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Narrow-Gap Point-to-Plane Corona with High
Velocity Flows

TOSHIAKI YAMAMOTO, PHIL A. LAWLESS, anp LESLIE E. SPARKS

Abstract—Corona discharge has been used in the detoxification of
chemical agents or their simulants, for which the degree of destruction
depends on the strength of the electric field or electron energy. To help
clarify this process a mathematical model describing the narrow-gap
point-to-plane corona system was developed. Narrow-gap electrodes are
characterized by extremely high electron activity and the presence of
positive and negative ions. The three-dimensional spatial distributions in
the electron density and the electric field are of primary interest. The
results address the potential problems of the corona device and help to
provide for an optimum design.

1. INTRODUCTION

ORONA discharge has been used in the detoxification of

chemical agents or their simulants. Tests were made on
the corona device, which consists of narrow-gap multiple
point-to-plane geometry devices in which the gas passes
through a corona discharge at high velocity (~ 100 m/s) [1].
Ozone is thought to be the primary agent in the gas
destruction. Experiments have shown that more ozone can be
generated with an increased current density (or voltage) and
that increasing the gas velocity will increase the sparkover
potential considerably. It is desirable, therefore, to operate the
electrical potential at as high a level as possible. The
experimental results showed that the average field and the
average current per point were extremely high (18 kV/cm and
1.0 mA/point, respectively). The ozone generation rate was
approximately 250 ppm/kW of corona power, and destruction
efficiency was proportional to the ozone generation. However,
the destruction efficiency was extremely poor (~ 15 percent)
and was not additive with the number of corona points. It was
further reduced by increasing the pin-to-plane distance.

For detoxification it is apparent that the discharge region is
the area where useful reactions are most likely to occur. The
highest electric fields and electron energies exist in this region,
and it is expected that the radicals and excited atomic states
have the greatest concentrations there. While investigating the
point-to-plane corona, Kondo and Miyoshi [2] found that
spectroscopic evidence estimated a temperature in excess of
1000°K near the point corona. It appears from a simple
destruction efficiency model (no mixing in the transverse
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direction) that the active zones for either a high electron
activity or a high temperature are in a very narrow confined
region. Making optimal use of these factors requires a better
understanding of the detailed electrical conditions in this
region, This paper describes the modeling that calculates the
electrical characteristics of corona discharge devices in varied
corona discharge configurations.

II. MoDELING

Corona glow discharge has been studied for many years.
Satisfactory theories about corona discharge outside the
corona glow region have been developed through both
numerical and analytical methods. Because of the complicated
discharge physics, the knowledge of corona discharge within
the glow region is more limited. The corona discharge device
under study consists of a narrow-gap channel with a point-to-
plate distance of 3.0 mm. Therefore the regions both inside
and outside the glow corona are modeled.

We first modeled the Townsend avalanche mechanisms.
Then we developed a narrow-gap three-dimensional ion flow
model. The model will be completed when the spatial
distributions of electrons and ions (as determined by the
avalanche model) are incorporated into the three-dimensional
corona model.

A. Townsend Electron Avalanche Modeling

Because the role of free electrons in the agent destruction
process is still uncertain (although probably important), it is
necessary to evaluate the electron concentration under various
conditions and then correlate these values with the results of
destruction tests. We approach the electron density question
from a theoretical point of view, using the Townsend
avalanche mechanism to describe the corona zone with its mix
of electrons and positive and negative ions. This approach lets
us vary the gas pressure and temperature, the spacing between
the corona point and the ground plate, and the effects of gas
composition. In return, electron and ion concentration profiles
are produced.

The Townsend avalanche is a conceptual description of the
electron multiplication process. The process begins with a free
electron in a strong electric field. The electron gains enough
energy between collisions and gas molecules to ionize one of
them. This produces another electron and a positive ion. The
two free electrons are then able to produce two more
ionizations, and the process multiplies rapidly. The rate at
which the ionizations occur is described by a derived gas
parameter, the first Townsend coefficient. The first Townsend
coefficient is the number of electrons produced per centimeter
per initial electron.
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The first Townsend coefficient has been determined experi-
mentally for many gases as a function of electric field and gas
density. It generally becomes larger as the electric field
increases or the gas density decreases. In the electric field near
a corona electrode, the first Townsend coefficient (gas gain
coefficient) varies rapidly with position in relation to the
surface of the electrode.

The Townsend avalanche can easily grow to enormous
levels if there are no effects to offset its growth. One such
effect is a rapid decrease in the electric field as the distance
from a corona electrode increases. This effect is not sufficient
to ensure a stable corona, however. Another offsetting effect is
that free electrons become permanently attached to certain gas
molecules. They then become negative ions and are removed
from the avalanche process. A last limiting effect is the
buildup of the ionic concentrations. The positive jons that
remain behind the advancing electron front tend to retard the
electrons, and the negative ions formed by attachment tend to
repel later generations of electrons.

In air, the major attachment occurs with oxygen molecules.
This attachment rate is also dependent on the electric field,
though not as strongly as the gas gain. The attachment rate is
described by the attachment coefficient, which is the number
of electrons attached per centimeter per initial electron.
Generally, the attachment rate goes up when the electric field
goes down because the electrons spend more time in the
neighborhood of attaching molecules.

The avalanche is calculated by integrating three differential
equations:

dn,=(a—n)n.dx M

1y = () nodix @
M= (— 1) nodxt 3)

where 7, is the number of electrons at position x, n, is the
number of positive ions at position x, and #,, is the number of
negative ions at position x. The coefficients, « and 7, are
evaluated according to the electric field at position x, which is
derived from an expression for the electrostatic field for a
needle-to-plane geometry.

This integration is performed by a predictor-corrector
algorithm, with the step size varied to keep the increase in
electron population within reasonable bounds for each step.
Although the equations are coupled through the electron
number, they are linear for low densities of positive and
negative ions. When those densities become large, the electric
field at position x is a function of both all the existing ion
densities and the electrostatic field. This makes the equations
very nonlinear.

Direct-current coronas develop over several generations of
electron avalanches. A single avalanche cannot produce the
observed currents at the observed voltages. There are good
physical mechanisms for some of the positive ions to produce
additional electrons from the surface of the corona point,
leading to successive avalanches. We call these “‘new genera-
tions’” because they develop from the prior avalanche’s ionic
production. The ions remain relatively stationary in space
during the later generations, because the electrons move so
rapidly that each avalanche is completed in the time it takes the
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positive ions to move a fraction of a millimeter. Thus the ions
produced by successive generations are added to the ion
concentrations already at a given position.

Over many generations, the ionic densities remain too small
to influence the electric field very much. However, when a
critical density is reached where the field near the corona point
is strongly enhanced by the presence of the nearly positive ion
cloud, one last avalanche produces so many ions and electrons
that the prior cumulative total is small by comparison. It also
causes the electric field to be reduced to zero or even reversed
in direction by the ionic space charge near the corona point.
(This is “quenchmg," a phenomenon commonly described in
the corona literature.) Further corona avalanches cease until
most of the space charge is removed at a relatively slow pace
by the electric fields.

Spectroscopic measurements of coronas show the presence
of very high temperatures, as much as 1000°K in the core of
the corona zone. These high temperatures would be expected to
reduce the gas density, increase the electron and ion diffusivity
in the core, and probably modify the generation process
substantially. By simulating a high-temperature profile in the
corona, we have succeeded in achieving conditions where the
positive space charge cannot reach the extreme values that
cause quenching. The corona mechanism becomes effectively
continuous, thus confirming experimental results that show a
pulseless regime [2].

B. Three-Dimensional Electron Flow Model for
Point-to-Plane Corona Discharge in a High-Velocity
Flow

Outside the corona generation region, the combined elec-
tron and ion flows must be modeled. One crucial factor in the
modeling is assuming that the flow of current away from the
corona generation zone is caused by unattached electrons.
Since the electron mobility has a value several hundred times
greater than that of ions [3], most of the current will be carried
by the unattached electrons for the narrow-gap configuration.
For the first approximation, we considered the electrons as the
only carrier of current. We performed a numerical simulation
of the three-dimensional point-to-plane corona discharge. For
the present, we assume that only the electrons are present at a
constant time-averaged concentration and that they have a
constant mobility.

The Maxwell equations and current continuity equations,
coupled with high flow velocity, describe both the electric
field and current density distributions:

div E=p,/eo, 4)

div J=0 (%)
=p.(b.E+Tp), 6)
grad V= —-E )

where E = electric field, ¢ = permittivity of the gas, p, =
electron space charge density, J = current density, Uy = gas
velocity, b, = electron mobility, V' = electrical potential, and
— represents vectors.

The current continuity equation (5), coupled with the
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Fig. 1.

primary flow, can be modified as
p=¢ [grad p, - grad V—(grad o) = Tp/b].  (8)

Both (4) and (8) are expressed as a finite difference scheme
and are solved simultaneously. Fig. 1 describes the working
domain in the point-to-plane geometry. A series of inner grid
points (for the numerical simulation of a given differential
equation and the coordinates x, y, z) is indicated in this figure.
Since the electron velocity is much greater than the gas
velocity, the second term in the right side of (8) can be
neglected in the present analysis. Hence the symmetry
conditions apply along the plane normal to the gas flow
direction. The boundary conditions can be written as

V=V, (applied voltage) at the point,
V=0 on the ground plate,
E,, E,, and E,=0 on the symmetry planes, and

I (calculated) = I (measured) 9

where E,, E,, and E, = electric field in the x, y, and 2
directions, respectively, and / = total current. Because the
computational methods solving the three-dimensional model
are similar to those of Yamamoto and Sparks [4], this is
omitted in this paper.

II1. RESULTS AND DiscussioN
A. Townsend Electron Avalanche Modeling

The first point of interest is that the operating voltage of the
device (for a given point-to-plane spacing) is determined
primarily by the radius of the point tip. This is expected from
observations of corona over the years, but has not been
verified, especially for the narrow-gap devices. The magni-
tude of the onset voltage is changed only by a few hundred
volts, with tip radii changing from 0.25 mm to 0.025 mm.

Figs. 2(a) and 2(b) show the distributions of ions and
electrons as a function of the distance from the points for (a),
the small radius electrode, and (b), the large radius electrode.
The positive and negative concentration curves represent the
true concentration, constant in time. The electron concentra-
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radius electrode. (b) Large-radius electrode.

tion curve represents the instantancous concentration of an
electron generation (or swarm) as it progresses from point to
plane. Only a small volume of space would be occupied by the
electrons at any one time.

The larger radius tips also provide a somewhat more
uniform free-electron concentration (from tip to plane). This is
a consequence of the electric field configuration. The sharper
the tip radius is, the higher the field near the tip. At the same
time, it decays away from the tip more rapidly. For a fixed tip-
to-plane distance, there is a critical radius above which the
corona immediately develops into a sparking condition [5].

Although the avalanche model does not address questions of
either the corona’s stability or the effects of air flow through
the corona zone, the behavior of the model (under different
assumptions about the temperature profile) leads us to
speculate about the flow’s effect. Generally, the electrons
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travel farther with higher core temperatures (because of the
reduced gas density). The electrons also carry most of the
current (because of their high mobility) and therefore contrib-
ute the most to the heating of the gas. It seems, therefore, that
the corona instability is due to self-heating of the gas and that
the cross-flow stabilizes the corona primarily by cooling the
gas.

The avalanche model does show strong sensitivity toward
the composition of the gas atmosphere in the electron
attachment process. Since ionization in air occurs predomi-
nantly in the nitrogen and oxygen components, the first
Townsend coefficient is not strongly affected by small

additions of other gases. On the other hand, the attachment

coefficient in air is relatively small so that additions of
attaching gases can have a strong effect. Increasing the
attachment coefficient by a factor of 10 restricts the corona to a
small region near the tip and reduces the electron current
considerably. Decreasing the attachment coefficient by a
factor of 10 leads to a nearly uniform electron density from tip
to plane and increases the current flow.

B. Three-Dimensional Electron Flow Modeling for the
Point-to-Plane Configuration

The voltage of ¥ was 4200 V and a current density of 1.0
mA/needle was used for the numerical computation. The
electrode-to-plate distance (d) was maintained at 3.0 mm, the
point distance in the y direction (S,) was maintained at 6.0
mm, and the point-to-plane spacings (S;) were varied. The
other variables involved were temperature of the gas, which
was assumed to be 550°C, and the electron mobility, which
was assumed to be 500 times greater than ion mobility (b, =
0.447 m?/V/s). The grid points used for this computation were
(7 X 10 x 10). The maximum error was within 5.3 percent
when the grid points were doubled.

The results of this simulation consist primarily of computer
graphics displays. These displays provide information on the
three-dimensional electrical potential, electric field, and elec-
tron density distributions. Figs. 3(a) and 3(b) show the electric
field in the x-component (E,) distribution, normalized by the
average field £y = Vy/dford = 3mm, S, = 3mm, S, = 6
mm, and various y and g values. The values of electric field
and electron density are quite high in the vicinity of the point
corona, indicating very high electron energy activities. In-
creasing of S, increases the value of E, near the corona point in
the y direction, but decreases in the y and z directions as
approaching the ground plate. The effect of the electron space
charge is rather small because of the higher electron mobility.
Thus the electron space-charge distribution does not have an
appreciable effect on either the potential or the electric field
distributions.

Since the product of electron density and electric field E,
(electron force density) is of primary interest, their contours in
the y-z plane with various distances x from the plate are
shown in Figs. 4(a)-4(d). Fig. 4(a) shows contours at the
ground plate, level 7 (x = d), for S, = 3.0 mm, §, = 6.0
mm, and d = 3.0 mm. The contours represent 0.1, 0.3, 0.5,
and one higher value of the maximum electron force density
(p.E;) that occurs directly beneath the point corona. The 0.1
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contours represent an absolute value of approximately 4.2 A/
m2.

Moving one-third of the distance toward the point corona, to
level 5 (x = 2d/3), gives the electron force density
distribution in Fig. 4(b). Figs. 4(c) and 4(d) are up further,
levels 3 (x = d/3) and 2 (x = d/6). Note that the electron
force densities are zero at level 1 (x = 0) except at the corona
point. Integration of these four figures will give a three-
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Fig. 4. Contours of electron force density distributions for narrow-point
spacing (S; = 3.0 mm). (a) Level 7 (x = d). (b) Level 5 (x = 2d/3). (c)

Level 3 (x

dimensional view of the electron force density distributions
obtained. Notice the regions of lower electron force density
between the corona points. This is the region where the gas
can escape reaction and, consequently, avoid chemical de-
struction.

Wide point space (S, = 6.0 mm) yielded curves of similar
shape as shown in Figs. 5(a)-5(d). Fig. 5(a) shows the
contours of electron force density at level 7 (x = d). Figs.
5(b)-5(d) also show their distribution at levels 5 (x = 2d/3), 3
(x = d/3), and 2 (x = d/6), respectively. The maximum and
normalized value was 3.5 A/m?, which is 20 percent lower
than the value for narrow spacing. Notice that the active
energy region was further reduced by increasing the spacing.
Although this active zone can be minimized by reducing the
point-to-point distance, a considerable fraction of electron
force density remains low.

IV. ConcLusion

A mathematical model describing the narrow-gap point-to-
plane corona system is being developed using a microcompu-
ter. The model is menu-driven and flexible, allowing a variety

ds3). (d) Level 2 (x = d/6).

of simulations to be run. The Townsend avalanche model
gives ion and electron concentrations as a function of distance
from the corona point. The results are sufficiently conclusive
to show that few electrons will be found more than 3.0 mm
from the corona point. Thus, if the electron concentration is an
important factor in chemical reaction, then the 3.0-mm gap

devices should work much better than devices with a larger

gap.

The three-dimensional ion flow simulation showed that,
although the low electron force region can be minimized by
reducing the point spacing, there is still a considerable fraction
of nonactive zones, resulting in electrical sneakage.

If high temperatures are significant contributors to the
agent-destruction efficiency, then the model assumes, at
present, that the diameter of the high-temperature zone is less
than 1 mm. This is in accordance with both the magnified
observations of the active region of the corona and the
spectroscopic measurements of Kondo and Miyoshi [2].

In the future, the effect of both positive and negative ions,
the gas velocity, and the field-dependent electron mobility will
be incorporated for the corona modeling.
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Fig. 5. Contours of electron force density distributions for wide-point space
(S; = 6.0mm). (a) Level 7 (x = d). (b) Level 5 (x = 2d/3). (c) Level 3 (x

= d/3). (d) Level 2 (x = d/6).
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