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ABSTRACT

The present work is devoted to the 2D simulation
of a point-to-plane Atmospheric Corona
Discharge Reactor (ACDR) powered by a DC
high voltage supply. The corona reactor is
periodically crossed by thin mono filamentary
streamers with a natural repetition frequency of
some tens of kHz. The present study compares
the results obtained in dry air and with a small
amount of water vapour. The simulation involves
the electro-dynamics, chemical kinetic and
neutral gas hydrodynamic phenomena that
influence the kinetics of the chemical species
transformation. Each discharge stage lasts about
one hundred of nanoseconds while the post-
discharge stage occurring between two
successive discharge phases lasts one hundred of
microseconds. The ACDR is crossed by a lateral
dry or humid air flow initially polluted with 400
ppm of NO.

1. INTRODUCTION

In the field of studies focused on Atmospheric
Corona Discharge Reactor (ACDR) and as a
complement to experimental investigations, the
multi-dimensional simulation can be of great
help in order to understand and identify the main
phenomena and reactions that influence the
complex processes involved in the pollution
control of harmful species. However, several
specificities considerably increase the simulation
difficulties such as for instance (i) the strong non
stationary problem of alternating discharge and
post-discharge phases with a repetition rate of
tens of kilohertz, (ii) the large differences in the
space and time scales between the very fast
processes occurring during the discharge phase
inside the small micro-discharge filaments and
the lower ones covering a larger ACDR volume
during every post-discharge phase or (iii) the

judicious choice of a minimal set of both
chemical reactions and species the most
representative of the experimental observations
while preserving reasonable computing times,
among others.

Due to these specific difficulties, the complexity
of ACDR simulation was progressively enhanced
from uniform chemical kinetics (see e.g. [1,2]) to
simulation involving space non-uniformity in
one or multi-dimensional domain and coupling
one or several phenomena during the discharge
and post-discharge phases (see e.g. [3-7]). Only
recently some works were devoted to the 2D
simulation of  successive  discharge/post-
discharge phases in a multi-point-to-plan ACDR
and for time scale extended up to some
milliseconds in dry air [8].

In the present paper, we compare the solution of
a 2D simulation of an ACDR composed of tree
aligned points and crossed by a polluted dry or
humid air flow. We follow in particular the
spatio-temporal transformation of the NO
pollutant until 3ms by coupling 30 successive
discharge/post-discharge phases with a repetition
rate of 10 kHz. The simulation involves the
chemical kinetics and the energetic effects of the
electrical discharges on the neutral gas dynamics,
temperature and reactivity.

2. SIMULATION CONDITIONS

The design of the 2D ACDR is displayed in
Fig.1. A grounded metallic plane is positioned at
a distance d = 7 mm below the points and the
inter-point distance e is constant and equal to 5
mm. A DC positive high voltage of 7.2 kV is
applied on each point and an initial stationary
lateral atmospheric gas flow of 5 m.s™ polluted
by 400 ppm of NO crosses the ACDR from the
right to the left hand side of the domain. The gas



is either dry (22% O,, 78% N,) or humid air
(19.3% O,, 77.4% N,, 3.3%H,0) at 300K. The
discharge phases are characterized by the
simultaneous propagation of 3 vertical mono-
filament discharges located between each point
and the grounded plane. The natural repetition
frequency of the discharge phases is equal to 10
kHz. The characteristics of each micro-discharge
are supposed similar to an individual DC mono-
point-to-plane micro-discharge already studied
elsewhere [9]. As a function of the simulation
conditions (dry or humid air), the flow gas
involves a choice of 7 or 14 neutral chemical
species (N, O, H, OH, HO,, H,O,, HNO,, HNOs,
03, NO,, NO, Oy, N,, H,0) reacting following 12
or 28 selected chemical reactions shown in table
1 with their corresponding reaction rates. The
simulation domain is discretized in square
structured meshes of 50umx50um size while it is
assumed that micro-discharges have an effective
diameter of 50um which corresponds to the size
of the chosen cells. Therefore, it is possible to
inject in the cells located between each point and
the plane, specific source terms of active species
(N, O, H and OH) and energy both simulating
the micro-discharge effects.

A complete description of the present model can
be found in reference [8]. Briefly, the gas
hydrodynamics is simulated wusing the
commercial ANSYS Fluent CFD software while
the discharge effects are simulated as thermal
and primary radical source terms that are applied
periodically inside thin filamentary volumes
located below each point. The source terms are
applied every 0.1 ms during 150 ns, which
corresponds to a typical DC corona discharge
frequency (~10 kHz) and duration. The
amplitude and spatial profile of each thermal and
kinetic source term are calculated from a more
global discharge model [9].

3. RESULTS AND DISCUSSIONS

Figures 1 to 4 show the obtained results for NO,
O; and OH after 1, 2 and 3 ms, which
corresponds to 10, 20 and 30 discharge/post-
discharge cycles. The results are collected at the
end of the post-discharge phase just before a new
discharge injection. Figs 1 and 2 clearly show
that the spatial regions where the NO density
decreases correspond to the regions where the
concentration of Os is the highest. This is mainly
due to reaction (7) which transforms NO into
NO, via O;. It is noteworthy that the 3 body

reactions (5) and (6) that also oxidize NO are
efficient only during a very short time (~0.2 us)
and take place only in each small discharge
volumes where the primary radicals O are
created by direct dissociation of O, via electron
impacts. The direct correlation between NO loss
and O; concentration is also visible in Fig.4
showing the time evolution of the mean
concentration integrated over the whole ACDR
volume.
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Fig. 1: Design of the 2D simulated multi-point-to-plane
ACDR. An initial laminar flow of 5 m.s™ polluted by 400
ppm of NO crosses the gap from the right hand side towards
the left hand side of the reactor.

Table 1: Chemical kinetics reaction scheme used for dry
(reactions 1 to 12) and humid (all reactions) air. The values
of the coefficient reaction k expressed in m®.s™ or m®.s™* are

given at 300K.

Reactions k (300K)
1 [N+0,>NO+O0 9.59 107"
2 [N+NO->N,+0 32510
3 |O+N+0,—NO+O0, 1.04 10
4 | O+N+N, > NO+N, 1.04 10™°
5 | O+NO+0,— NO,+0, 7.07 107
6 | O+NO+N,— NO,+N, 7.07 107
7 | 03+ NO — 0, + NO, 1.8710
8 | O+NO, —>NO+O0, 1.02 10"
9 [ N+N+N,—>N,+N, 439107
10]0+0,+0,—>0;+0, 6.02 10°*
11]0+0,+N, > 05+ N, 6.02 10"
12|03 +N—>NO+0, 1.00 10"°
13/0;+H—OH+0, 28210
14 | O3 +OH — HO, + O, 7.4110™
15| OH+OH+N, » H,0, +N, | 7.20107%
16 | OH + OH — H,0, 2.6110™"
17| OH+OH —» H,0+O 3.99 10
18 | OH + HO, — H,0 + O, 1.1010°
19 OH+0O—>0,+H 3.4710™"
20| OH+N > NO+H 5.0510""
21 | OH+NO+ N, —» HNO, + N, | 8.41 107’
22 | OH+NO+ 0, —» HNO, + O, | 8.41 10™’
23 | OH+NO, + N, — HNO3 +N, | 1.70 1077
24 | OH+NO,+ 0, » HNO3 + 0, | 1.44 107
25 | HO, + NO — OH + NO, 1.1010°"
26 | HO, + NO, — HNO, + O, 12010
27 | H+HO, — OH + OH 7.17 10"
28 | H+ 0, +N, —» HO, + N, 1.98 10
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Fig.1 : Spatio-temporal evolution of the NO density (10%* m™®) in the case of dry and humid air
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Fig. 2: Spatio-temporal evolution of the O; density (10% m™®) in the case of dry and humid air.
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Fig.4 : Relative mean concentrations of NO and O; inside the

Fig. 3: Spatio-temporal evolution of the OH density (10" \yhole ACDR volume as a function of time.
m™)in humid air.



However, in humid air, the NO oxidation is
slightly more efficient than in dry air even if the
O3 concentration is lowest. In fact, in humid air,
the O; concentration is lowest because just after
the discharge phase, reactions (13) and (14)
involving the H and OH primary radicals
consume a part of the ozone species formed
during each discharge phase by reactions (10)
and (11). Nevertheless, the NO oxidation
remains highest in humid air due to the presence
of the OH and HO, radicals that permits the NO
oxidation through reactions (21), (22) and (25).
Indeed, in humid air, and just after each
discharge phase, the reaction (14) transforms
locally O; into HO,, the latter oxidizing rapidly
NO through reaction (25). After each discharge
phase, the OH radicals are transported in the
lateral gas flow and interact with NO pollutant
and the main gas molecules to progressively
form HNO, via reactions (21) and (22).
Therefore, at the end of each post-discharge
phase and just before a new discharge phase, the
OH radical does not show the lateral plume
concentration, as observed for the NO or the O;
cases (compare the concentration profile
displayed in Fig. 3 with those in Figs. 1 and 2).
Nevertheless, around the point, the OH
concentration fall down from more than 10*m™
at the end of a discharge phase to about 10'’m™
at the end of a post-discharge phase.

4. CONCLUSION

The present preliminary results have shown that
contrarily to a more classical 0D model assuming
a volume average reactivity, the reactions
involving the primary radicals (such as OH or O)
affect the NO evolution only in the surrounding
of the small volume of the filamentary
discharges while the reactions involving the
secondary species (such as ozone) are mainly
efficient in larger regions depending on the flow
gas velocity. After 30 discharge/post-discharge
cycles, the NO destruction in humid air is
slightly more efficient than in dry air because of
the oxidation reactions through radicals OH and
HO,.
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