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Temperature profiles in filamentary Dielectric Barrier
Discharges at atmospheric pressure

N Jidenko, E Bourgeois and J-P Borra
Laboratoire de Physique des Gaz et des Plasmas (UMR 8578 CNRS — Univ Paris-Sud
Orsay, F-91405) SUPELEC, Plateau Moulon, F-91192 Gif-Sur-Y vette, France

Abstract The physico-chemical properties of atmospheric pressure filamentary Dielectric
Barrier Discharge (f-DBD) depend on its electrical characteristics and thermal profile. In this
paper, a method for separating thermal and electrical effects is developed. Therefore, thermal
profiles of f-DBD are studied for well defined electrica characteristics of filaments: al
filaments are quas identical with a controlled spatio-temporal density. The temperatures of
gas, dielectric surface and plasma depend on the surface density and the temporal frequency of
the filaments and can be altered by modifying the heat transfer. Different methods to control
these temperatures are depicted. Moreover, heat transfer through conduction and convection
from dielectric surface is shown to be the dominant heating mechanism for the flowing gasin
the reactor. Finally, experimental results show that the temperature gradient around filaments
can be controlled by the frequency of the applied voltage. Actualy, the temperature difference
between the filament and surrounding gas is independent of the applied frequency below 10
kHz. However, above 10 kHz, it increases linearly with the frequency. At high frequency, the
time between two successive filaments occurring at the same position becomes smaller than
the relaxation time constant of the thermal exchanges (~ 0.1 ms). Thus, thisrise in temperature
can be attributed to inefficient heat transfer from the filament formation zone.

1. Introduction

Reactive and ionising properties of non-equilibrium plasmas at atmospheric pressure have
been investigated for oxidizing properties, for pollution abatement, surface treatments, as well
as for aerosol charging and production [1-5]. The AC polarisation of millimetre plane-to-
plane Dielectric Barrier Discharges (DBD) in air at atmospheric pressure mostly leads to
similar thin and brief discharge filaments [6-8]. In filamentary Dielectric Barrier Discharge (f-
DBD), the temperature profiles of the heated volumes of FD and surfaces are critical for the
transport of primary species (diffusion, thermophoresis) and for the kinetics of chemical
reactions and of nucleation [9-12].

Despite moderate gas heating (below 500 K), the composition and the concentration of
stable chemical species and aerosol particles produced by f-DBD depend on the thermal
profile of the discharge gap. In this article, the term “thermal profile” refers to the reactor
temperatures (plasma, gas and surface), thermal gradients and their (temperature and thermal
gradients) evolution in time. The periodic evolution of local temperature profiles around
filaments controls the thermal diffusion of primary species and the kinetics of loca surface
and volume reactions. Thus, the temperature profile partly controls the unitary production of
chemicals per filament and the related total production of the reactor [10, 13, 14].

For instance, ozone production is related to both energy density (ratio of input power and
gas flow ratein J.L™) and dielectric surface temperature. Ozone decomposition is favoured at
high surface temperatures by two main mechanisms i) surface reactions and ii) reactions with
NOx formed at high temperatures (> 350 K) [1]. The decomposition by NOx is known as
discharge poisoning and was first reported in 1860 [15].

This study is focusedon the control of thermal profilein f-DBD. The two main objectives
are:



)] to evaluate the main therma processes and to identify the main operating

parameters controlling the temperature profiles,

i) to show that the temperature as well as the temperature gradient can be partly

decoupled from electrical parameters.
This study is part of a broader experimental approach that aims to identify the relative
influence of temperature and temperature gradient on the chemical and physical processes
(e.g. ozone production/destruction kinetics, nucleation of condensable gaseous species,
aerosol charging dynamics, aerosol kinematics...) involved in f-DBD [16, 17].

Numerous studies deal with rotational temperature measurements of the gas inside the
discharge filaments, heat exchange and energy balance in DBD. Whatever the initial gas
temperature is, the temperature rise in the filaments in Ar, H,O mixtures (i.e. the temperature
difference between the neutral speciesin the filaments and the surrounding gas) is constant of
about 50 K [18].

Methane fed DBD has recently been investigated with a particular focus on the energy
balance and it appears that over 50 % of the input power is ultimately converted into heat
through the dielectric barriers [19, 20]; for a 0.5 mm gap length, the temperature rise in the
filaments is constant of about 100 K whatever the input power and the gas flow velocity are
[19]. Similar results have been obtained in He and air, with a cylindrical arrangement. The
fraction of the input power that is dissipated as heat highly depends on the gas composition
and decreases with increasing input power [21].

Models have highlighted that temperature rise in the filaments depends on the energy
injection in the filament and on the dynamic of energy dissipation, including the changes in
enthalpy due to chemical reactions and radiative decay of excited states [22]. The
temperature rise in afilament depends on the energy of filament and is not constant along the
filament. It varies from 5-25 K in the middle of filament to a maximum temperature of 200-
800 K on the cathode for €=5-50 [21, 22]. Moreover for a 2 mm gap length with =5, the
mean temperature rise due to joule heating is about 27 K, after 0.34 us there is an additional
temperature rise of 23 K, due to excited states of N, dissipating their energy into translational
modes [22].

Using smooth parallel dielectric surfaces in a given DBD arrangement, the electrica
characteristics of filamentary discharges are the same within 25 % whatever the voltage and
the frequency between 1 and 60 kHz are [23]. Under such defined electrical conditions, the
control of heat exchange allows the modification of the temperature at constant electrical
parameters. The dielectric surface and outgoing gas temperatures are measured to evaluate the
therma exchanges between filaments, surrounding gas and dielectric surfaces. The
temperature and thermal gradient around filaments are evaluated through emission
spectroscopy of the second positive system of nitrogen.

2. Experimental setup

Two similar dielectric barrier discharge arrangements with 0.5 and 1 mm gap widths are
compared. The dielectric material is alumina. Brass electrodes 3 cm long and 1 cm wide were
placed on opposite sides of the two paralel plates of aumina (roughness<0.08 um, thickness
e=0.55 mm, &~9). The electrodes are designed to minimize edge effects. A silicon paste
surrounding the electrodes prevented the formation of arcs and other parasite discharges
outside the gap. Moreover, the DBD arrangements are conditioned between two half casings
made of stumatite (aluminosilicate mineral) to control heat exchange with the environment.

A high sinusoidal AC voltage supplies the plasma reactors. The frequency was tuneable
between 1 and 60 kHz, with a maximum peak-to-peak voltage of 21 kV. Current and voltage
waveforms were stored with an oscilloscope for data-processing as described in [23] to define



the input power, the number of filaments per surface and time unit and the electrica
characteristics of the filaments (charge per pulse, maximum of the pulse current, duration).

The flow rate of dry air (relative humidity < 5%) was controlled with mass flow controllers
between 1 and 6 L.min™. The maximum mean gas velocity (gap width 1 mm) was 10 m.s™*
and the residence time in the DBD was between 3 and 18 ms.
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Figure 1. Experimental setup for electrical and thermal characterizations.

Optical emission spectroscopy of the second positive system of nitrogen (C°My—B>Ty)
was performed to evauate the kinetic temperature of neutral molecules in the filament
(hereafter referred as plasma temperature, at +/- 30 K in the range 300-3000 K) as described
in [24]. The rotational temperature of the excited state C°M,, is determined by comparison of
experimentally measured spectra with simulated spectra of the second positive system of
nitrogen. The theoretical spectra are calculated from the analysis detailed in [25]. Rotational
and trandation temperatures can differ. Nevertheless, at high pressure, low energy collision
transfer is efficient and relaxations are fast enough for the equilibrium to be completely
established at the photon emission, molecules in the rotational states and neutral gas
molecules are thus in equilibrium. Hence, the rotational temperature of the excited state C°r1,,,
corresponds to the temperature of neutral speciesin the plasma[24, 26]. The light is collected
with an optical fibre in a cone of 12.5 ° acceptance angle for 30 seconds. As a result, the
collected light is an average in time and space of the emission of severa filaments. Moreover,
the filament temperature is overestimated due to the collection of the light from the spots
situated at the filament bases which are hotter than the filament. Neverthel ess, we assume that
the evolution of this measured temperature is representative of the evolution of filament
temperature.

The average (in time and space) temperature of the dielectric surface (Ts) was evaluated by
the measurement of electrode temperature (Tel) with a K-type thermocouple. Simulation
results show that the average dielectric surface and the electrode temperature are similar
within a few Kelvin at thermal quasi-equilibrium state. Calculation have been conducted
assuming stationary and uniform heat transfer to the dielectric surfaces and taking into
account heat conduction through dielectric plates, electrodes and casing as well as radiative
and convective transfers from casing to ambient air,

The temperature of the outgoing gas (Tg) was measured with a K-type thermocouple
downstream a copper tube (3 cm long with 10 mm inner diameter leading to transit time from
140 to 840 ms).



3. Resultsand discussion

One route to develop aerosol processes by atmospheric pressure electrical discharges is
based on the control of physical and chemical mechanisms by electro-thermal decoupling. As
the discharge filaments are quasi identical, macroscopic measurements downstream of the
DBD (e.g. ozone concentration, aerosol concentration, aerosol mean charge...) can be used to
study local mechanisms occurring around one filament. Macroscopic measurement is related
to the cumulative effect of the local contributions of different filaments, this contribution
should be weighted by a factor depending on the evolution and the mixing along the reactor.
The influence of temperature on each mechanism can thus be investigated by electro-thermal
decoupling i.e. with (i) different temperature profiles at constant electrical characteristics of
the plasma or (ii) similar temperature profile with different charges per filament or (iii)
similar temperature profile and charge per filament with different distributions of filamentsin
time and space. The eectro-thermal decoupling thus implies the independent control of the
characteristics of quasi-identical filaments, of their distribution in time and space, and of the
temperature profiles through heat exchange at constant electrical parameters.

The electrical characterisation of DBD has aready been presented in [23, 26]. The
frequency of the applied voltage controls the repetition rate of the filament at the same place
whereas the applied voltage controls the spacing between filaments. This paper focuses on
thermal control and electro-therma decoupling of filamentary-DBD at constant electrical
characteristics of filaments through temperature measurements. One objective of this paper is
to help users to dimension the DBD reactor to reach the temperature ranges required by the
application (e.g. catalysis, soot combustion, self cleaned filter...).

The first section aims at defining the operating parameter ranges for which filaments are
similar. Then, gas and surface temperature measurements are presented versus the number of
guas identical filamentary discharges. Different methods to decouple dielectric surface
temperature from electrical parameters are presented. Finally, the temperature of neutral
species in the filament and the local temperature gradient around the filament are estimated
though optical emission spectroscopy measurements. The objective is to find away to control
the transport of chemical species and aerosol particles through the thermal profile tuned by
frequency.

3.1. Smilarity of discharge filaments

To define the operating parameter ranges (applied voltage, voltage frequency, gas flow rate
and surface temperature) leading to quasi-identical filaments, a statistica analysis of the
charge per current pulse related to filamentary discharge has been conducted.

The term filament refers here to a filamentary discharge also called microdischarge which
develops by the streamer mechanism. The reader should be careful that another definition can
be encountered: successive streamers, macroscopically observed as a bright spatialy localized
filament [27]. For a gap of 1 mm, filament lasts 20 ns with typical current amplitude of 20
mA. Filaments are distributed in space but deposited charges on dielectric surfaces on both
sides of the filament leads to the formation of a new filament in the axis of the charge spot,
every time the polarity changed. The energy per filament is a critical characteristic to study
the dynamic of energy injection in the reactor. The energy per filament can be considered as
proportional to the charge per filament [28]. The factor of proportionality depends on the
nature of the gas and the discharge arrangement.

The frequency distributions of charge per current pulse at 1 kHz (input power P=1 W and
electrode temperature Tel=25 K) and 60 kHz (P=20 Watt, Tel=150 K) for a peak-to-peak
voltage (Vyp) of 17.2 kV are plotted in Figure 2 (a). The evolution of the mean charge per
filament with the applied peak-to-peak voltage is depicted for the 1 mm gap DBD, at 60 kHz
in Figure 2 (b).
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Figure 2: (a) Frequency distributions of charge per filament at 1 kHz (P=1 Watt, Tel=25 K) and 60 kHz
(P=20 Watts, Tel=150 K) for the 0.5 mm gap length DBD at 4 Ipm (b) Mean charge per filament versus applied
peak-to-peak voltage, the error bars correspond to standard deviation, 1 mm gap, at 60 kHz and 1 |pm.

For a given operating condition, all the filaments are similar within 25 % which validates
the experimental approach used.

At voltage frequency of 1 kHz and 60 kHz, the average charge per pulse is 0.23 and
0.22 nC with standard deviation of 0.06 and 0.003 respectively (cf. Figure 2 a).

Varying the applied voltage, from 11 to 20 kV, leads to a decrease of the mean charge per
filament by 25 % (cf. Figure 2 b). The filaments lay charges on both dielectric surfaces which
reduces the electric field strength to below the extinction field until the next half period.
During the next half period, the charges deposited on both dielectric surfaces increase the
field strength until the next filament develops at the same place. Decreasing the inter-filament
distance results in a shielding effect from surface charges of adjacent filaments which reduces
the quantity of charge per filament [29]. For a given geometry, the number of microdischarges
per half period, distributed in time and space on the total surface of the plane-to-plane DBD,
depends almost entirely on the applied voltage; the voltage frequency only plays a minor role
[29]. At first sight, one can consider that filaments occur at the same location. Thus, the
evolution of the electric field profile is repeated at the frequency as the applied voltage. Plane-
to-plane DBD leads to the reproduction of quasi identical filament with a controlled number
per time and surface unit with respect to voltage and frequency.

Changing the gas flow rate from 1 to 6 |pm results in a 14 % increase of the mean charge
per filament (0.18 nC to 0.21 nC) with a reduction of the dispersion (standard deviation from
14.5 to 5.7 pC). This effect is probably due to the fact that the volume in which the filament
occurs is better purged the higher the gas flow rate is. Indeed remaining active species
produced by the preceding filament, occurring at the same place, modify the physical
processes such as ionisation and attachment for the formation of a new filament.

The variation of average gas temperature, from 300 to 420 K, leads to the decrease of the
mean charge per filament within less than 5 %. Thus, the reduction of the average charge per
filament with the increase of the applied voltage frequency, observed in Figure 2, can be
partly attributed to thermal effects. Many parameters driving plasma electrical properties are
affected by gas and surface temperature (gas density, surface conductivity of dielectric
material, secondary emission...).

Gas temperature affects the gas density which in turn modifies reduced electric field (ratio
between electric field and gas density) and hence the related electron energy distribution.
Nevertheless, for different temperatures, electrical pulses are quasi identical. The similarity of
current pulses proves that filaments occur for identical reduced electric field. This is
confirmed by the linear reduction in the applied onset voltage for filament initiation, with the
increase in temperature [30]. For instance, at 21 kV peak-to-peak voltage, the first filament in



positive polarity occurs for mean applied voltages of -2.2 kV and -4.5 kV at 300 K and 540 K
respectively.

Moreover, the gas density also modifies the distribution of ion space charge required to
fulfil Meek’s criterion; the propagation of the filament is thus affected. Surface conductivity
can modify the surface charge distribution on dielectric surface and the related electric field
profile. Finaly, the dielectric surface temperature controls the secondary emission.
Nevertheless, the electrical characteristics of the filament (charge per filament, reduced
electric field profile and electron energy distribution function) can be considered as similar.

To summarize, due to the retro control of the electric field by dielectric surface
polarization, filaments can be considered as similar to within 25% (based on charge per
filament), whatever the frequency (from 1 to 60 kHz), the applied voltage (from 11 to 20 kV),
the average dielectric surface temperature (from 300 to 470 K) and the gas flow rate (from 1
to 6 [pm) are.

The energy per filament depends on the gap length, the specific capacitance of the
dielectric materia (g/e with g, the relative permittivity of the dielectric materia and e the
thickness of the dielectric material), the composition and the temperature of the gas. The
number of filaments per period depends on the electrode area, applied voltage, gap length and
specific dielectric capacitance. Finally, the input power is the product of the energy per
filament, the number of filaments per period and the frequency. Operating parameter ranges
leading to similar filaments are now defined and thermal exchanges can be investigated.

3.2. Gas and surface temperatures versus the number of similar Filamentary Discharges
per time and surface unit

Each filamentary discharge is a source of heat, transferring parts of its energy to dielectric
surfaces and flowing gas. The dielectric surface temperature depends on the balance between
heat sources (input power, area of the electrodes) and heat sinks (shape and mass of the
electrodes and of the casing and gas flow regime as well as ambient temperature).

Heat transfer from the plasma to the surface relies on radiative, conductive and convective
transfers of charged and neutral species. Moreover, ion neutralization, metastable energy
transfer and exothermic chemical reactions on the surface contribute to surface heating.
Finally, the high frequency component of the current induces dielectric losses leading to
heating of the dielectric material [31]. The gas is heated by electron elastic collisions in the
plasma but this mechanism is not important since electrons are lighter than gas molecules.
Exothermic chemical reaction and metastable de-excitation (in particular for vibrationally
excited species) also contribute to gas heating aong the reactor.

Surfaces are cooled down by (i) the incoming gas flow which is heated by conductive,
convective and radiative transfers from dielectric surfaces (ii) conduction in the bulk of
dielectric material and subsequent heat transfer to DBD casing and ambient atmosphere by
convective transfers.

The electrode temperature (which differs from the mean dielectric surface temperature by
only a few degrees, cf. section 2) is plotted, at quasi-steady state, versus input power for the
1 mm gap DBD with a gas flow rate of 2 Ipm in Figure 3 (a) and for the 0.5 and 1 mm gap
DBD at constant flow velocity in Figure 3 (b).
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Figure 3: Electrode temperature versus input power (a) at different frequencies of applied voltage 1.5, 30 and
60 kHz (b) for 0.5 and 1 mm gap length at constant gas flow velocity.

For agiven gas flow rate, the electrode temperature linearly increases with the input power
(cf. Figure 3 a). The relation between electrode temperature and input power does not change
with the voltage frequency, i.e. whatever the distribution of identical filaments in time and
gpaceis (cf. section 3.1).

In Figure 3 (b), for different gap lengths (1 mm and 0.5 mm, leading to charge per filament
of 0.22 and 0.5 nC respectively) the relation between electrode temperature and input power
is the same. Hence, similar transit times and flow regime (Reynolds numbers of 40 and 70 for
0.5 and 1 mm gap respectively) in the reactors lead to similar heat exchanges. Convective
transfers between the dielectric surface and flowing gas seems thus to be dominant as shown
hereafter. As a conclusion, the relation between electrode temperature and input power is
independent of the dynamics of energy injection (energy per filament and filament
distribution in time and space), for a given gas flow rate.

The influence of the gas flow rate on the electrode and gas temperature is plotted in Figure 4
for the 0.5 mm DBD with an input power of 16 Watts (Vp,= 16 kV, F=60 kHz).
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Figure 4: Electrode and gas temperatures versus gas flow rate at 60 kHz in the 0.5 mm gap DBD.

The reduction of the electrode temperature with the gas flow rate is due to the increase in
the heat flux transferred in the flowing gas. Indeed, the enthalpy gained by the feed gas
(Qm.C,.AT) increases with increasing gas velocity. Here, Qn, is the air mass flow rate (kg.sh),
C, is the specific heat capacity of air (kg.s?) and AT is the gas temperature increase within the
DBD reactor.

Figure 4 shows that the gas temperature, at 4 cm of the DBD exit, presents a maximum
versus the flow rate. This maximum depends on the input power or the position of
measurement. The copper tube at the exit of the DBD acts as a heat exchanger. At low gas



flow rate (below 2 Ipm), the residence time in the copper tube is higher leading to lower gas
temperature. At high gas flow rate, the reduction of the gas temperature is due to the reduction
of the dielectric surface temperature by the gas flow rate. The measured curve is thus an
artefact. On approaching the position of measurement to the discharge, the differences
between the curves diminish. In laminar flow regime, the average gas temperature at the exit
of the discharge is the same as the dielectric surface temperature. Electrode and gas
temperatures follow similar evolution with the gas flow rate (cf extrapolation in Figure 4).

Three following arguments support the fact that the convective transfer from hot dielectric
surfaces, heated by filament, is the predominant transfer that heats the flowing gas.

The flowing gas is heated by electron-molecule elastic collisions in the filaments, by
exothermal volume reactions, by de-excitation of vibrationally excited species. However these
processes are less efficient than convective transfer from hot dielectric surfaces. Indeed, the
gas temperature downstream the DBD never exceeds the electrode temperature by more than
a few Kelvin. This difference can be due ether to de-excitation of vibrationally excited
species in post discharge or to the fact that the measured temperature is not the temperature of
the dielectric surface at the hottest position.

Besides, most of heat transfer in mono DBD with cooled electrodes are directed on the
dielectric surface because of plasma propagation on dielectric surfaces[19].

Finally, assuming a filament diameter of 10-100 um [29], calculations from plasma
temperature measurement (cf. section 3.4) show that the average enthalpy produced per time
unit by the filament channel is lower than the enthalpy gained by the feed gas. These
arguments tend to support convective transfers from dielectric surfaces to the gas as the
predominant heating mechanism. Convection at least dominates at the entrance of the reactor
where the maximum temperature difference between the gas and the dielectric surface is
located.

As shown in Figure 4, the gas flow rate allows the modification of heat exchange and
related temperatures with constant electrical parameters (filament characteristics and number
of filaments per surface and time unit). The electro-thermal decoupling can also be achieved
with other parameters described below.

3.3. Methods to control surface temperature with constant electrical parameters

The intensity of heat transfer by conduction, convection and radiation defines the final
dielectric surface temperature. Indeed, the relative importance of the different mechanisms of
heat exchange can be modified with respect to the flow regime, gas velocity and thermal
exchanges around the reactor casing to control DBD surface temperature. For a given set of
electrical working conditions and DBD arrangement (applied voltage frequency, electrode
area, gas flow rate and external heat exchanges) leading to similar filaments within 5 %, table
1 gives examples of electrode temperature variations.

Table 1: Evolution of electrode temperature at constant electrical characteristics of filaments

Parameters Variation Input Power (Wett) ATel (K)
Frequency from 1 to 60 kHz For any given <10
Electrode area from3to 1 cm? 13 +20
Gasflow rate from1to 6 L.min™ 14 -50
Limited (thermal cover) 12 +30
Heat exchanges Forced (fan) 12 20

As dready shown in section 3.2, for a given input power, the electrode temperature is
constant for al tested frequencies. Decoupling temperature from electrical parametersin DBD



is possible by controlling thermal exchanges through the electrode shape, the gas flow rate,
and the thermal conditioning of the DBD reactor by modifying heat exchange around the
casings (with either insulation or afan).

Heat exchange around the electrode depends on its shape and its thermal conductivity. The
reduction of electrode area at constant input power leads to an increase of dielectric surface
temperature. For instance at 13 watt, electrode temperature increases by 20 K for afactor 3 on
the number of filament per surface unit. This effect is due to the increase of the number of
filaments per surface unit and per period, as well as the reduction of radial heat exchange on
the metal electrode.

The modification of heat exchange around the DBD casing either by limiting or forcing the
convection allows the control of the dielectric surface temperature at constant input power
(e.g. a 12 Watts per 3 cm?, the dielectric surface temperature is 300 K and is tuneable from
280 to 330 K). For the same input power and the same distribution of the filaments in time
and space, the thermal conditioning of the DBD reactor leads to tuneable temperature within
50 K.

In most industrial processes based on DBD, accurate control of heat and mass transfer and
kineticsis required. As the temperature profile depends not only on plasma properties but also
on external cooling, the reactor design is thus important. Depending on the application, the
discharge gap, the size of the discharge and the reactor as well as the operating conditions can
be chosen to define the temperature range of the DBD. The key parameters governing the heat
source (filaments) are the input power and the average surface input power. The key
parameters governing the heat sink are the external surface of the reactor, the ambient
temperature as well as the mass flow rate and the initial temperature of flowing gas in the
DBD. The reduction of reactor size, for space requirement, often imposes the use of additional
cooling systems to control the optimal temperature range.

However, the control of average gas and surface temperatures is not sufficient to control
the transport of chemical species and aerosol particles. The temperature profiles around each
filament have to be considered to account for transport phenomena (diffusion, convection and
thermophoresis). Thus, the following section is devoted to local temperature gradients around
filamentary discharges.

3.4. Plasma temperature and local temperature gradient

The am of this section is to show that the thermal profile can be tuned by varying the
applied voltage frequency.

Without any gas flow in the reactor, the evolution of mean gas temperature is evaluated
from electrode temperature. Temperature of neutral gas molecules in the plasma channel (here
after referred as plasmatemperature), is evaluated as described in the experimenta setup. This
evaluation overestimates the plasma temperature in the filament due to the collection of the
light from the spots situated at the filament bases. Figure 5 (a) represents the evolution of
mean gas temperature and plasma temperature in the 1 mm gap width DBD reactor, at 60 kHz
versus the input power (i.e. versus the number of filaments per half period and per square
centimetre).

The average difference of temperature between the plasma and the surrounding gas,
referred as the temperature rise in the filament is plotted versus the voltage frequency in
Figure 5 (b).
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Figure5: (a) Mean temperatures of gas and plasma versus input power (60 kHz)
(b) Temperature rise in the filament versus frequency.

At 60 kHz, the plasma temperature is about 230 K higher than the surrounding gas
temperature (cf. Figure 5 a), no matter what the number of filaments per surface and time unit
is. This result is confirmed during the initial warm-up of the reactor, from ambient
temperature to thermal equilibrium, during which the same temperature difference between
the filament and the bulk gas is measured. For a given voltage frequency, the difference of
temperature between plasma temperature and surrounding gas is constant. Thus, for a given
energy per filament and voltage frequency, the local gradients around a filament are constant
leading to similar transport phenomena around each filament.

The thermal gradients around a filament can be controlled either by the energy per filament
or by the frequency of the applied voltage. The average temperature difference between the
filament and surrounding gas increases with increasing energy per filament and frequency. If
an adiabatic expansion of the filament channel occurs after the filament propagation [14], then
the modification of temperature gradient can be smoothed.

With a 0.5 mm gap, the energy per filament is half smaller than with 1 mm gap and the
temperature rise in the filament is reduced from 230 K to 100 K, as already observed in [32].

In Figure 5 (b), for frequencies the below 10 kHz, the temperature rise is constant at about
80 K (cf. Figure 5 b). For the frequencies above 10 kHz, the temperature rise in the filament
increases with the frequency. This effect has already been reported in No/Ar at 100 Torr
where filament temperature increased from 380 to 400 K with the frequency from 0.5 kHz to
30 kHz [33]. The residua heating of the filament channel between two successive filaments
occurring at the same location in successive half periods is involved. Hence, the relaxation
time constant of temperature can be estimated at about 0.1 ms in dry air at atmospheric
pressure, which is consistent with [14, 13].

Above 15 kHz, the residual heating of the filament channel leads to a lower onset voltage
for filament development. As filaments have similar charge per pulse (cf. section 3.1) the
reduction of onset voltage should lead to a reduction of the energy per filament. This is
confirmed in Figure 6 which represents the mean surface energy density per period (the input
power divided by the frequency and the electrode surface area) versus the peak-to-peak
applied voltage for the 0.5 mm gap DBD.
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Figure 6: Mean surface energy density per period at different frequencies from 0.8 to 60 kHz, 0.5 mm gap.

For a given frequency, the mean surface energy density injected by period (PS/F in Jm?,
with Ps, the ratio of input power and surface electrode, and F the frequency) increases linearly
with the applied voltage due to increasing number of similar filaments per surface unit and per
period. For a given voltage, the energy per period is constant from 0.8 to 1.5 kHz and is lower
for frequencies above 15 kHz. This reduction of energy is due to the increase of the gas
temperature in which the filament develops. This is confirmed by the reduction of the
measured input power while the gas temperature increases at 60 kHz for a given voltage.

Assuming a constant number of filaments per period, the reduction of energy per period is
related to the reduction of the energy per filament. As the charge per filament is constant (cf.
section 3.1), the reduction of the energy per filament is due to the reduction of the onset
voltage of the filament. At 20 kV, the energy per period is 0.72 mJ at 1 kHz and 0.47 mJ at
60 kHz. Assuming a constant reduced field threshold for the formation of the filament, the
ratio of filament energy is the inverse of temperature ratio. As the gas temperature is around
300 K at 1 kHz, the gas temperature at 60 kHz should thus be around 459 K (0.72/0.47* 300
K). In fact, the average gas temperature is about 435 K, the difference being due to filament
channel residual heating.

To summarize, the reduction of energy per period with increasing frequency is due to the
reduction of the energy per filament. The lower energy per filament is due to lower onset
voltage at constant charge per filament, related to both increasing average gas temperature
and residual heating of the filament channel for frequency higher than 10 kHz.

4. Conclusions

This paper presents a method to identify the influences of gas and surface temperatures as
well as temperature gradient on the relative importance of different physical and chemical
mechanisms at constant filamentary discharge electrical characteristics. The main regulating
parameters to control temperature and thermal gradient are depicted.

For given operating conditions, the mean dielectric surface temperature linearly increases
with the input power density and is independent of the dynamics of energy injection (energy
per filament and filament distribution in time and space).

Gas flow rate and thermal conditioning (forced or limited convection around the reactor)
allow the modification of the equilibrium temperatures without changing the electrica
parameters.
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The invariance of the temperature rise in the filament, for a given discharge arrangement at
a given frequency, no matter what the surrounding gas temperature is, as well as the increase
of the temperature rise in the filament with the energy per filament have been confirmed.

Moreover, it was shown that the temperature rise is constant below 1.5 kHz (80 K witha 1
mm gap DBD) but increases for frequencies higher than 15 kHz (up to 230 K with a1 mm
gap DBD, at 60 kHz) due to residua heat from the preceding one at the same location. The
temperature gradient around filaments can thus be controlled by the frequency of the applied
voltage above 15 kHz.

Based on these results, the respective influences of transport (diffusion, convection and
thermophoresis) and kinetics (chemical, nucleation) involved in the production of chemical
species and aerosol may be determined by controlling radial thermal gradients around
filamentary discharges as well as gas and surface temperatures with constant filament
electrical characteristics (charge per filament, reduced electric field and electron energy
distribution function).

These results are of particular interest when DBD is used for specific chemical reaction
and especially for thermal conditioning of catalysts or for thin film deposition processes by
chemical vapour deposition. Moreover, the kinematics of aerosols injected or produced in
DBD depends on the thermal profile of the DBD and has to be controlled to develop aerosol
processes based on DBD.
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