the important parameters that
can affect the plasma jet length. The role of the gas flow rate and different experimental conditions such as
applied voltage and frequency in atmospheric pressure plasma jets can be used in improving control of this type
of non-equilibrium plasmas as in plasma biology, health care, medicine, surface modification, and
nanotechnology applications.
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