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Ozone Production in the Positive DC Corona
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A numerical model of ozone generation in clean, dry air by positiûe DC corona
discharges from a thin wire is presented. The model combines the physical processes
in the corona discharge with the chemistry of ozone formation and destruction in
the air stream. The distributions of ozone and nitrogen oxides are obtained in the
neighborhood of the corona discharge wire. The model is ûalidated with preûiously
published experimental data. About 80% of the ozone produced is attributed to the
presence of excited nitrogen and oxygen molecules. A parametric study reûeals the
effects of linear current density (0.1–100 µA�cm of wire), wire radius (10–
1000 µm), temperature (300–800 K) and air ûelocity (0.05–2 m�s) on the pro-
duction of ozone. The rate of ozone production increases with increasing current
and wire size and decreases with increasing temperature. The air ûelocity affects
the distribution of ozone, but does not affect the rate of production.

KEY WORDS: Corona discharge; corona plasma; ozone; electrostatic precipi-
tator; NOx .

1. INTRODUCTION

Recognition of the health risks of breathing ozone(1–5) has led to strin-
gent regulations for ambient concentration,(6) standards for levels in the
workplace,(7) and limits for devices that produce ozone indoors.(8) Ozone is
produced by devices like electronic air cleaners, laser printers and copiers,
which rely on atmospheric corona discharges. On the other hand, the oxi-
dative properties of ozone have been harnessed for beneficial purposes such
as water treatment and odor and color control.(9–12) In these applications,
ozone is almost always produced at high rates in dielectric barrier discharges
in pure oxygen.

Both experimental and numerical studies have been conducted to
improve ozone production rates in oxygen.(13–20) Eliasson et al.(13) provided
the most detailed model of ozone production in dielectric barrier discharges
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and emphasized the importance of including the excited molecular states in
the chemistry of ozone formation.

The generation of ozone in air is more complicated than that in pure
oxygen due to the presence of nitrogen and water vapor. Experimental
studies(21–29) have considered the dependence of the ozone generation on the
discharge polarity, current level, electrode size, temperature, air velocity,
and relative humidity. However, models of ozone generation by corona dis-
charges in air are limited and do not accurately account for the spatial
number density distributions and energy distributions of electrons or the
contribution of excited oxygen and nitrogen species.(17,30,31) Both excited O2

(O*2 ) and excited N2 (N*2 ) are expected to contribute to the ozone
production.(13,27,32–43) Yagi and Tanaka(31) and Peyrous(17) modeled ozone
generation in pulse discharges. Both models used an average electron den-
sity and spatially independent rate coefficients to calculate the rate of elec-
tron-impact reactions. Naidis(30) approximated the spatial distribution of
electrons in DC corona discharges using empirical expressions for the rate
coefficients of electron-impact reactions as functions of electric field. The
highly simplified chemistry model included one excited nitrogen state; the
dissociation of O2 by electrons and metastable N2(A

3Σ+u) molecules
(assuming that 70% of O2 is disassociated in the reaction with N2(A)) was
followed by the three-body reaction (OCO2CMGO3CM) to form ozone.
The contributions of the excited states of O2 and other excited states of N2

were neglected.
In this paper, a comprehensive numerical model of ozone production

in clean, dry air at one atmosphere by a positive, DC corona discharge from
a thin wire is described. It is used to determine distributions of ozone and
other gaseous products including O, N, NO, N2O, NO2 , NO3 , N2O5 , O*2 ,
and N*2 . Numerical results are compared to published experimental data. A
parametric study is conducted to examine the effects of linear current den-
sity (0.1–100 µA per cm of wire length), wire radius (10–1000 µm), air tem-
perature (300–800 K), and air velocity (0.05–2 m�s) on the distribution of
ozone.

2. NUMERICAL MODEL

The numerical model combines the physical processes in a positive DC
corona discharge surrounding a wire discharge electrode with the chemistry
of ozone formation and destruction in the air stream moving transverse to
the wire. The model has three parts: a model of the corona plasma, a model
of the chemistry, and a transport model. The electron number density and
kinetic energy distributions determined in the plasma model are used to
calculate the electron-impact reaction rates. The chemistry model includes
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reactions pertinent to ozone generation in the atmosphere including those
involving excited molecules. The transport model, developed within the
framework of the commercial software FLUENT (version 5.5),(44) solves
the conservation of mass, momentum and energy equations and the species
transport equations for two-dimensional laminar flow. The reaction rates
determined from the corona plasma and chemistry models are included as
a source term in the species transport equations.

2.1. Computational Domain

The computational domain for the wire-plate geometry is shown in Fig.
1. The high-voltage wire electrode is suspended equidistant from two paral-
lel plane walls. Airflow is transverse to the wire. High-energy electrons that
initiate the chemical reactions are produced in a very small ionization region
surrounding the wire. For positive discharges, the plasma region is uniform
along the wire and thus the electron distribution can be approximated as
one-dimensional in the radial direction.

In this model, we assume that the inlet airflow is uniform with velocity
U in the streamwise (x) direction. The flow is modeled as steady, two-dimen-
sional, and laminar. The effect of the electric body force on the gas flow is
neglected. The electric body force within the corona plasma does not gener-
ate vorticity because within that small region the discharge is assumed to be
1-D in the radial direction and the contours of constant space charge density
are normal to the electric field lines.(45) Any electrically induced turbulence

Fig. 1. The computational domain for a corona discharge along a wire is shown. The dashed
line indicates the outside boundary of the corona plasma.
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would be outside the ionization region and thus would not affect ozone
production rates or the distribution of ozone near the wire.

The wire-plate spacing (d) and the half-width of the plates (w) were
chosen as small as possible to minimize computation time. The criterion for
the wire-plate spacing is that d is large enough so that neither the flow field
nor the diffusion of ozone is affected by the presence of the plates. For the
cases considered in this paper, a wire-plate spacing equal to five times the
plasma thickness was sufficient. Plasma thickness increases with increasing
wire radius and air temperature but is independent of current and
potential.(46)

The electron-impact reactions primarily occur in the corona plasma
region. However, radicals (e.g., O, N, O*2 , and N*2 ) produced by electron-
impact reactions may be transported outside of the plasma region by con-
vection and diffusion. These radicals contribute to the formation of ozone
outside the plasma region. However, the dominant mechanism outside the
corona plasma is the destruction of ozone. Thus, the overall production rate
at the exit of a specific device depends on the total residence time in the
device. The plate half-width (w) and mean air velocity (U) determine the
residence time. The residence time may be less than the time to reach chemi-
cal equilibrium. Most indoor electronic air cleaners operate with a residence
time of 10 to 20 ms. Results from the present model indicate that for a
current density of 2.55 µA�cm (typical of many corona devices), ozone pro-
duction rate is constant for residence times between 0.75 and 30 ms. As
discussed in Section 3.1, the insensitivity of the ozone production rate to
realistic variations in residence time is expected, based on estimated charac-
teristic times for the formation and destruction reactions of ozone in air. For
the range of velocities considered here, a plate half-width equal to 0.15 cm is
used.

2.2. Corona Plasma Model

Corona discharge occurs when the voltage applied to the thin electrode
is high enough to ionize the gaseous species surrounding the discharge elec-
trode. The minimum electric field required for the corona discharge in dry
air is estimated by Peek’s equation(47) and is a function of the electrode size,
the surface roughness of the electrode, temperature, and pressure. The cor-
ona plasma region is bounded by the electrode surface and the ionization
boundary where the rate of ionization balances the rate of the electron
attachment. This balance exists at a reduced electric field (E�N, where N is
the neutral density) of 120 Td (1 TdG10−21Vm2).(48) For example, at one
atmosphere and 293 K, the electric field at the outside edge of the plasma is
30 kV�cm. At a fixed temperature and pressure, the thickness of the corona
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plasma is only a function of the radius of curvature of the discharge elec-
trode. The voltage potential affects only the electron number density.
Within the plasma region, the ionization process that produces electrons
prevails over the attachment of electrons to the electronegative gas mol-
ecules. Outside the plasma, attachment prevails over ionization. Ions of
the same polarity as the discharge electrode that drift into this region carry
the current. Electrons produced in the corona discharge initiate and drive
the gas-phase reactions. The rate of electron-impact reactions depends on
the electron number density and the electron kinetic energy. In an earlier
paper,(46) we describe the details of the corona plasma model and present
results for air at 293 K. Here we briefly summarize the modeling approach,
discuss the effects of variations in air temperature, and use the relevant
results to calculate rate coefficients for electron-impact reactions.

The electron number density and electric field are determined from
solutions of the coupled charge carrier (electrons and ions) continuity equa-
tions and the simplified Maxwell’s equation. The operating current estab-
lishes the number density of electrons at the wire surface. In this paper,
current is expressed as either a linear current density (I) given in units of
current per unit length of wire or as surface current density (J) given in
units of current per surface area of the wire. The electron kinetic energy
distribution is obtained by solving the spatially homogeneous Boltzmann
equation, taking into account 39 electron-impact reactions in air.

The corona plasma occupies a small region (about 2 to 10 wire radii
depending on wire size) surrounding the discharge wire. For a fixed wire
radius, the plasma thickness increases with increasing temperature and
decreasing pressure. The number of electrons increases with increasing cur-
rent and wire radius. It is a weak function of air temperature. The non-
Maxwellian distribution of electron energy depends solely on the reduced
electric field. The mean kinetic energy of electrons increases with the
increase of the reduced field. Consequently, it decreases with increasing wire
radius, but is insensitive to changes in current.

With the increase of temperature, the corona plasma expands and the
mean free path of electrons increases. As a result, inelastic collisions to
produce electrons become less frequent and fewer electrons are produced.
Electrons tend to absorb more energy from the electric field between colli-
sions. The electron number density and the electron mean kinetic energy are
plotted as a function of temperature and distance from the wire surface in
Figs. 2 and 3, respectively. Both decrease with increasing distance from the
wire surface. From 300 to 800 K, the total number of electrons decreases by
10%. Figure 3 shows that electrons are more energetic and the plasma region
expands with increasing temperature. The thickness of the corona plasma is
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Fig. 2. Effect of gas temperature on electron number density distribution for a positive corona
discharge from a 100 µm-radius wire operated with a linear current density of 2.55 µA�cm.

Fig. 3. Effect of gas temperature on the mean kinetic energy of electrons for a 100 µm-radius
wire with a linear current density of 2.55 µA�cm. The thickness of the corona plasma is indi-
cated by the termination of the curves along the abscissa. For example, at 300 K, the corona
plasma extends 304 µm beyond the surface of the wire.
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indicated by the termination of the curves along the abscissa. At 300 K, the
plasma thickness is 304 µm. At 800 K, the thickness is 498 µm.

The rate coefficient (ke) for an electron-impact reaction is given by

keG�
S

uth
12eu

me

σ (u) f0(u)u1�2 du (1)

where u is the kinetic energy of electrons, uth is the energy threshold for the
reaction (e.g., the measured value of uth is 5.1 eV for dissociation of O2

(49)),
e is the elementary charge, me is the electron mass, σ (u) is the electron-
impact collision cross-section, which is a function of electron energy, and
f0(u) is the electron kinetic energy distribution function. Thus, like the elec-
tron energy distribution, the rate coefficients for electron-impact reactions
depend solely on the reduced electric field. As an example, Fig. 4 shows a
distribution of rate coefficients for the dissociation of O2 , N2 , and O3 , and
the excitation of O2 and N2 for wire radius aG100 µm, linear current density
IG2.55 µA�cm and air temperature TG300 K. Although there are incon-
sistencies in the threshold energy for the dissociation of O2 in the
literature,(32,49) the electron-impact dissociation cross-sections used in the
model are for electron kinetic energy higher than 8 eV.(50) The rate coef-
ficients decrease exponentially with increasing distance from the wire surface

Fig. 4. Rate coefficients as a function of distance from the surface of the discharge wire are
plotted for electron-impact reactions in the positive DC corona discharge at 300 K. The wire
radius is 100 µm and the operating linear current density is 2.55 µA�cm.
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Fig. 5. Effect of temperature on the rate coefficient of electron-impact dissociation of O2 for
a 100 µm-radius wire with a linear current density of 2.55 µA�cm.

due to the decrease of the electric field. The rate coefficients for electron-
impact reactions increase with increasing temperature. To illustrate the tem-
perature dependence, the rate coefficient for electron-impact dissociation of
O2 is plotted for temperatures from 300 to 800 K in Fig. 5.

2.3. Chemistry Model

All models of ozone production in plasmas use a subset of the gas-
phase reactions of neutral species in the earth’s atmosphere. The kinetics
and photochemistry of gas-phase chemical reactions in the atmosphere have
been tabulated(51–54) and are updated regularly.(55–57) The reactions and the
corresponding Arrhenius rate coefficients included in this model are listed
in Table I. They include 12 neutral species and 24 reactions, including 5
electron-impact reactions (1e through 5e) and 19 neutral reactions (6 to 24)
including those of O*2 and N*2 (22 to 24). Reactions (6), (7), and (22) contri-
bute directly to the formation of ozone.

An important modification to previous models of ozone generation in
corona discharges is the inclusion of reactions involving N*2 and O*2 (reac-
tions 4e, 5e, 22, 23, and 24). In addition, the rate coefficients are updated
to reflect the values in the recent atmospheric chemistry models.(42,55,56,58)

The selection of reactions was based on the following criteria. Reactions
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Table I. Proposed Reaction Mechanisms for Ozone Production in Positive Corona Discharges
in Dry Air

Rate coefficient
No. Reaction (cm3 · mol−1 · s−1) Reference

1e eCO2GOCOCe k1e Eq. (1)
2e eCN2GNCNCe k2e Eq. (1)
3e eCO3GOCO2Ce 5∼10 k1e 43
4e eCO2GO*2Ce k4e Eq. (1)
5e eCN2GN*2Ce k5e Eq. (1)
6 OCO2CO2GO3CO2 6.0B10−34(T�300)−2.8[O2] 56
7 OCO2CN2GO3CN2 5.6B10−34(T�300)−2.8[N2] 56
8 OCO3GO2CO2 8.0B10−12 exp(−2060�T) 56
9 OCNOCN2GNO2CN2 1.0B10−31(T�300)−1.6[N2] 56

10 OCNO2GNOCO2 5.6B10−12 exp(180�T ) 55
11 OCNO3GO2CNO2 1.7B10−11 56
12 OCN2O5GNO2CNO2CO2 1.0B10−16 58
13 NCO2GNOCO 1.5B10−11 exp(−3600�T ) 58
14 NCO3GNOCO2 1.0B10−16 43
15 NCNOGN2CO 2.1B10−11 exp(100�T) 58
16 NCNO2GN2OCO 5.8B10−12 exp(220�T) 58
17 NOCO3GNO2CO2 3.0B10−12 exp(-1500�T) 55
18 NOCNO3G2NO2 1.8B10−11 exp(110�T) 56
19 NO2CO3GNO3CO2 1.4B10−13 exp(−2470�T) 56
20 NO2CNO3CN2GN2O5CN2 2.8B10−30(T�300)−3.5[N2] 56
21 N2O5CN2GNO2CNO3CN2 1.0B10−3(T�300)−3.5 exp(−11,000�T)[N2] 56
22 O*2CO2GO3CO 4.8B10−15 33
23 N*2CO2GN2C2O 3.0B10−12(T�300)0.55 36,41
24 N*2CO2GN2OCO 6.0B10−14(T�300)0.55 35

with rate coefficients greater than 10−11 cm3 mol−1 s−1 are included. Reactions
with lower rate coefficients are neglected unless they involve one of the more
prevalent species such as N2, O2, O3, O, N, and NO. Because of the relatively
low concentrations of O* and N*, the model assumes that their rate coef-
ficients are identical to those of the ground state atoms. Ionic species do
not have sufficient energy to dissociate O2 and thus are not included.

Usually electronically excited states of molecules are short-lived with a
lifetime on the order of 10−8 s.(59) Only those excited species with high-energy
and a relatively long lifetime (on the order of magnitude of the characteristic
time of a reaction to dissociate O2) contribute to the formation of ozone.
In this model, excited states of O2 considered include O2(A

3Σ+u), O2(A′ 3∆u),
O2(c

1Σ−u), and O2(B
3Σ−u). Excited states of N2 include N2(A

3Σ+u), N2(B
3Πg),

N2(W
3∆u), N2(B ′ 3Σ−u), N2(a

1Σ−u ), N2(a
1Πg), and N2(w

1∆u). Because only
limited rate coefficients are available in the literature, the same rate coef-
ficient is assumed for different excited states of N2 or O2 (see Table I).
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Reaction (22) between the excited O2 and ground state O2 to form O3

was first proposed by Benson(60) and then further studied by Sugimitsu and
Okazaki.(33) The excitation energy of O2 must be greater than 4.1 eV for this
reaction to proceed. Excited O2 states that could possibly contribute to this
reaction are A 3Σ+u, A′ 3∆u, c 1Σ−u and B 3Σ−u.(61) No direct measurement of the
rate coefficient for reaction (22) is available. The value used in this model
is inferred from measurements of ozone generation in oxygen by Sugimitsu
and Okazaki.(33)

The excited metastable species N2(A
3Σ+u) has a lifetime of 1.3–2.6 s.(62)

It is highly reactive and its importance in the overall kinetics of dielectric
barrier discharges in pure N2 and N2–O2 was shown by Guerra and
Loureiro.(38) The reactions between N2(A

3Σ+u) and O2 are the most exten-
sively studied reactions among the excited states of N2 and recently have
been incorporated into the chemical kinetic scheme for non-thermal air
plasma chemistry.(42) The measured rate coefficients for N2(A

3Σ+u , ûG0),
N2(A

3Σ+u, ûG1), and N2(A
3Σ+u , ûG2) are 2.5B10−12, 4B10−12, and

4.5B10−12 cm3 mol−1s−1, respectively.(36,37) The temperature dependence of
the rate coefficient is T0.55.(36) We did not differentiate these vibrationally
excited species but took them into account by assuming a slightly higher
rate (3B10−12 cm3 mol−1 s−1) than the most populated state N2(A

3Σ+u , ûG0).
There are two primary product channels for this reaction: one to produce
ground state N2 and O (reaction 23) and the other to produce N2O and O
(reaction 24).(32,35,36,41) The branching ratio of this reaction leading to N2O
production is between 1 and 4%. We used 2%.

The excited metastable species N2(a
1Σ−u) (lifetime 0.017–0.5 s) and

N2(a
1Πg) have relatively long lifetimes(59) and sufficient energy to dissociate

O2 and thus contribute to the formation of ozone. N2(a
1Σ−u) has been

found to be important for discharge chemistry.(40,43) Excited triplet states
N2(B

3Πg) contribute to the dissociation of O2.
(34,38,43) Eliasson and

Kogelschatz(39) point out that N2(W
3∆u) and N2(B ′ 3Σ−u) can quickly cascade

to the metastable N2(A
3Σ+u) state by photon emission and collisions. Conse-

quently, these two excited species are included. N2(w
1∆u), considered by

Braun et al.(40) and Guerra et al.,(38) is also included.

2.4. Transport Model

In this model, the distributions of ozone as well as other species in-
cluding O, N, NO, N2O, NO2, NO3, N2O5, O*2 , and N*2 are obtained. The
governing equations are the conservation equations of mass, momentum,
energy, and individual species continuity equations for 2-D, incompressible,
steady state, and laminar flow. The simplified continuity and momentum
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equations are

∂ûi

∂xi

G0 (2)

and

ρ
∂
∂xj

(ûiû j)GA
∂p
∂xi

C
∂
∂xj

�µ�∂ûi

∂xj

C
∂û j

∂xi
��Cρgi (3a)

where ρ is the density of an ideal gas mixture, p is the pressure, ûi is the air
velocity, i and j are spatial indices for a Cartesian coordinate system, µ is
the dynamic viscosity of the mixture and ρgi is the gravitational body force.
At the inlet, velocity is assumed to be uniform in the x-direction,

ûx�xG−wGU and ûy�xG−wG0 (3b)

The conditions of the outflow plane are extrapolated from within the
domain and have no impact on the upstream flow. The extrapolation pro-
cedure updates the outflow velocity and pressure consistent with a fully
developed flow assumption,

∂ûx

∂x �xGw

G
∂ûy

∂x �xGw

G0 (3c)

Along the x-axis, symmetry boundary conditions are specified,

∂ûx

∂y �yG0

G
∂ûy

∂y �yG0

G
∂p
∂y�yG0

G0 (3d)

On the plates and the surface of the wire, no-slip velocity boundary con-
ditions are specified,

ûx�xG±dGûy�xG±dG0 and ûx�rG1x2Cy2GaGûy�rG1x2Cy2GaG0 (3e)

The species transport equation is,

ρ
∂
∂xi

(ûimj ′)GA
∂
∂xi

Jj′iCRj ′ (4a)

where mj ′ is the local mass fraction of the species j ′, Jj ′i is the dilute diffusion
flux of species j ′ and the source term Rj ′ is the volumetric rate of creation�
depletion of species j ′ by chemical reactions, including neutral reactions and
electron-impact reactions. Rates of neutral reactions are calculated using
the rate coefficients listed in Table I. The electron-impact reaction rates are
calculated as described in Section 2.2. The dilute diffusion flux of species
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j ′ is

Jj ′iG−ρDj′
∂mj ′

∂xi

(4b)

where Dj ′ is the dilute diffusion coefficient for species j ′ in air. Thermal
diffusion of species is neglected. An equation of the form (4a) is solved for
L-1 species where L is the total number of chemical species present in the
system (LG12 for this case). The mass fraction of the last species (N2) is
given by the constraint,

∑
j ′

mj ′G1 (4c)

Four boundary conditions are required for each species. At the inlet, air is
assumed to consist of 21% O2 and 79% N2; the mass fractions of O2 and N2

are 0.233 and 0.767 respectively. The mass fraction for all other species is
assumed equal to zero. At the outlet, a zero diffusion flux is assumed,

∂mj ′

∂x �
xGw

G0 (4d)

A symmetry condition is assumed for all species concentrations,

∂mj ′

∂y �
yG0

G0 (4e)

At wall boundaries, there is no penetration, evaporation or chemical reac-
tions involving inactive species. Reactions of active species (O, N, O*2 ,
N*2 , and O3) with the surface are neglected:

∂mj ′

∂y �
yG±d

G
∂mj ′

∂r �
rG1x2Cy2Ga

G0 (4f)

The simplified energy equation is

ρ
∂
∂xi

(cpûiT )G
∂
∂xi

�λ ∂T∂xi

A∑
j ′

hj ′Jj ′i�C∑
j ′
� h0

j ′

Mj ′
Rj′� (5a)

where cp is the specific heat of the mixture at constant pressure, λ is the
thermal conductivity of the mixture, hj ′ is the specific enthalpy of species j ′,
h0

j ′ is the formation enthalpy of species j ′ at the reference temperature
298.15 K and Mj ′ is the molecular weight of species j ′. The first term on the
right-hand side of Eq. (5a) represents energy transfer due to conduction and
species diffusion. The second term represents the heat addition by chemical
reactions. Joule heating is neglected. For a linear current density of
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2.55 µA�cm and an air velocity of 1 m�s, the temperature rise in the compu-
tational domain due to the Joule heating is estimated as 0.4°C. For the
maximum current density (100 µA�cm) considered in this paper, the tem-
perature rise is about 16°C. The local temperature rise may be higher in the
vicinity of the wire. As shown in our results, the rate of ozone production
is a weak function of temperature. Thus, the neglect of Joule heating is
justified. Four boundary conditions for temperature are specified at the
inlet, outlet, x-axis and wall boundaries. A uniform temperature T0 is
known at the inlet,

T �xG−wGT0 (5b)

At the outlet, a zero heat flux is assumed,

∂T
∂x�xGw

G0 (5c)

A symmetry boundary condition also applies to temperature,

∂T
∂y �yG0

G0 (5d)

Adiabatic boundary conditions are assumed on the plates and the surface
of the wire,

∂T
∂y �yG±dG0 and

∂T
∂r �rG1x2Cy2Ga

G0 (5e)

Model results show that the heat release from chemical reactions is negli-
gible. As a result, one can obtain accurate results by assuming the gas is
isothermal.

2.5. Thermodynamic and Transport Properties

Thermodynamic data for individual species are obtained from the
NIST-JANAF thermochemical table(63) and then curve-fit as a fourth-order
polynomial function of temperature. Transport properties of individual
species are calculated from the Chapman–Enskog kinetic theory(64) using
the TRANSPORT package of Chemkin-III software(65) and then curve-fit
as a third-order polynomial function of temperature. The thermodynamic
and transport properties of excited species are assumed to be the same as
their corresponding ground-state species. The specific heat of the mixture cp

is calculated using the mixing law based on mass fraction. The viscosity µ
and the thermal conductivity λ of the mixture are calculated using the ideal
gas mixing law.
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2.6. Numerical Implementation

The computation is divided into two parts: the computation for the
electron number density and the electron energy distributions,(46) and the
computation of the flow field and the species concentration distribution.
The computed electron distribution is used to calculate the reaction rate for
the electron-impact reactions. Conservation equations (Eqs. 2 to 5), together
with the necessary boundary conditions are solved in FLUENT.

The computational domain was meshed into triangular elements with
finer meshes close to the wire surface where the chemical reactions occur.
During the solution process, the mesh close to the wire surface was adapted
to increasingly finer meshes to test the dependence of the results on mesh
size. The adaptation process was terminated when the final results did not
change with further refinement. The minimum area of the mesh (close to
the wire surface) is 1.4B10−12 m2. The largest mesh (close to the plates and
near the inlet and outlet) is 8.8B10−10 m2. The total number of cells in the
computational domain varied from 105 to 106.

The momentum equation, energy equation, and species transport equa-
tions were discretized using the first order upwind scheme and the pressure-
velocity coupling was achieved using the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm.(66) The convergence criterion for
the continuity equation and momentum equation was 10−3 and the conver-
gence criterion for the energy equation and the species transport equations
was 10−6. The species transport equations converged very slowly and results
were monitored to ensure convergence of the ozone mass flow rate.

Computations were carried out on an IBM SP supercomputer and
required about 150 hr CPU for each case.

3. MODELING RESULTS AND DISCUSSION

Distributions of O3 and NOx were obtained for six linear current densi-
ties (0.1, 1, 2.55, 5, 10, and 100 µA�cm), six wire radii (10, 50, 100, 200, 500,
and 1000 µm), six temperatures (300, 400, 500, 600, 700, and 800 K) and six
velocities (0.05, 0.1, 0.2, 0.5, 1, and 2 m�s). The time scales for production
of ozone are discussed in Section 3.1. The insensitivity of production rate
to changes in velocity is shown in Section 3.2. Relative production of O3

and NOx is discussed in Section 3.3. The effects of current density, wire
radius, and temperature and comparison of numerical results with experi-
mental data are presented in Sections 3.4 through 3.6.

3.1. Dominant Reactions and Their Time Scales

The dominant reactions, their relative contributions and characteristic
times for the formation of O and O3 and destruction of O3 are listed in
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Table II. The Dominant Reactions, Their Relative Contributions and Characteristic Times (τ)
for the Formation of O and O3 and Destruction of O3

a

Formation of O Formation of O3 Destruction of O3

Reactionb %c τ (ms)d Reaction % τ (ms) Reaction % τ (ms)

23 62 7E−5 7 66 0.02 17 93 300
22 17 0.04 6 19 0.06 8 5 800
13 12 2 22 15 0.04 3e 2 4E−4
1e 7 7E−8 Total 100 Total 100
15 1 3
24 1 0.003

Total 100
aThese values are calculated for the positive discharge from a 100 µm-radius wire operated at
300 K with a linear current density of 2.55 µA�cm and bulk gas velocity of 0.5 m�s.

bThe reaction number refers to the reaction listed in Table I.
c The relative contribution of the individual reaction to the formation�destruction of species is
determined by the ratio of the volume-integrated rate of that reaction to the overall rate of
formation�destruction of species over the volume.

dThe characteristic time of a reaction is estimated as the reciprocal of the product of the rate
coefficient and the maximum concentration of the major reactant (reactant with a higher
concentration).

Table II for a 100 µm-radius wire operated at IG2.55 µA�cm, UG0.5 m�s
and TG300 K. The relative contribution of an individual reaction to the
formation�destruction of species is determined by the ratio of the volume-
integrated rate of that reaction to the overall rate of formation�destruction
of species over the volume. The relative contributions of individual reactions
are nearly identical for the range of operating conditions considered. As
expected, the formation of O and O3 due to excited species (O*2 and N*2 ) is
significant. Half of the ozone is produced by N*2 and nearly one-third is
produced by O*2 . The destruction of O3 is primarily due to the generated
NO (reaction 17).

Ozone is produced much faster than it is destroyed at the concen-
trations found in corona discharges in air. Thus, if the residence time of a
device is larger than the characteristic time of the formation of O3, the rate
of production of O3 is expected to be independent of velocity. Moreover,
because the characteristic time of destruction of O3 is much longer than the
typical residence time, the net rate of ozone production is expected to
remain constant far downstream of the discharge wire. Of course, the distri-
bution of ozone within the flow channel is affected by the relative magnitude
of transport by convection and diffusion. Studies that show the ozone pro-
duction rate depends on velocity(67,68) appear to have confused production
rate with concentration. Obviously, for the same production rate, concen-
tration decreases with increasing velocity. The characteristic time of a reac-
tion is estimated as the reciprocal of the product of the rate coefficient and
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the maximum concentration of the major reactant (reactant with a higher
concentration). For reactions that produce O3 , the major reactants are O2

and N2 and the estimated time scales depend only on temperature and press-
ure. The time scale for the formation of O3 (reactions 6, 7, and 22) at 300 K
is on the order of 0.01–0.1 ms. For reactions that destroy O3 , the major
reactant is O3 , whose concentration depends on operating conditions. For
the case shown in Table II, the time scale for the destruction of O3 is several
hundred milliseconds (reactions 3e, 8, and 17). For a highest current density
of 100 µA�cm, the time scale for destruction is on the order of 10 ms.

3.2. Effect of Velocity

To confirm our expectation and prior experimental studies(22,28) that
show ozone production is insensitive to gas velocity, we modeled a 100 µm-
radius wire at 2.55 µA�cm for velocities ranging from 0.05 to 2 m�s. The
corresponding residence times vary from 30 to 0.75 ms for a plate half-width
of 0.15 cm. The distribution of ozone for UG0.5 m�s and UG2 m�s are
plotted in Fig. 6(a) and (b). Contours of ozone mole fraction from the maxi-
mum to 1% of the maximum are shown. The legend indicates the value of
each contour line. The dimensions of the computational domain, including
the wire diameter and ionization region are indicated on the x- and y-axes.
The dashed line is the location of the outside boundary of the plasma. The
mass flow rate of any species j ′ (mj ′) across a cross-section at position x is
calculated as

ṁj ′ �xG�
d

−d
mj ′ρûx dy (6)

Evaluation of this integral at the exit (xG0.0015 m) gives the overall pro-
duction rate. For UG0.5 m�s, the maximum mole fraction is 5.8B10−6 and
the production rate is 9.2B10−4 mg�s-m (expressed per unit length of wire).
At UG2 m�s, the maximum mole fraction is 3.8B10−6 and the production
rate is 8.7B10−4 mg�s-m. The production rate at UG0.05 m�s is
9.0B10−4 mg�s-m (not shown). The small variations in production rate with
velocity are attributed to numerical uncertainty. With the increase of veloc-
ity, the residence time decreases and diffusion toward the plates is less
significant.

In the remainder of this paper, we present results for a flow velocity of
0.5 m�s. Flow streamlines are plotted in Fig. 7 for a wire radius equal to
100 µm. Again, the dashed circle indicates the location of the outer edge of
the ionization region. Because the flow Reynolds number, based on wire
diameter, is 6.3, the effect of the wire on the flow stream is minimal and
constrained to the plasma region.
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Fig. 6. Effect of velocity on ozone distribution for a 100 µm-radius wire at a current density
of 2.55 µA�cm and 300 K. (a) Contours of constant ozone mole fraction for UG0.5 m�s. The
rate of ozone production per unit length of wire is 9.2B10−4 mg�s-m. (b) UG2 m�s. The rate
of ozone production is 8.7B10−4 mg�s-m. The contour line corresponding to an ozone concen-
tration at level 7 coincides with the downstream surface of the wire.
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Fig. 7. Streamlines for flow transverse to a 100 µm radius wire. The inlet velocity is 0.5 m�s.
Reynolds number based on wire diameter is 6.3. Arrows indicate the direction of velocity.

3.3. Relative Production of O3 and NOx

The mass flow rates of O3, NO, N2O, NO2, NO3, and N2O5 from xG
−0.0004 m (the upstream edge of the ionization region) to xG0.0015 m (the
outlet) are plotted in Fig. 8 for aG100 µm, IG2.55 µA�cm, and TG300 K.
The plot illustrates the difference in production rates and allows interpre-
tation of the effects of the relative magnitude of the characteristic times of
formation and destruction.

Ozone production is significantly greater than the production of nitro-
gen oxides. NO and N2O are major components of product NOx; however,
the maximum concentration of NO (0.12 ppm) is only 2% of that of O3

(5.8 ppm). The maximum concentration of N2O (0.028 ppm) is 0.5% of that
of O3. The rates of production of NO and N2O are 5.6B10−5 mg�s-m (6%
of O3) and 3.6B10−6 mg�s-m (0.4% of O3), respectively. Production rates
for NO2, NO3, and N2O5 are 3 to 12 orders of magnitude lower.
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Fig. 8. Mass flow rates of O3, NO, N2O, NO2, NO3, and N2O5 are plotted as a function of
streamwise position for aG100 µm, IG2.55 µA�cm, UG0.5 m�s, and TG300 K. The wire is
centered at xG0 m. The corona plasma is a cylindrical sheath surrounding the wire with an
outer radius of 0.0004 m.

The shape of the curves in Fig. 8 is a function of the characteristic
times of formation and destruction. Formation prevails over the destruction
of ozone inside the ionization region. The destruction balances the forma-
tion of ozone downstream of the ionization region. Thus, the ozone mass
flow increases steeply from the front edge of the ionization region to just
downstream of the center of the wire. It maintains a constant value on the
order of 1B10−3 mg�s-m (9.2B10−4 mg�s-m) for all positions downstream
of the ionization region (xH0.0004 m). These trends agree with those pre-
dicted by Peyrous(17) for pulse discharges. The constant production rate for
NOx is reached further downstream of the wire because the formation of
NOx is slower than that of ozone. The residence time considered in this
study is not long enough to reach chemical equilibrium. Eventually, the NO
and NO2 will be converted to N2O5 in the presence of O3.

3.4. Effect of Current

The effect of current is evaluated for a 100 µm-radius wire. Linear cur-
rent densities of 0.1, 1, 2.55, 5, 10, and 100 µA�cm are considered. These
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Fig. 9. Effect of current on the rate of production of ozone for aG100 µm. The numerical
results at TG300 K and UG0.5 m�s are compared to measured data. The data attributed to
Castle et al.(23) and Viner et al.(28) are not measured directly but are determined from empirical
correlations provided by the authors.

values span the practical range between corona onset and sparkover. Cur-
rent affects the magnitude of the ozone concentration, but not the shape of
the ozone distribution. A comparison of the predicted ozone production
rate to experimental data is presented in Fig. 9. The data attributed to Castle
et al.(23) and Viner et al.(28) are not measured directly but are determined
from empirical correlations provided by the authors. There is excellent
agreement of the predicted and measured values even though the data were
measured in both wire-cylinder(23) and different wire-plate geometries,(22,28)

and in ambient air (as opposed to dry air). Ozone production increases
linearly with current density due to the increase in electron number density.
Current level does not affect the electron kinetic energy and rate coefficients
for electron-impact reactions.

3.5. Effect of Wire Radius

The effect of wire radius is evaluated for radii equal to 10, 50, 100, 200,
500, and 1000 µm. The surface current density (J ) for all cases is set to
0.406 A�m2 (equivalent to a linear current density IG2.55 µA�cm for aG
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100 µm). The distributions of ozone for aG10 µm and aG1000 µm are plot-
ted in Fig. 10(a) and (b). With an increase in wire radius, the plasma
becomes thicker and more electrons are generated. Although electrons are
less energy due to the lower electric field near the surface of the larger wires,
the rate of production of ozone increases monotonically with wire radius.
The relatively low concentration of ozone upstream of the wire and outside
the boundary of the plasma is attributed to diffusion.

The rate of ozone production vs. wire radius is compared to experi-
mental data in Fig. 11 for a fixed surface current density, air temperature
and velocity. The data attributed to Castle et al.(23) and Viner et al.(28) are
not measured directly but are determined from empirical correlations pro-
vided by the authors. The data attributed to Nashimoto(25) are the product
of values read from his plot of ozone molar flow rate per unit current and
total current. The data attributed to Awad and Castle(21) are the product of
values read from their table of ozone concentration per unit current, flow
rate and total current. The agreement is excellent for wire radii greater than
50 µm. Nashimoto’s(25) data for ozone production in a wire-plate geometry
are higher than the predicted values. The discrepancy is possibly due to
experimental pressures above atmospheric pressure. Electric field and the
electron energy increase with increasing gas pressure.

3.6. Effect of Temperature

Temperature affects the ozone generation through its effects on
thermodynamic and transport properties and chemical reaction rates. The
rate coefficients of electron-impact reactions increase with increasing tem-
perature (see for example the dissociation of O2 in Fig. 5). On the other
hand, the gas density and the rates of endothermic reactions 6 and 7 that
produce O3 decrease. These competing effects are investigated for tempera-
tures from 300 to 800 K for aG100 µm, IG2.55 µA�cm, and UG0.5 m�s.

The distribution of ozone for the highest temperature (TG800 K) is
plotted in Fig. 12. Compared with the ozone distribution at 300 K shown
in Fig. 6(a), ozone is more dispersed within the flow channel due to an
increase in diffusivity and the production rate is 79% lower. Figure 13 is a
plot of ozone production rate vs. temperature. As temperature is increased,
the rate of production of ozone decreases.

4. CONCLUSION

Electrons produced in corona discharges in atmospheric air initiate gas-
phase reactions to produce O3 and NOx . A comprehensive numerical model
is provided to predict the distribution as well as the rate of production of
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Fig. 10. Effect of wire radius on ozone distribution for JG0.406 A�m2, TG300 K, and UG

0.5 m�s. (a) Contours of constant ozone mole fraction for aG10 µm. The plasma is 90 µm
thick and the maximum ozone concentration is 89 ppb. (b) aG1000 µm. The plasma is 968 µm
thick and the maximum ozone concentration is 110 ppm. The contour line corresponding to
an ozone concentration at level 7 coincides with the downstream surface of the wire.
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Fig. 11. Effect of wire radius on the rate of production of ozone for JG0.406 A�m2. The
numerical results at TG300 K and UG0.5 m�s are compared to measured data. The data
attributed to Castle et al.(23) and Viner et al.(28) are not measured directly but are determined
from empirical correlations provided by the authors. The data attributed to Nashimoto(25) are
the product of values read from his plot of ozone molar flow rate per unit current and total
current. The data attributed to Awad and Castle(21) are the product of values read from their
table of ozone concentration per unit current, flow rate, and total current.

gaseous species in the positive DC corona discharge. The model accounts
for the spatial distributions of the number density and energy of electrons
and reactions involving excited states of nitrogen and oxygen. It is validated
with experimental data available in the literature.

Ozone production rate is 2 to 12 orders of magnitude greater than the
production rate of NOx. Reactions involving N*2 and O*2 serve as important
pathways for ozone production in corona discharges. Half of the ozone is
produced by N*2 and nearly one-third is produced by O*2 . Earlier models
that neglected the excited molecular states are expected to under predict
ozone production.

A study of the effects of current, wire radius, gas temperature, and gas
velocity shows that current and wire radius have the most important impact.
The rate of ozone production increases linearly with current for a fixed wire
radius and temperature. At 300 K, ozone production rate can be reduced
by 62% by using a 100 µm- rather than 200 µm-radius wire for surface cur-
rent density equal to 0.406 A�m2. Small temperature fluctuations (e.g.,
within ±10 K) near room temperature have negligible effect on the rate of
ozone production. When temperature is increased from 300 to 500 K, the
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Fig. 12. Distribution of ozone for aG100 µm, IG2.55 µA�cm, TG800 K, and UG0.5 m�s.
The plasma is 498 µm thick and the maximum ozone concentration is 0.27 ppm. The contour
line corresponding to an ozone concentration at level 7 coincides with the downstream surface
of the wire.

ozone production rate decreases by 44% for the 100-µm radius wire. Above
500 K, the rate of decrease with temperature is lower. Although the gas
velocity affects the distribution of ozone, it has no effect on overall pro-
duction for residence time from 0.75 to 30 ms and typical operating current
(2.55 µA�cm) of corona devices because ozone is produced much faster than
it is destroyed.

NOMENCLATURE

σ collision cross-section, m2

τ characteristic time of the individual reaction, ms
ρ gas density, kg�m3

a wire radius, cm
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Fig. 13. Effect of temperature on the production rate of ozone for aG100 µm, IG
2.55 µA�cm, and UG0.5 m�s.

cp specific heat at constant pressure, J�kg-K
d wire-plate spacing, cm
Dj ′ dilute diffusion coefficient of species, j ′, m2s−1

µ dynamic viscosity, kg�m-s
e elementary charge, 1.6B10−19 C
E electric field, V�m
f0 electron energy distribution function, eV−3�2

g gravitational acceleration, m�s2

hj ′ specific enthalpy of species j ′, J�kg
h0

j ′ formation enthalpy of species j ′, J�mol
I linear current density, µA�cm
J surface current density, A�m2

Jj ′i dilute diffusion flux of species j ′, kg�m2-s
ke rate coefficient of electron-impact reactions, m3s−1

L total number of species
me electron mass, 9.1B10−31 kg
mj′ mass fraction of species j ′
ṁj ′ mass flow rate of species j ′ per unit length of wire, mg�s-m
Mj ′ molecular weight of species j ′, kg�mol
N neutral density, m−3

p pressure, Pa
Rj ′ volumetric rate of creation�depletion of species j ′, kg�m3-s
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T temperature, K
λ thermal conductivity, W�m-K
T0 inlet air temperature, K
u electron kinetic energy, eV
U inlet air velocity, m�s
uth energy threshold for a reaction, eV
ûi , ûj velocity, m�s; i and j are spatial indices
ûx velocity in the x-direction, m�s
ûy velocity in the y-direction, m�s
w plate half-width, cm
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