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ABSTRACT

This work is devoted to the optimization of a dlzessetup generating a low temperature plasma
jet launched in open air by using helium flow carrgas through a glass tube. The dielectric
barrier discharge setup uses a tube wrapped bythwocylindrical external electrodes powered by
a mono-polar pulsed high voltage supply. The opttion is based on a multi-parameter study
covering a wide range of the tube and electrodessand also the dielectric permittivity of the tube
The aim is to analyze individually the effect ofreaf these tube parameters on the magnitude of
the geometric downstream electric field which isedily correlated to the efficiency of the
dynamics of the generated ionization waves or “plasbullets”. Such correlations are shown by
using fluid modeling of plasma jet dynamics andeeixpental measurements of discharge current
and plasma jet length. Two distinct configuratiaighe plasma jet setup have been considered: a
standard configuration and an experimental optidizene. The optimization of plasma jet
characteristics has shown that for a fixed hightagé magnitude (5kV), the optimal jet length is
reached for the lowest dielectric permittivity, thimallest downstream electrode width, the largest
upstream electrode width, the thinnest electrodekttess, the smallest inter-electrode distance, the
thinnest tube thickness and the smallest tube deam&his allows us to suggest a theoretical
optimal configuration that gives a maximum valuel@ivnstream electric field about 5 times higher
than the standard case. This theoretical optimaifiguration enables to design electric power
supply using voltage about 5 times lower (1 kVntliae standard voltage (5kV)to generate the
same low temperature plasma jet.

INTRODUCTION

Many research works have been already devotedwddmperature plasma jets enabling remote
treatments outside of the plasma generation regnzhtargeting mainly-but not only- the field of
biomedical applications such as inactivation onhgléonic bacteria (see e.g. refs [1-2])or biofilms
(see e.g. refs [3-4]), biomaterial treatment(sge refs [5-7]) and medicine (see e.qg. refs [8-18]).
special section in an international journal illas&s the growing interest of the scientific comnyuni
on plasma jets and bullets; it is prefaced by Kehgl (see [14] and references given therein) that
summarize the history on these kinds of plasmasy trariety and their diverse applications. The
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reader can also find many other interesting workplasma jets in the literature (see e.g. refs [15-
36]).

The literature investigations on the low tempemtplasma jets generated more particularly by a
system of dielectric barrier discharge (DBD) alanguartz tube crossed by a helium carrier gas
,were generally aimed to better understand the ddyaramics, the ionizing wave (or
bullet)dynamics and the chemical properties. Tingetad objectives are generally to better control
for instance the produced active species and theengperature versus the complex and numerous
set of operating parameters (gas composition awd thpplied voltage, size and nature of dielectric
tube, size and position of electrodes, etc.) ineprd tune such plasmas towards each specific
biomedical application. These literature invesimat based on experimental analyses (see e.g. [15-
33]) and also on a few recent works on modeling sintulation(see e.g. [34-36]) have already
given a lot of very interesting results with, ins® cases, the variation of operating parameters as
for instance the gas composition including addif®/g], the gas flow rate ([20] or [22] or [25]),&h
nature of inlet gas [28], the power supply chamsties ([20], [22-23], [29-31]), the electrode
configuration([21], [31-33]), etc.

The present work presents a different parametudystlt is devoted to a multi-parametric analysis
based on a wide variation of the geometric sizetheftube and the electrodes and also on the
variation of the nature of dielectric tube usedhia case of the considered standard helium DBD
plasma jet. The aim of this study is to help toiglelectric power supply using voltage lower than
the standard power supply to generate the saméeloyperature plasma jet.

To reach this aim, this study is more particuldr§sed on 2Dzelectric field calculations in the
case of each considered set of operating paramdteesaim is to obtain, for fixed parameters of
the power supply and carrier gas velocity, theroptigeometric parameters allowing the optimal
plasma characteristics at a given position on this autside the dielectric tube. The plasma
characteristics can correspond for instance toldngest jet length, the highest plasma bullet
velocity and the largest electron density or elecfield at a fixed position on the axis in the
downstream side. The fixed position can corresgonéhstance to the position (e.g. 1 cm from the
tube exit) where a living tissue can be placedfasma exposure. The trends determined from such
geometric electric field calculations are then aonéd from both experimental measurements and
fluid modeling of ionizing wave (or plasma bullelynamics. Section 2 following this introduction

is devoted to the method of the electric field akdton that directly affects the plasma
characteristics such as the length of the plasmarjd the magnitudes of electron density and
electric field at a fixed position outside the tubexmbient air. Then section 3 displays the olet@in
results with a discussion on their experimental mwadeling confirmations. A comparison has been
done more particularly between a reference (ordsta) case using classical sizes of the quartz
tube and electrodes and an optimized case. Ther l&t based on the choice of a set of
experimentally possible operating parameters thaesgthe optimal jet length and plasma
characteristics outside the tube in the downstreidm outside the dielectric tube.

MATERIALSAND METHODS

Formalism and method of calculation:

The configuration of the quartz tube crossed byuhelgas flow, wrapped by two electrodes
(powered and grounded ones)and powered by a putdéabe supply is shown in figure 1la.The
position of the powered electrode is chosen ordtdvenstream side.

Figure 1b displays the geometric configuration vifté different variable parameters corresponding
to the sizes of the tube and the electrodes.
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Figure 1a: Schematic representation of the DBD setup generating the low temperature plasma
jet
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Figure 1b: Didectric tube used to generate helium DBD plasma jet with the different geometric

parameters as @, (internal diameter of the tube), tkipne(thickness of the tube), wey, (width of the

upstream electrode or grounded electrode), Wegown (Width of the downstream electrode or powered

electrode), d (inter-electrode distance), tk, (thickness of the electrode) and L (length of the tube on the
downstream side).The different regions along the tube axis are numbered from (1) to (V1).

The space variation of the electric field in aidan dielectric material in the case of cylindrical
(r,z)geometry having a revolution symmetry around z axigbtained from the solution of the
following equation:

10&.£,TE, N 065 E _ 2
ror 0z (1)

E; and E; are the radial and axial components of electraldfivector E.& isthe dielectric
permittivity of vacuum and; the relative permittivity of the dielectric matdr{aither glass tube or
air) while pyis the space charge distribution.

The fluid model used for the simulation of the fation and the propagation of ionizing waves (or
bullets) is based on the classical conservatiorateaus of charged particles (electrons and ions)
coupled to Maxwell-Gauss equation (1) for the daliton of the charge space electric field. The
details on numerical method of solution of the efiéint equations of the present fluid model have
been already detailed elsewhere [36]with the bdsi@a needed for the considered interactions
between charged particles (electrons and ions)hatidm background gas (inside the tube) and
helium/air mixtures (outside the tube). A particubamphasis was done in ref [36] on specific
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interactions contributing either to increase thecebn avalanches (as direct and stepwise
ionizations) or to propagate the ionization wavas Penning ionization) during the electrical
discharge development.

RESULT AND DISCUSSION

A standard (or reference) case has been first ahfmsethe calculations of the geometric or initial
electric field (section 3.1), the simulation ofcherge dynamics (section 3.2) and the experimental
measurements of the discharge current and the plgsimlength (section 3.3). A quartz tube
(e=4.2) is used in the standard case with internaméterq@.,=2mm, tube thickness tke=1mm,
width of the upstream electrode; Ww=20mm, width of the downstream electrodggyw=20mm,
inter-electrode distancd=10mm, thickness of the electrode#®.2mm and tube length on the
downstream side L=10mm.

Calculations of the geometric or initial field along the tube axis:

The geometric or initial electric field is calcuddtfrom numerical solution of equation (1) without
considering the space charge in order to know gx#ue¢ shape and the magnitude of the initial
electric field acting or accelerating the chargadiples as soon as a high voltage is appliedédo th
powered electrode (downstream one in our casey foteworthy that such electric field ,that
depends only on the geometry of the tube devicéetermined without taking into account the
space charge by considering =0 in equation (2).

The aim is first to show the more or less stronpetielence of this initial electric field on the
different parameters of the tube geometry defimefigure 1b. Then in the following sections, it is
shown how this initial field affects the plasma gktaracteristics such as simulated space charge
electric fields or electron density (section 3.2)dameasured discharge current and jet length
(section 3.3).

Figure 2 shows, in the standard case ,the geometticced electric field along the tube axis from
z=0 up to a maximum position z=140 mm situatedidatthe quartz tube having a total length of
90 mm. The geometric electric field described gufe 2 in the standard case is generated by the
potential displayed in figure 3 where a high vo#tanf 5kV is applied to the powered electrode
placed in this case on the downstream side.

Calculations and also measurements in the preserit are done in the case of atmospheric
pressure at ambient temperature which corresponda background gas density N equal to
2.4457x18° cm®.Before to describe the discharge behavior at tiiead this section ,it should be
noted:

-The symmetric shape and the relatively high magieitof the electric field in the gap space(region
[II) between the two electrodes (from z=50mm to @mén): it is the initial electric field that
enables to the dielectric barrier discharge tognéted inside the quartz tube in pure helium within
the gap space when the pulsed high voltage isexppin fact, region Ill corresponds to the inter-
electrode gap where there are complex dischargandigs. This discharge dynamics already were
evoked elsewher® In short, as soon as the high voltage is apptiethe powered electrode, two
discharges are initiated in region Il from the Higlectric field zones (corresponding to the two
electric field peaks shown in region Il of figu¢. From each electric field peak of region Ill,otw
discharges are simultaneously started along z awise discharge propagating towards the left
direction and one propagating towards the righeadion. The two discharges propagating inwards
the center of region lll lead to the formation ddgma region with a very low electric field due to
high concentration of both positive and negativarghd particles. The two other discharges
propagate in the opposite direction i.e. from ragib to respectively region Il and IV. In fact,
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when the pulsed voltage is applied, two dischangese started simultaneously in an opposite
direction along z axis from each electric field lpéae. high electric field zone). This means that
each of the four electric field peaks (higher th@Td) displayed in figure 2 is the starting-poifit o

two discharges. If for instance, we follow the tiagige propagating toward region IV. A plasma
zone is reached in region IV where the electritdfieecomes very low before the starting of the
ionizing wave dynamics from the peak of the inig#ctric field of region V. Therefore, this high

geometric electric field in region V generates dyaamics of the plasma bullets that are launched
in open air outside the dielectric tube as disalissesection 3.2. Last, between two successive
pulsed voltages, the charged particles and the lwegl excited species formed in the plasma
region Il are transported in region V and VI due the flowing gas. The presence of such
background species allow the plasma bullets (oziog waves) to propagate inside a pre-ionized
and pre-excited gas medium favoring for instancenitg and stepwise ionizations necessary for
the discharge development outside the tube and ellargdiscussed in ref 36.
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Figure 2:Modulus of standard geometric reduced electric field along the z axis (radial position
r being equal to 0) for a high voltage of 5 kV applied to the powered electrode (placed between
z=80mm to z=90 mm) in the standard case with a quartz tube of 90 mm for total length.
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Figure 3: Potential distribution in the standard case with 5 kV applied to the powered
electrode placed on the downstream side (surrounded by dark red color) in front of the
upstream grounded electrode (surrounded by dark blue color).

- The shape and the magnitude of the electric fielcegion | between the tube input (z=0mm) and #fie |
side of upstream electrode (z=30mm): it is thetdletield in addition to the space charge one teterates
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the ionization waves (usually experimentally obsdjvmoving in the opposite direction of the gasvfign

the upstream side) inside the tube of gas injection

- The shape with two peaks of the electric field gatesl in regions V and VI in the downstream side
between z=80mm (right border of downstream eleefydd z=140mm (placed outside the glass tube}: it i
the electric field in addition with the correspamglispace charge one that generates the ionizingsvav
launched on the downstream side and analyzed iprsent work. The second peak observed at z=90mm
(exit of the tube) is due to the change of dielegbermittivity between quartz and gas. It shou&aiso
noted that the maximum value of the downstreamtrédefield (for z near 80mm) is quasi-equivalentthe
upstream field maximum (for z near 30mm).

In fact, the magnitude of the electric field in i@ V and VI of the downstream side
(for z > 80 mm) has a direct effect on the properties efitimization waves ejected outside the tube
in the downstream side.

Before to show the correlation between the mageitud the downstream electric field
(for z > 80 mm) and the plasma jet characteristics(jettlerglectron density, space charge electric
field, discharge current) , we give in the follogia multi-parametric study showing the effects of
variation of the geometry and nature of the tubd #re electrode sizes and position on the
magnitude and the shape of the initial geometeildfi

Effect of tube and electrode parameters on geometric electric field

The control configuration corresponds to the steshdase of the plasma jet device with a given set
of operating parameters (internal diameter of theet2mm, thickness of the tube=1mm, width of
the upstream electrode=20mm, width of the downstrealectrode=20mm, inter-electrode
distance=10mm, electrode thickness=0.2mm and velatielectric permittivity of the tube=4.2).
Then for the multi-parametric study, each parambss been separately changed. The aim is to
show the effect of each parameter on the shapdahendagnitude of the geometric downstream
electric field which plays a central role on theaudcteristics of the plasma jet.

Figure 4 displays the downstream geometric fieldeigions IV to VI(z > 70 mm)in the case of 3
values of the tube thickness (0.25 mm, 1mm and 2 mith a voltage of 5 kV applied to the
downstream electrode. The maximum electric fieghfrthe right side of the downstream electrode)
increases by about 60% when the tube thickneseases from 1.0mm to 0.25mm. This is due to
the effect of dielectric barrier which is directbyoportional to the tube thickness. Therefore, the
electric field along more particularly the tubesarecessarily diminishes when the dielectric barrie
becomes more important. In the same time, the seiedtric field peak at the tube exit (due to the
change of permittivity from quartz to air) varigsthe inverse way. This small electric field peak
decreases by about 64%when the tube thicknesssvémen 1.0mm to 0.25mm.This is a
consequence of the simultaneous increase of teeHigh peak in order to maintain constant the
total potential (integral of the electric field) wh is equal to the potential applied to the powere
electrode. The relative differences of the maxinelectric field are obviously larger for a variation
of the tube thickness from 2mm to 0.25mm as digdayin figure 4.

Figure 5 displays the downstream geometric fieldhe case of 3 values of the internal tube
diameters (0.25 mm, 1mm and 2 mm) while the othbe tparameters are not changed. As in the
previous case when the tube thickness is pararpetkgrithe variation of the tube diameter
corresponds also to a variation of the dielectacribr (not the part corresponding to the solid
dielectric but to the gaseous one). This meansahaixpected when the tube diameter is decreased
from for instance 2 mm (standard case) down tarirg the maximum electric field is increased by
about 38% while the shape of electric field near thbe exit showing a second but small peak
changes in order to maintain constant the totallieghppotential at the powered electrode.
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Figure4: Axial variation of geometric electric field in the downstream side of the tube versus
thetubethicknessfor 5 kV applied to downstream electrode.
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Figure5: Axial variation of geometric electric field in the downstream side of the tube versus
thetube diameter for 5 kV applied to downstream electrode.

Figure 6 displays the geometric field in the ca$e8 ovalues of the width of the downstream
electrode (5 mm, 20mm and 30mm) while the othele tprameters remain unchanged. The
magnitude of the maximum electric field increasgsabout 17% for each 10mm of the width
diminution. In fact, if the electrode width is deased, the charge densiign the electrode surface
necessarily increases when the total charge nunsbenaintained constant on this electrode.
Therefore, the electric field near the downstredéasteode has to increase to verifying the classical
electrostatic relation of proportionality betweée electric fieldEnear a conducting surface and the
surface charge denstty{n being the unity vector perpendicular to the etatsrsurface).
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£o )
As direct consequences:
- the electric field near the downstream electrodereiases when the width of the downstream

electrode decreases as it is shown in figure 6.
- The absolute value of electric field near the wgzstr electrode also increases when the width of the
upstream electrode decreases.

In the case of a diminution of the upstream elerovidth, the electric field close to the
downstream electrode has to diminish (result notwst) in order to compensate the increase of the
electric field near the upstream electrode. Thismpensation occurs to maintain constant the
integral of the electric field along the z axis walhis equal to the applied potential.
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Figure 6: Axial variation of geometric electric field in the downstream side of the tube versus
the downstream electrode width for 5 kV applied to downstream electrode.

To summarize, when the size of any electrode (epsiror downstream one) is decreased, the
electric field near this electrode necessarily@ases according to relation (2) between E@nid

for instance, the size of downstream electrodeeisrahsed (Fig. 6), the electric field near this
electrode increases and in the same time the ieldeld near the other electrode (upstream one)
decreases to maintain constant the integral offotitad electric field.

Furthermore, from results not displayed, the vemmabf the inter-electrode distandehas only a
small effect on the downstream electric fidial.fact, the variation ofl mainly affects the electric
field magnitude between the electrodes (regionwhjch is inversely proportional tin order to
conserve the integral ofhé electric field between the electroddhe consequence on the
downstream electric (regions V and VI) is a smathidution of about 3% of the electric field
maximum for 1 cm of increase of the inwectrode distance

Other electric field calculations have shown thHa increase of the downstream electric field,
requires thinner thickness of electrodes becauseragously emphasized this contributes to
decrease the total surface of the electrodes adftire to increase the charge density. However,
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the percentage of such an increase on the elef#lit is not really significant because it
corresponds to about 10% electric field rise favranegligible diminution (equal to 0.5mm) of the
electrode thickness.

It is also interesting to observe the variatiorinaf downstream electric field versus the variatbn
dielectric permittivity of the tube while keepingmvariant the other tube parameters. As displayed in
figure 7, the increase of the dielectric permityiyirom 2.9 for lex an up to 10 for alumina, leads

a diminution of about 25% of the maximum of the dstwream electric field. In fact, as shown in
equation (1), the electric field is inversely prajpmnal to the dielectric permittivity and thereéor
decreases when the Ilatter increases if the totalargeh remains constant.

14 | |
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12 | Alumina, 10 -------- =
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z=90mm: tube exit
10 |- -
e 8r ; )
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Figure7: Axial variation of geometric electric field in the downstream side of the tube ver sus
the dielectric permittivity of thetubefor 5kV applied to downstream electrode.

Correlation between the maximum downstream electric field and plasma jet length

Two specific tube configurations have been seletdeshow that the magnitude of the electric field
of region V in the downstream side (for>z70 mm) has a direct effect on the properties ef th
ionization waves (or plasma bullets) ejected oets$iek tube in the downstream side (regions V and
V).

Figure 8 displays the geometric electric fields tiwo specific configurations corresponding to the
sizes of the tube and the electrodes given in Tablelhe first configuration corresponds to the
previous standard case and the second one to igwation which is optimized to give a maximum
of the downstream electric field higher than in 8tandard case. This optimized configuration
corresponds to a judicious change of the sizegasilions of electrodes enabling us to increase the
maximum of this electric field from about 11.5 T@ 20 Td i.e. an increase of more than 70%. In
fact, we have not changed all the interesting patara of the tube resulting from our previous
parametric analysis. We have only changed the tp@eameters easily changeable in our
experimental setup such as the widths of upstreadh downstream electrodes and the inter-
electrode distance.
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Figure 8: Comparison between thereference (or standard) and optimized casesfor 5 kV
applied to downstream electrode. NB: optimization isrestricted only to the experimentally
realizable cases that we had at our disposal

Unlt:mm (Fint tktube Weyup Weydown d tl% L
standard 2 1 20 20 1@ 0.2 10
optmized 2 1 30 5 5 0.2 10

Table 1: Values of tube parametersin the standard and optimized cases using the same quartz
tube (g,=4.2) for the experimental confirmation of the calculation trends. The tube and
electrode parameters @nt, tKiubes Weup, » Wedown » d , tkeand L have already been defined in the
caption of figure 1b.

Fluid modeling of ionization waves in standard and optimized tube sizes:

The consequences of the increase of the initizkratefield on the ionization wave dynamics and

the plasma jet length are first shown in figurean®l 10 displaying the evolution of the variation of

the electric field and electron density obtainemhfrfluid model simulations of the dynamics of the

ionization waves in the two tube configurations alied in Table 2 (standard and optimized

cases).

In order to simulate the development and the prapag of the ionization waves or plasma

“bullets” launched in open air outside the dielectube, we used a fluid model based on the
classical conservation equations of charged pasti¢lectrons and ions) coupled to electric field
equation (1) for charge space electric field catahs. It was already used for simulation of

ionization wave dynamics in the same plasma jaipsend also in the case of streamer corona
discharge dynamics. Details on the fluid model #mel used numerical methods can be found
elsewhere (see e.g. refs [36-37]).

Figures 9a and 9b show, at different instants efitimization wave propagation in the case of a
pulse width of 1660 ns, the space variation of rdduced electric field and the electron density
along the quartz tube axis, starting from the rggtde of the downstream electrode (z=80mm) up to
a distance z=120mm outside the tube (at 30mm froentube exit). The considered gas flow

velocity (15m/s) is identical to the experimentaindition presented in section 3.3.2 (i.e. 3

liter/min). Figures 9a and 9b correspond to the @dghe standard configuration while figures 10a
and 10b display similar plots in the <case of optedi configuration.

21



M. Yousfi et al J. of Eng. & Techn. Res,, 2014, 2(2):12:29

25

z=80|mm: right siclie of downstrl'eam electrotlje
z=90mm: tube exit

eometric field at 80ns --------
20 . g t=128n8 o T

L t=250ns

i, t=375ns
t=500ns -- - -- -
t=625ns ===
t:?sons ........
t=875ns
t=1000ns ------ -
t=1125ng -------
t=1250RS o
t=1375ns
t=1500ns 7
t=1625ns --------

15 -

10 " "

Ez/N (Td)

0 PRTCIRINIGP O VS SCERS L W B e T e—

5 | | 1 | | | |
80 85 90 95 100 105 110 115 120

z (mm)

Te+13

T T T T

z=80mm: right side of downstream electrode

Z=90mm: tube exit

Initial density --------

o t:;%gns ...........
+12 | oaeeeenn, t=250ns

lesl2 b g 237905 o

T t=500ns - - - -

t=625ns ---

t=750ns - .

=875ns

t=1000ns

e T

le+11 |-

Electron density (cm-3)

———
I
A R Y

1e+10

1e+00 L L L L L L
a0 85 a0 95 100 105 110 115 120

Z (mm)
Figures 9: Electric field and electron density in the standard configuration in the case of a

pulsed voltage with voltage amplitude V=5 kV and pulse width=1660ns including 80 ns of rise
time and 80 nsof falling time.

Whatever the tube configuration, each curve (eitielectron density or electric field) is plottat
every 125 ns, starting from the initial time copesding to the beginning of the voltage pulse and
covering the rise time (80 ns), the pulse widthhvatconstant voltage of 5 kV (1500 ns) and the
falling time (80ns) that leads to a total time d@&s. In the case of electron density for instance
the first curve (at t=0ns) corresponds to a constiEmsity equal to the initial pre-ionized gas
density.

Starting from the initial density, the electron Bwvehe increases mainly due to the stepwise
ionization (as discussed in ref 36) until reachinglensity level near {&m®. Then the space
variation of electron density displays a front shapth a maximum which slowly decreases during
the ionization wave propagation. At each instam, électron density maximum finishes by a sharp
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decrease of a few decades down to the initial gnezation density. At a given instant, the position

of this sharp density fall corresponds in factite front of the ionization wave.
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Figures 10: Electric field and electron density in the optimized configuration in the case of a
pulsed voltage with voltage amplitude V=5 kV and pulse width=1660ns including 80 ns of rise

time and 80 ns of falling time and 15 m/sfor helium flow rate.

Such spatial variation of the electron density ¢etada local increase of the space charge thatm t
affects the magnitude and the shape of the irgeaimetric electric field. The space charge electri
field displays a shape with a peak able to reaciir{d the first instants of the ionization wave

propagation) about 20 Td in the case for instari¢keostandard configuration.

Then the front of the electron density and the petkhe space charge electric field move
simultaneously along the tube axis with a varigbtepagation velocity that can reach a few
hundreds of km/s. Table 2gives some ionization walecities reached at different instants of the

plasma jet propagation in the standard and optinizeses.
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Instant of propagatior 125 ns 250 ns 375 ns 1625 ns

Standard  67G10°m/s| 3210’ m/s 2410° m/s X10° m/s
configuration

Optimized|  71010°m/s| 560° m/s 3210° m/s %10° m/s
configuration

Table 2: Calculated velocity of propagation of theionization wavein the case of standard and
optimized configuration of thetube.

The trends of the velocities of ionization waves aoherent with our previous simulations (ref
36)and also with the literature experimental obatowns (see e.g. ref 22).There is an accelerafion o
the ionization wave in the part of the tube betwtenright side of downstream electrode and the
tube exit where helium gas flow is not yet mixedhwambient air. Then from the output of the tube,
there is a gradual slowdown of the ionization wegrcomitant with the helium dilution in air. This
can be explained by the decrease of the ionizaitiniency when the helium is progressively
diluted in air during the propagation of the ioniaa wave. This leads to the gradual decrease of
the electric field peak due to the decrease ofntlagnitude of space charges. The propagation of
ionization waves lasts up to the end of the dunatibthe applied voltage pulse and starts following
the same scenario during the next voltage pulse.

Table 2 shows that the propagation velocity is @igh the case of the optimized configuration and
becomes similar for both configurations at the ehthe propagation. Furthermore, figures 9 and
10 clearly show that the distance of the ionizatk@ve propagation is the longest in the case of the
optimized configuration (110 mm in the optimizedauconfiguration against 102 mm in the
standard case). These figures also show that dotr@h density reaches higher magnitude for the
optimized case, aboutID*® cm® in the optimized case against about?1ém? in the region
between the right side of downstream electrodetlamdube exit.

These simulations of the dynamics of the ionizatiaves presented in this subsection give us a
confirmation of the correlation between the magietwof the initial geometric electric field of
region V in the downstream side and the lengthhaf plasma jet. Indeed, the higher initial
downstream electric field in the optimized configiion leads to higher plasma characteristics (jet
length, electron density, space charge electrid &ad current discharge).

Experimental confirmation of the effects of tube sizes on plasma jet characteristics:

In the following, the instantaneous discharge aureand the plasma length have been measured in
the two previous case of tube size (optimized amddard configurations) under the following
electric and gas flow conditions:

- Maximum voltage applied to powered electrodg=%kV
- Pulse width: 1660 ns (including 80 ns for risingdiand 80 ns for falling time)
- Pulse frequency: 9,69 kHz

- Helium gas flow rate: 3 liter/min

Recorded currents

Figure 11 displays the recorded current duringtithe evolution of the voltage pulse in the case of
the two chosen tube configurations. As is previpeshphasized in similar setups of plasma jet (see
e.g. refs 16-17 and 23), there are two dischargesvery voltage pulse. The sign of the recorded
current is determined by the time derivative of tlwdtage pulse dV(t)/dt. The current sign is
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positive when discharge is ignited during the gsiime and negative when the second discharge is
ignited during the falling time.

Whatever the tube configuration (optimized or staddone), during the rising time of the voltage
pulse, there are two peaks in the recorded curveimich is positive (dV(t)/dt>0):a first
peak(displacement  current)  followed by a second Kk(escharge current).
The dielectric barrier discharge current (secondkpeith a duration of about 150 ns) shows a
classical shape characterized by an increase upetarrival of the discharge at the powered
electrode corresponding to the maximum currents T$hfollowed by a relaxation stage dominated
by the decay processes of charged particles. &feefirst discharge up to the beginning the second
discharge occurring during the falling time of tipeilse, a series of small oscillations (or
rebounds)have been observed due to electromagmg&derences in the impedance of the
electrical circuit.

03 | T T | | 6000
Current: Optimized case
Current: Standard case ---
0.2 lq Pulsed Voltage «------- - 2000
01 - i ' - 4000
< ol it { 1 0 RPN X {3000 Z
c X o
e | =
3 01 F < 2000 2
[
02 : 4 1000
i
03+ et 40
04 ' ! ! : : -1000
-500 0 500 1000 1500 2000 2500

t(ns)

Figure 11:Instantaneous current (green and red lines) and applied pulsed voltage (blueline)
to powered electrode ver sustime (voltage amplitude V=5 kV, pulse width=1660ns and
repetition rate=9.69 kHz). NB: Near therising edge, current includes displacement current
(first peak) and discharge current (second peak) while during the falling edge, displacement
and discharge currents ar e super posed

In the case of the second discharge occurring gutie falling time of the pulse voltage, the

recorded negative current (dV(t)/dt< 0) is the sppsition of displacement and discharge currents.
This second discharge evolves in the opposite tilireco the first discharge (i.e. from the powered
electrode towards the grounded one) with a cupeak smaller than the first discharge current.

Furthermore, it is interesting to note that theecircomparison between the currents of the two
considered tube configurations clearly show thaitpe current (or the first discharge current) and
the negative current (or the second discharge mt)ae both higher in the case of the optimized
tube configuration. The discharge current (eittner positive or negative one) resulting from the
optimized configuration is about twice higher thiaa current of the standard configuration.

Photos of the plasma j et

Last, the photos of the plasma jet in the two ater&d tube configurations (figure 12) clearly show
that the length and the luminosity of the plasntaaje more important in the case of the optimized
25
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tube configuration. The length of the plasma jeth@ optimized configuration is more than twice
longer than the case of standard configuration.

This result gives an additional confirmation of therrelation between the magnitude of the
downstream geometric electric field and the plaghproperties.

Tube 10 20 30 40 50 z (mm))
exit ' ' i j
Figure 12: Photos of the plasma jet in the standard case (top view with jet length=25 mm) and
optimized case (bottom view with jet length=55mm) for voltage magnitude V,=5kV, pulse
width=1660ns repetition rate=9.69 kHz and helium flow rate of 3 liter/min.

CONCLUSION

A multi-parametric study of the tube and electred®es and the dielectric permittivity of the tube
has been performed to analyze firstly their effent the magnitude of the initial geometric
downstream electric field. The magnitude of sudtteic field is determinant for the efficiency of
the development and the propagation of the ioraratvave dynamics in the case of the classical
setup of dielectric barrier discharge using a quaaxbe wrapped by two thin cylindrical external
electrodes. The electrostatic calculations of toertdstream electric field have shown that the
highest magnitude of the initial geometric field ncabe obtained in the case of:

- The lowest dielectric permittivity

- The smallest downstream electrode width

- The largest upstream electrode width

- The thinnest electrode thickness

- The smallest inter-electrode distance

- The thinnest tube thickness

- The smallest tube diameter
Then, the effects of the magnitude of the downstretectric field on the dynamics of the plasma
jet has been shown first from fluid modeling of thenamics of ionizing waves (or bullets) and then
from experimental measurements of the instantanéisabarge current and the plasma jet length in
two chosen configurations (a standard and an opgichibne) of tube and electrode sizes. In the

26



M. Yousfi et al J. of Eng. & Techn. Res,, 2014, 2(2):12:29

optimized tube configuration, we modified only thmost easily changeable experimental
parameters (i.e. the electrode sizes and positigitis)the material that we have at our disposak Th
experimental change of the other tube parameteisk(tess, diameter and dielectric permittivity)
will be considered in future works.

The trends of both fluid model simulations and expental measurements have allowed the
validation of the present multi-parametric approaétuid modeling and experimental results have
clearly shown that the configuration correspondioghe highest magnitude of the downstream
geometric electric field is the most favorable ¢égafation for the most important ionization wave
dynamics (jet length, electron density, space ahaigctric field, velocity of plasma bullets and
discharge current).

Last, in order to have an idea on the improvemantof of the plasma jet characteristics in a
theoretical (or ideal) choice of the tube and eteld parameters, we have simultaneously changed
all the tube and electrode parameters studiedisnwtbrk to get an optimal set of tube parameters.
Figure 13 shows that the highest magnitude of thvendtream electric field can be more than five
times higher than the field of the standard comjon when using an optimal set of tube and
electrode parameters given in caption of figureuh8er the same applied voltage to downstream
powered electrode (5 kV).

60
Olptimized theorletical case for I5kV —_—
Standard case for 5kV
Optimized theoretical case for 1k --------
50 - z=80mm: right side of downstream electrode .
z=90mm: tube exit
40 .
T
=
z 30 _
N
L
20 .
10 - -
0 | | 1
70 100 110 120 130 140
z (mm)

Figure 13: Comparison of downstream electric field between the standard case with 5 kV
applied to downstream electr ode and theor etical optimal configuration (dielectric per mittivity
= 2.9 (Ilexan or PVC), downstream electrode width=5mm, upstream electr ode width=40mm,
electr ode thickness=0.2mm, inter-electr ode distance=5mm, tube thickness=0.2mm and tube
diameter=0.2mm.) for two applied voltages: 5kV and 1kV.

Therefore for such optimal theoretical configurafiat is expected to increase significantly the
intensity and length of the present low temperaplasma jet in the limit of the saturation effects
due to hydrodynamics phenomena. However, what séettsr with this optimal configuration is
to significantly decrease the magnitude of the iadpVoltage to get a low temperature plasma jet
similar to the standard case. This is illustratgdigure 13 in the case of optimal configuratiorttwi
an applied voltage of 1 kV that gives a maximum dstream electric field equivalent to the
standard case using a voltage five times highek\(%. Therefore this theoretical optimal
configuration is in principle able to design elecfwower supply using voltage about 5 times lower
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than the standard voltage to generate the same l@mperature plasma jet.

The future experimental confirmation of such a auniation using optimal tube and electrode
parameters will be an interesting contribution éirgy the reduction of the cost and the size of the
electric power supply used for low temperature mkas  jets.
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