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Abstract—New arguments supporting the supposition that the
ozone is transported along a corona discharge radical shower
(CDRS) reactor by the electrohydrodynamic (EHD) flow are
presented. The arguments are based on the analysis of the corona
discharge, which is a precursor of the EHD flow in the CDRS
reactor, and on the measurements of velocity field of the EHD
flow in the CDRS reactor by the particle image velocimetry (PIV).
The obtained velocity flow structures and the possible causes of
the ozone transport in the CDRS, i.e., diffusion, additional gas
flow, EHD flow, and convection by the main flow, were discussed
basing on the conservation equations for the EHD flow. The
discussion showed that the EHD flow plays a dominant role in
the ozone transport. This is also supported by the results of a
simple phenomenological model for one-dimensional description
of EHD-induced ozone transport in the CDRS reactor. The results
of the computer simulation based on this model explained the
main features of the measured ozone distribution in the CDRS
reactor, establishing the EHD flow as the main cause of the ozone
transport from the discharge region upstream, i.e., against the
main flow.

Index Terms—Corona discharge radical shower (CDRS), elec-
trohydrodynamic flow, particle image velocimetry.

I. INTRODUCTION

ONTHERMAL plasma techniques [1]-[3] have become
an important tool for controlling the emission of various
gaseous pollutants, such as acid gases (SO., NO,, HCI, etc.),
greenhouse gases (CO,, N,O,, para-fluorocarbons, etc.),
ozone depletion gases (freons, halons, etc.), volatile organic
compounds (VOCs, e.g., toluene, xylene, etc.), and toxic gases
(Hg, dioxins, etc.). The main advantages of the nonthermal
plasma techniques are small space volume, low cost, high
pollutant removal, and energy efficiencies.
Recently, Ohkubo et al. [4], [5] and Kanazawa et al. [6]
measured the two-dimensional distribution of ground-state NO
density by the laser induced fluorescence (LIF) in needle-to-

Manuscript received August 31, 2003; revised January 20, 2004. This work
was supported in part by the Foundation for Polish Science (Fundacja na Rzecz
Nauki Polskiej, subsidy 8/2001), the State Committee for Scientific Research
under Grant KBN PB 1756/T10/01/21, and the Canadian-Japanese-Polish Sci-
entific Cooperation on Nonthermal Plasma Applications.

J. Dekowski, J. Mizeraczyk, M. Kocik, M. Dors, and J. Podlifiski are
with the Centre for Plasma and Laser Engineering, Institute of Fluid Flow
Machinery, Polish Academy of Sciences, 80-231 Gdansk, Poland (e-mail:
kwisatz@imp.gda.pl; jmiz@imp.gda.pl; kocik@imp.gda.pl; mdors@imp.gda.
pl; janusz@karol.imp.gda.pl).

S. Kanazawa and T. Ohkubo are with the Department of Electrical and
Electronic Engineering, Oita University, Oita 870-1192, Japan (e-mail:
skana@cc.oita-u.ac.jp; tohkubo@cc.oita-u.ac.jp).

J. S. Chang is with the Department of Engineering Physics, McMaster Uni-
versity, Hamilton, L8S 4M1 ON, Canada (e-mail: changj @mcmaster.ca).

Digital Object Identifier 10.1109/TPS.2004.828458

plate and corona discharge radical shower (CDRS) nonthermal
plasma reactors, respectively, showing that the concentration
of NO molecules decreased not only in the streamer corona
discharge and downstream regions of the reactor but also
upstream of the discharge region. The reason for the NO
removal in the upstream region of the discharge was not clear.
However, the results of numerical and experimental investiga-
tions [7]-[10] on the electrohydrodynamic (EHD) secondary
flow (ionic wind) in electrostatic precipitators allow us to
make a supposition [11] that the EHD flow may be capable of
transporting the long-live active species (e.g., ozone) from the
discharge region to the upstream region of nonthermal plasma
reactors. If so, the long-live active ozone (or other species)
produced in the discharge region could be transported by the
EHD flow into the upstream region to oxidize or reduce NO
molecules and efficiently decrease their concentration there, as
was experimentally observed in [4]-[6]. Mizeraczyk et al. [12]
conducted an experiment to elucidate the effect of the EHD
flow on ozone transport in the CDRS reactors. By measuring
the ozone distribution along the CDRS reactor and visualizing
the EHD flow in the CDRS reactor, they confirmed the exis-
tence of a strong EHD flow in the CDRS reactor which may
easily distribute the ozone inside the reactor, even far into the
upstream direction of the reactor.

CDRS reactors have been recently proved to be one of the
most efficient nonthermal plasma reactor systems used for NO,,
removal [13]-[15]. In a CDRS reactor, an electrode with one or
several nozzles is used for additional gas (NHs, CHy, etc.) in-
jection across the corona discharge zone into the main flue gas
flow. Due to the additional gas injection, the corona discharge
produces active species such as NH, NHy, CH, CHs, etc., which
enhance the removal of NO,. The performance of the CDRS
reactors can be also improved by the transport of the long-life
species, caused by the EHD secondary flow, as was suggested
in [12]. However, the suggested importance of EHD flow re-
garding the long-life species transport has not been supported
sufficiently by evidence.

In this paper, new arguments for the ozone molecule trans-
port by the EHD flow along a CDRS nonthermal plasma reactor
are presented. The arguments were obtained from the analysis
of the properties of the corona discharge, which is a precursor
of the EHD flow in the CDRS reactor, and of the velocity field
of the EHD flow in the CDRS reactor, measured by the par-
ticle image velocimetry (PIV). The analysis was supported by
a simple phenomenological model of the ozone transport in the
CDRS reactor.
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Fig. 1. Experimental setup.

In addition to the fundamental interest in the species transport
in the nonthermal plasma reactors, this investigation is related to
the topical questions of the nonthermal plasma technology for
gaseous pollutant abatement:

1) how (if at all) the corona discharge itself and the no-dis-
charge region (the part of the reactor not covered by the
discharge) are involved in the reduction and/or oxidation
of the gaseous pollutants in the nonthermal plasma reac-
tors;

2) how accurately the present chemical kinetics modeling
of the gaseous pollutant removal processes caused by
the corona discharge (e.g., [16]-[18]), which neglects
involvement of the no-discharge region, depicts the real
phenomena in the nonthermal plasma reactors, and how
the current modeling state-of-the art can be useful for
optimising the performance of the nonthermal plasma
reactors.

II. EXPERIMENTAL APPARATUS

A schematic of the experimental apparatus used for measure-
ment of the flow velocity fields in the CDRS reactor is shown
in Fig. 1. The reactor was an acrylic box of a rectangular geom-
etry (100 x 200 x 1000 mm) as used by Mizeraczyk et al. [12]
when measuring the ozone distribution in the CDRS. A stain-
less-steel pipe (4 mm in diameter) with 18 stainless-steel nozzle
electrodes (1.5-mm outer diameter, 1-mm inner diameter, 5-mm
length), soldered into the pipe as shown in Fig. 2, was used
as the CDRS electrode. It was placed in the middle of the re-
actor, half way between two grounded parallel plate clectrodes
(200 x 600 mm). Positive polarity dc high voltage was applied
through a 10-M(Q resistor to the CDRS electrode. The operating
voltage was varied from 0 to 31 kV to develop a stable streamer
corona discharge from each electrode nozzle to the plate elec-
trodes. The discharge was operated at room temperature under
atmospheric pressure.

Two flows, the main and the additional, were established
in the reactor. The main gas (ambient air) flowed along the
reactor, driven by an induced fan. The mean velocity of the
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Fig. 2. Top-view schematic of the pipe with nozzle electrodes. Nozzle
electrodes are shown oversized.

main gas flow was varied from Us; = 0to U; = 0.8 m/s,
which corresponds to the flow change from laminar to
transitional (Reynolds number varied from Re = 600 to
2660 for Us = 0.18 m/s and Us; = 0.8 m/s, respectively).
The standard deviation of the mean main gas flow velocity
was £4%, as measured with the PIV. The additional gas
(Ng : Oz : COy = 80% : 5% : 15%) was injected through
the nozzles into the main gas flow with a flow rate varied from
0.25 to 1.5 I/min (nozzle outlet gas velocity ranged from 0.3
to 1.8 m/s, corresponding to Re = 30-180, respectively). The
presence of CO2 (15%) stabilized streamer corona discharge
mode, preventing glow and spark discharge modes [19].

Fig. 1 shows also a cylindrical plastic sampling probe
(1 mm in diameter), through which the working gas was
sucked into a calibrated FTIR spectrophotometer, as used by
Mizeraczyk et al. [12] for measuring the ozone concentration
along the z axis placed 1 cm below the nozzle electrode in the
CDRS reactor (Fig. 2).

The flow velocity fields in the CDRS reactor were measured
using the PIV method. The PIV equipment consisted of a twin
second harmonic Nd—YAG laser system (A = 532 Nm, pulse
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Fig. 3. Typical image (side view) of the streamer corona discharge in the
CDRS reactor. Main gas (air) flow velocity—U, = 0.18 m/s, additional gas
[N2(80%) : 02(5%) : CO2(15%)] flow rate Q. = 0.5 1/min, applied
voltage V' = 28.2 kV, averaged total corona discharge current I = 150 pA,
and exposure time of the CCD camera is 8 s.

energy 50 mJ), imaging optics (cylindrical telescope), charge-
coupled device (CCD) camera, image processor (Dantec PIV
1100), and PC computer (Fig. 1). A laser sheet of thickness of
1 mm, formed from the Nd—YAG laser beam by the cylindrical
telescope, was introduced into the CDRS reactor as a plane per-
pendicular to the plate electrodes, passing through the middle
nozzles (at ¢ = 0 in Fig. 2). Seed particulate (cigarette smoke),
being expected to follow the flow, was added to the main gas
for scattering the laser-sheet light. The particle images were
recorded by the Kodak Mega Plus ES 1.0 CCD camera, which
could capture two images with a minimum time separation of
2 us. The CCD camera active element size was 1008 x 1018
pixels. The captured images were transmitted by the Dantec PIV
1100 image processor to the PC computer for digital analysis to
obtain the velocity field maps in the CDRS reactor.

We assumed that the flow in the CDRS reactor is symmetric
regarding the horizontal plane (parallel to the plate electrodes)
passing through the discharge electrode. Therefore, in this ex-
periment, the PIV measurement area was limited to the lower
half of the CDRS reactor.

The velocity field maps presented in this paper are composed
of four adjacent velocity fields, each of an area of 75 x 75 mm.
Since it was found in this experiment that the flow structure pat-
tern in the CDRS reactor is unsteady, the majority of the velocity
field maps resulted from the averaging of 100 measurements,
i.e., the presented velocity maps are time averaged, unless oth-
erwise stated.

III. EXPERIMENTAL RESULTS

A. Discharge Characteristics

When observed with the naked eye or recorded with a
CCD camera having a long exposure time, the discharge from
the CDRS electrodes exhibits a flame-like pattern as shown
in Fig. 3. However, the images recorded in [6] with a short
exposure-time ICCD camera showed that the discharge in the
CDRS reactor consists of branching streamers, each starting
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Fig. 4. Time-averaged current—voltage characteristics of the positive dc
streamer corona discharge in the CDRS reactor for various additional gas
[N2(80%) : 02(5%) : CO2(15%)] flow rates Q.. Main gas (air) velocity
U, = 0.5m/s.

from the tip of the nozzle electrode and propagating toward the
plate electrodes, eventually bridging the electrode gap. In the
present discharge electrode design (Fig. 2), the streamer starting
point on the tip of the nozzle directed upstream was 14 mm
apart from that directed downstream. The volume occupied by
the streamers increased with increasing discharge current. We
estimate that at a total discharge current of I = 150 pA, all the
streamers from the one side of the CDRS electrode (upstream
or downstream), when bridging the electrode gap, covered the
grounded electrode with an area which was roughly a rectangle
having a length equal to that of the CDRS electrode (200 mm)
and a width of 10 mm. Therefore, all the streamers formed a
kind of narrow curtain across the reactor at the upstream and
downstream sides, which the main gas had to pass through.

In the typical CDRS reactors, when the main gas is a Ny :
02 : CO4 : NO mixture and the additional gas is a mixture of
N, : NH3, the time-averaged current—voltage characteristics of
the discharge are hardly affected by the presence of the addi-
tional flow; however, they are influenced at high operating volt-
ages by the presence of NH3 molecules, as shown in [13]. In
the present CDRS reactor, the streamer corona discharge onset
occurred when the applied voltage increased above about 15 kV
(Figs. 4 and 5). Then, the discharge current increased monotoni-
cally with increasing voltage. No essential difference in the time
averaged current—voltage characteristics was observed when the
additional gas flow rate or the main gas flow velocity was varied
from 0.25 to 1.5 I/min or from O to 0.8 m/s, respectively. Since
there was no NHj additive in the additional gas, the presented
time-averaged current—voltage characteristics do not exhibit the
peculiarities observed in [13].

B. Spatial Distribution of Ozone Concentration

In general, the active species produced around the electrodes
by the streamer corona discharge can be transported from their
origin into both the downstream and upstream regions of the
CDRS reactor by the diffusion and additional gas flow from all
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Fig. 5. Time-averaged current-voltage characteristics of the positive dc
streamer corona discharge in the CDRS reactor for various main gas (air) flow
velocities U,. Additional gas [N2(80%) : 02(5%) : CO2(15%)] flow rate
Q. = 0.51/min.
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Fig. 6. Time-averaged ozone concentration distributions along the CDRS
reactor during the positive dc streamer corona discharge for various main gas
(air) flow velocities Us. Dotted lines are experimental data (after Mizeraczyk
et al. [12]). Solid lines are calculation results based on the simplified model of
one-dimensional ozone transport which involves the EHD flow. Dashed—dotted
lines show calculation results based on the simplified model without the
EHD and additional gas flows. Dashed line fits the experimental points for
U, = 0.18 m/s. Ozone concentrations were measured along  axis, placed
along the reactor 1 cm below the discharge electrode (see Fig. 2). Additional
gas [N2(80%) : 02(5%) : CO2(15%)] flow rate Q. = 0.5 1/min, averaged
total discharge current J = 150 pA.

the nozzles and by the electrohydrodynamic (EHD) secondary
flow as suggested in [12]. They can be also transported down-
stream by convection of the main gas flow. When a steady state
is established in the CDRS reactor, a spatial distribution of the
active species is settled as the net result of the production of ac-
tive species and their transport.

Fig. 6 shows the typical time-averaged ozone concentra-
tion distributions along the CDRS reactor for various main
gas flow velocities from 0.18 to 0.8 m/s, as measured by
Mizeraczyk et al. [12]. The main features of the ozone concen-
tration distributions in the CDRS reactor are as follows.

1) Ozone molecules are present in both the downstream and

upstream regions of the CDRS reactor, assuming the po-
sition of the discharge electrode as a reference.
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Fig. 7. (a) Instantaneous and (b) time-averaged flow velocity fields in the

lower half of the CDRS reactor at a main flow velocity Us = 0.4 m/s
(observation plane crossed the middle electrode nozzles; see Fig. 2). Positive
voltage polarity, averaged total discharge current / = 150 pA, and additional
gas flow rate Q. = 0.5 1/min.

2) The ozone concentration exhibits a maximum around the
discharge zone due to the ozone production and decreases
when moving upstream and downstream, for the main gas
flow velocities higher than 0.18 m/s. At the lowest main
gas flow velocity tested (0.18 m/s), the ozone concentra-
tion distribution does not exhibit any maximum around
the discharge zone and it does not decrease when moving
downstream.

The ozone penetration length upstream depends on main
gas flow velocity. It is shorter at higher main gas flow ve-
locities because the role of the main gas convection in the
ozone molecule transport increases. The ozone molecules
are found upstream as deep as about 20 cm from the dis-
charge electrode, at a main gas flow velocity of 0.18 m/s.
At a main gas flow rate of 0.8 m/s, the ozone molecules
penetrate only a few centimeters upstream.

3)

From the constant ozone concentration at the reactor exit (i.e.,
for x > 30 cm downstream, Fig. 6) it was possible to es-
timate the ozone production rate per one nozzle electrode at
1.33 x 10> molecules/s (averaged for all main gas velocities at
a time-averaged total discharge current of 150 pA).

C. Flow Velocity Field Structures

The analysis of instantaneous flow velocity field patterns
measured in the CDRS with the PIV showed that at constant
flow and discharge parameters the upstream flow patterns
varied stochastically, exhibiting a cyclic regularity. The ob-
tained instantaneous velocity field patterns confirmed the
existence of strong vortexes in the CDRS reactor caused by
the EHD force. However, the position of the upstream vortexes
along the reactor was not stable. The vortex, originally formed
in the vicinity of the CDRS reactor, moved more or less
regularly from the near-electrode region toward the upstream
region; after reaching its furthest position there, it returned
back toward the electrode. Fig. 7(a) shows the furthermost
instantaneous vortex position in the upstream region of the
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(a) Time-averaged flow velocity field and (b) streamlines of the gas flow with inserted image of the streamers in the CDRS reactor at a main flow velocity

U, = 0.4 m/s observation plane crossed the middle electrode nozzles; see Fig. 2). Positive voltage polarity, averaged total discharge current I = 150 pA,
additional gas flow rate Q, = 0.5 1/min. Streamer image: ICCD camera, exposure time 0.6 ms, and average of 100 images.

reactor. The “to and fro” movement of the vortex exhibited
an oscillatory character with stochastic fluctuations. On the
other hand, the time-averaged flow velocity field pattern shows
the most probable position of the vortex [Fig. 7(b)]. The
near-electrode positioning of the time-averaged vortex [as seen
in Fig. 7(b)] suggests that the instantaneous vortex occupies
that region more frequently than the other regions.

Fig. 8(a) shows the time-averaged velocity field map for the
lower half of the CDRS reactor, and Fig. 8(b) shows the corre-
sponding streamlines of the gas flow, inferred from Fig. 8(a),
both for the whole CDRS reactor.

The direction of rotation of the electrohydrodynamicaly
caused vortexes is opposite to that observed in ESP models
with smooth wire discharge electrode (e.g., [10]). As seen in
Figs. 7 and 8, the gas in the upstream (downstream) vortex
moves from the electrode nozzle upstream against the main
flow (downstream along the main flow), then separates into two
flows, each of which turns toward the corresponding plate elec-
trode; after passing along the plate electrode, each flow returns
back to the CDRS electrode. In contrast, when the smooth wire
electrode is used the gas is electrohydrodynamically forced to
move from the smooth wire electrode directly toward the plate
electrodes, then it flows along the plate electrodes and turns to
return to the wire electrode. As a result, the near wire electrode
vortexes revolve in the opposite direction to those formed near
the CDRS electrode.

It was found that the EHD flow structures depend on velocity
of the main flow. At lower main flow velocities, the near-elec-
trode time-averaged vortexes are stronger and better pronounced
than at higher velocities. This is caused by the dominance of the
EHD forces over the inertial forces at low main flow velocities
(see Section V-C). Without the main flow (U = 0) or at a rela-
tively low main flow velocity of 0.2 m/s, the time-averaged vor-
texes formed at both sides of the CDRS electrode are strong.
At higher main flow velocities (0.4-0.6 m/s), the time-aver-
aged vortexes at the upstream side of the discharge electrode,
although smaller, still are pronounced (see Figs. 7 and 8). Due

to the strong vortexes near the CDRS electrode, the main flow
changes its route. It does not move uniformly through the whole
cross section of the reactor duct but it separates into two flow
(Fig. 8). Each of them passes between the corresponding up-
stream vortex and the plate electrode, then vigorously turns to-
ward the CDRS discharge electrode to form a single flow again
which passes between both downstream vortexes and eventually
expands at the CDRS reactor exit. This complex flow structure
together with the upstream and downstream vortexes obviously
must influence the distribution of the gas molecules, including
ozone, in the CDRS reactor.

IV. CONSERVATION EQUATIONS FOR EHD FLowW

For a dielectric fluid, such as that in the CDRS reactor, the
EHD-induced flow velocity does not exceed Mach number
M = 0.2. Therefore, the subsonic incompressible flow is
considered. It is also assumed that the mean free path of the
fluid particle is much shorter than the characteristic length of
the reactor duct; hence, the continuum fluid flow mechanics is
considered. The discussion is limited to the Newtonian fluid
without the viscous dissipation heating of the fluid and natural
convection.

Under these assumptions, the mass, momentum, ion, and
molecule conservation equations in the gas flow in the presence
of the electric field can be expressed as follows [20]:

i) Mass conservation
ap -
—8;+V-(p~U)—O. (1
ii) Momentum conservation
oU ~ 4 - 52
oy +p(U-v>U: VP 4 Fop + as V20 @

where

—_

Fpp = pE - 5 (E : E) Ve.
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iii) Ion transport equation
ON;
ot

iv) Poisson’s equation

=-8;+U- VN, £ 1,V - <N1E> ~ DN Ny, (3

Ve B =t o
&

where E = —VV.
v) Molecule transport equations
for neutral molecules

ON, ~
55 = St U-VN, - D, V>N, (5)
and for charged molecules
ON. o = 3
= -S.+U-VN,. % u.V-(N.E)—- D, V°N,. (6)

where p is the gas density, U is the gas flow velocity, ¢ is
the time, pp is the gas viscosity, P is the pressure, N is
the ion or molecule number density, e is the elementary
charge, ¢ is the dielectric constant, D is the diffusion
coefficient, p is the ion mobility, E is the electric field,
V' is the electric potential, S is the molecule source and
sink term, subscript ¢ refers to ions (summarized all ion
species, p; = elV;), subscript n refers to the specific
neutral molecule species, and subscripts ¢ refers to the
specific charged molecule species.
For the steady state, the nondimensional form of the con-
servation equations with the Poisson’s and the charged particle
transport equations become

V.i=0 (7)
L& ~ Ena . Md s
- Vi =-Vp+ RE ™ W(W 7)Ver
i
— V3 8
+ T 3
ReSc.,-ﬂ' ' @ni -+ ? (nl@qﬁ) - ?Q’H,i = 5; (9)
V2¢ = - (Db)? (ny —n_) = Vi (10)
ReSec, 1 - ﬁnn - V2n,, = s, (11)
ReSec. 1 - ?ng T \v (ncvqb) — @27% =8, (12)
where the nondimensional variables are
. T W o=V , B L J
U—Us: n‘—NS: —kT’ U—Esa J_Js
_ P € _ Dsg Re — Uil
P YT R EEN T T,
B eN;E,L; osF,L3 s Lk B LL?
M T o P A
v eqE2L2 Ls
Se=—, Md= 28 Db= Pe = 3
e ok d P D’ e = ReSc

Here, subscript s refers to the characteristic quantities where
Us, Ny, E, Js, I, L, and o are the characteristic velocity,
gas density, electric field, current density at the electrode, total
current, length, and electric conductivity, respectively, eq is the

dielectric constant in vacuum, &, is the specific dielectric con-
stant, A is electrode surface area, k is Boltzmann’s constant, Re
is Reynolds number, F},q is the EHD number, Sc is the Schmidt
number, Md is Masuda number, Db is Debye number, Ap is
Debye length (ekT/eQNs) 1/2, Pe is Peclet number, and sub-
scripts + and — refer to positive and negative ions, respectively.

To obtain detail flow profiles in the CDRS reactor, (7)—(12)
must be solved, which is a difficult task. However, some
properties of the plasma and the flow inside the CDRS reactor
can be evaluated by Reynolds number Re, ion Schmidt number
Sc, EHD number F},4, Debye number Db, and Masuda number
Md. For the gaseous plasma flow in the CDRS reactor the
specific dielectric constant £, = 1; hence, @ET = (. Therefore,
the EHD induced secondary flow becomes dominant when
Bra>Re’ [(8)].

When Eq ;Re2, the following effects of the EHD force upon
the fluid flow in nonthermal plasma reactors can be expected
[9]1-[11]:

1) micro and bulk convection in the form of EHD generated
vortexes;

2) flow turbulence and instabilities;

3) particle entrainments.

The experimental results presented in Figs. 7 and 8 show the
presence of the above-mentioned effects.

V. OZONE TRANSPORT

The investigation of Mizeraczyk et al. [12] showed that the
ozone molecules (and likely other long-live active species) pro-
duced by the streamer corona discharge in the CDRS reactor are
transported not only in the downstream direction, but also far up-
stream of the main flow (Fig. 6). In the case of the CDRS reactor,
three factors can be considered responsible for the ozone trans-
port upstream: the diffusion, additional flow (from the nozzles
facing upstream), and EHD secondary flow directed upstream.
The counteracting factor in the upstream region is the main flow
convection which transports the ozone molecules downstream.

A. Diffusion

A comparison of the relative importance of the diffusion and
the main flow convection regarding the ozone transport can be
conducted by analyzing the dimensionless transport (11) for
neutral molecules. Equation (11) shows that the ozone diffu-
sion transport is comparable to the convection when ReSc =
Pe <« 1, where Pe is the diffusion Peclet number for ozone
molecule. The diffusion Peclet number for the presented CDRS
reactor varies from Pe = 450 at Us; = 0.18 m/s to Pe = 2000
at U, = 0.8 m/s. Therefore, it is clear that the molecular dif-
fusion transport is negligible in comparison with the main flow
convection. This means that the diffusion cannot be responsible
for the ozone transport upstream. This conclusion was also con-
firmed by the numerical solution of a simplified convection-dif-
fusion ozone transport equation without EHD and additional gas
flow, as presented in Section V-D. The disagreement between
the ozone concentration numerically calculated from the simple
diffusion-convection transport equation and that measured ex-
perimentally (Fig. 6) confirms the neglible role of the diffusion
in the ozone transport upstream.
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B. Additional Gas Flow

The velocity of the additional gas flow at the nozzle outlet
(about 0.6 m/s as calculated and measured by the PIV) is compa-
rable with the main gas flow velocity (0.18 to 0.8 m/s). However,
the flow rate of the additional gas upstream is 0.12-0.75 1/min
only, while the main gas flow rate ranges from 216 to 960 1/min
at main flow velocities from 0.18 to 0.8 m/s, respectively. Such a
large mass of the main gas flow surpresses easily the additional
gas jet from the electrode nozzles and quenches it in the vicinity
of the nozzle (the jet extinguishes at a distance of 1.5 cm from
the nozzle when the main flow velocity is as low as 0.18 m/s
[12]). Therefore, although the effects of the additional gas flow
and main gas flow can be comparable in the very close vicinity
of the electrode nozzle, the additional gas flow cannot be re-
sponsible for the transfer of the ozone far into the upstream re-
gion of the CDRS reactor.

C. EHD Secondary Flow

The apparent importance of the additional gas flow in the close
vicinity of the CDRS electrode nozzle, when compared with
that of the main flow, is, however, overwhelmed by the strong
EHD flows resulted from the applied voltage and the flow of ions
formed around the CDRS electrode. Comparing the EHD force
with the inertia force of the additional gas flow, both forces in the
close vicinity of the CDRS electrode nozzle result in Reynolds
and EHD numbers equal to Re = 59 and Eyq = 198 x 103,
respectively, which gives the ratio of the EHD number to
Reynolds number squared Eyq/ Re? = 58 (the calculation done
for the discharge current per one nozzle I, = 8.3 puA, nozzle
diameter L,, = 1.5 mm, air density p = 1.205 kg/m3, air
dynamic viscosity v = 15 x 107 m?/s, ion mobility (N5 in
air) pi; = 2.93 x 10~*m?/Vs [21], discharge area (nozzle area)
A = 1.77 x 1079 m?, additional gas flow velocity at the nozzle
U, = 0.59 m/s). These Re and Epq numbers show the crutial
role of the EHD flow in the gas transport in the vicinity of the
CDRS nozzle electrodes. It means that the additional gas flow
hardly affects the ozone transport in the CDRS reactor, even in
the vicinity of the CDRS electrode nozzles.

The comparison of the EHD force with the main flow inertia
force in a 10-cm-wide region (from z = —5 to z = +5 cm; see
Figs. 7 and 8) around the CDRS electrode, where the vortexes
exist, gives the following. At a relatively low main flow velocity
of 0.18 m/s, Reynolds and the EHD numbers are Re = 596
and Epq = 5.8 x 10°, respectively, Eq/Re® = 16.4. This
shows a strong dominance of the EHD force over the inertial
one. The increase in main flow velocity from 0.4 m/s to 0.6 m/s
(Re = 1325-1998, respectively) diminishes the importance of
the EHD force (Fhq = 5.8 x 106, Ehd/Re2 = 3.3-1.5, respec-
tively). At a main flow velocity of 0.8 m/s, Re = 2650, Fq =
5.8 x 10°, and Eyq / Re? = 0.83 (the calculations were carried
out for Iy = 150 pA, Ly = 5cm, A =2 x 10cm X 20 cm =
0.04 m?, the other data as above). These numbers show that the
EHD force should heavily influence the flow in the 10-cm-wide
region around the CDRS electrodes even at a main flow velocity
of 0.8 m/s. The PIV experiment confirmed this (Figs. 7 and 8).
Therefore, we conclude that the EHD flow is the most impor-
tant physical phenomenon responsible for the ozone transport
into the upstream region of CDRS reactor.
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Fig. 9. Illustration showing the paths (dark grey) of the ozone transport in the
CDRS reactor due to the EHD flows. Time-averaged velocity flow pattern was
used.

D. Ozone Transport Model

As concluded above, the EHD force governs the ozone
transport in the region where the strong EHD vortexes exist. A
simple phenomenological model of the electrohydrodynami-
cally induced ozone transport in the CDRS reactor is presented.

The model is one dimensional, i.e., all quantities are uniform
in the -z plane and any changes occur in the x direction (Figs. 1
and 2). It is assumed that the generation of O3 molecules oc-
curs around the CDRS electrode, i.e., around = 0. The main
gas flows with a constant mean velocity Uy, causing convection
of O3 molecules downstream. It is assumed that the EHD vor-
texes transport O3 molecules upstream against the main flow,
as shown by the dark grey paths in Fig. 9. The EHD vortexes
remove O3 molecules from the areas, marked as “—" in Fig. 9
(ozone sinks) and deliver them to the areas marked “+” (addi-
tional ozone sources).

In this model, it is assumed that O3 molecules diffuse from the
place of their origin upstream and downstream due to their den-
sity gradient. It is assumed that there is no loss of O3 molecules
in the reactor (on the walls or in the chemical reactions with
the gas species). The turbulence mixing, transport due to tem-
perature gradient, etc., apparently existing in the CDRS reactor,
are neglected in this model. Also, the transport of O3 molecules
by the additional flow from the CDRS electrode nozzles is ne-
glected, as justified in Section V-B.

In each point along the reactor, the time-dependence of O3
number density is described by the molecule transport (5). In
general, the source and sink terms S,, in (5) are a complex func-
tion of z. We simplify it by assuming a discrete distribution of
the sources and sinks of O3 molecules along the = axis. We as-
sume that

Salz) = S;'(a:) + Sjp(m) + Sfown(z) - Su_p(:v) =83 nlz)

13)

where S;’ (z) is the production rate of Oz molecules in the

vicinity of the CDRS electrode; Sif,(z) is the Oz source on

the rim of the upstream vortex (Fig. 9), resulting from the EHD
transport; S, () is the O3 source resulting from the down-

own
stream EHD vortex which delivers O3 molecules at around z =
0 mm; S, () is O3 sink resulting from O3 molecule removal at

around = 0 mm by the upstream EHD vortex; and S ()
is O3 sink on the rim of the EHD downstream vortex (Fig. 9).
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It is assumed that the number density of O3 molecules
produced by the discharge in a unit length and in a unit time
S;f (z), and also the source and sink terms S, (), ST, (2),
Sop(x) and Sy (z), are described by Gaussian functions.
This means that all the sources and sinks are discretely but
smoothly distributed along the z axis. The Gaussian profile
width parameters w; of the sources and sinks are, in general,
different.

After inserting (13) into (5), (5) was solved numerically for
the steady-state condition (0n /0t = 0). The solution fulfills the
boundary condition: On/0x = 0 for L = £50 cm, where L
is the distance from the CDRS electrode in the upstream and
downstream directions.

In the calculations, we assumed that the diffusion coefficient
of O3 is equal to that of Oy in air (D = 0.2 cm? - s~ [22]).
The Gaussian profile width parameters w; for the sources and
sinks, varied in a reasonable range (1 cm < w; < 4 cm) did
not significantly influence the calculations. The intensities of
the sources and sinks of O3 were reasonably chosen to fit the
experimental results. The positions of the sources and sinks of
O3 were inferred from the instantaneous velocity flow patterns,
which give more objective information (than the time-averaged
velocity flow pattern) on how deep O3 molecules can be trans-
ported by the EHD vortex into the upstream reactor region. Ac-
cording to the instantaneous velocity flow patterns, the upstream
O3 source positions were chosen as follows: ., = —90, — 80,
and —40 mm for main flow velocities of 0.3, 0.5, and 0.8 m/s, re-
spectively. The total O3 production in a unit time was estimated
for each main gas velocity U from the relevant constant ozone
concentration at the reactor exit, i.e., as found experimentally at
z > 30 cm downstream (Fig. 6).

For comparison, we also calculated the ozone concentration
distributions along the CRDS reactor without the EHD transport
of ozone, i.e., when ozone was transported only by the diffusion
and main gas convection (a diffusion-convection model).

Both results of the calculation of the ozone distribution along
the CDRS reactor, i.e., with and without EHD transport, are pre-
sented in Fig. 6. The results (solid curves) which take into ac-
count the EHD transport of ozone fit reasonably with the exper-
imental points for main flow velocities of 0.3, 0.5, and 0.8 m/s.
The solid curves in Fig. 6 reflect the main features of the experi-
mentally found ozone distributions along the CDRS reactor, i.e.,
they show the presence of ozone in the upstream region, ozone
distribution maxima around the CDRS electrode, and constant
ozone distribution at the reactor exit. On the contrary, these pe-
culiarities of the ozone distribution were not revealed by the cal-
culation when the EHD transport was neglected, i.e., using the
diffusion-convection model (the dashed—dotted lines in Fig. 6).
However, the phenomenological model presented in this paper
failed to describe the ozone concentration distribution at Us =
0.18 m/s. This is likely due to a different flow structure at a rela-
tively low main flow velocity, which exhibits three-dimensional
character.

Concluding, the EHD transport of ozone upstream against the
main flow in the CDRS reactor, phenomenologically introduced
into the ozone transport equation, made possible explanation the
ozone distributions along the CDRS reactor, in particular the
presence of ozone molecules far in the upstream direction.

VI. SUMMARY AND CONCLUSION

This investigation was aimed at the explanation of the exper-
imental observations of Ohkubo et al. [4], [5] and Kanazawa et
al. [6] that NO molecules were removed from the flue gas sim-
ulator not only in the discharge and downstream regions of the
CDRS reactor, but also far in the upstream CDRS reactor region.
The supposition made in [11] that the ozone molecules could be
responsible for NO removal in the upstream region, due to the
reaction

NO + O3 — NO3 + O»

was confirmed experimentally by Mizeraczyk et al. [12], who
showed the presence of ozone molecules far in the upstream
region of the CDRS reactor. However, until now it was uncertain
how the ozone molecules could be transported upstream, against
the main flow.

Since the transport of the ozone molecules by the diffusion
and additional gas flow from the CDRS nozzle electrode could
not explain the ozone presence in the upstream region of the
CDRS reactor, it was expected that the EHD secondary flow is
the dominant carrier of the ozone molecules into the upstream
region.

The present PIV measurements of the velocity field in the
CDRS reactor confirmed the existence of a strong EHD flow in
the reactor. This EHD flow manifested itself as strong vortexes
having a possibility to transport species upstream and down-
stream. The analysis of the conservation equations for the EHD
flow in the CDRS reactor pointed out the EHD flow as the dom-
inant factor capable of transporting the ozone molecules up-
stream. The EHD flow prevails over the diffusion, additional
gas, and main gas flows. The simple model, in which the EHD
transport of ozone against the main flow in the CDRS reactor
was phenomenologicaly introduced, was able to reflect all pe-
culiarities of the ozone distributions in the CDRS reactor, in par-
ticular the ozone presence in the reactor upstream. This all gives
evidence that the EHD flow influences the ozone distribution in
the CDRS reactor, resulting in the ozone presence far in the up-
stream CDRS reactor region.

The EHD forced transport of ozone molecules in the CDRS
reactor, inferred by the present investigation, helps in a better
understanding of the observations of Ohkubo et al. [4], [5] and
Kanazawa et al. [6].

Another conclusion is that the EHD transport of the active
species outside of the discharge zone can enhance the gaseous
pollutant removal in the nonthermal plasma reactors. Hence,
apart from the discharge zone, other regions of the reactor can
be important for the processing of gaseous pollutants.

The presence of a strong EHD secondary flows should have
an important impact on modeling and optimizing the plasma
processes as well as designing the nonthermal plasma reactors.
It means that not only the processes occurring in the corona
streamer discharge zone should be taken into account when
modeling the chemical kinetics of species in the nonthermal
plasma reactors, but the modeling should also comprise pro-
cesses outside the discharge zone. These processes may be
brought about by the active species transport caused by the
EHD secondary flow.
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