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Abstract
The paper discusses the power budget and the stability of the high-pressure, high electron density,

nonequilibrium air plasmas. Calculations using a detailed state-specific one-dimensional kinetic model
show that, if ionization in the plasma is produced by an external electric field, an electron density of
ne=1013 cm-3 is sustained at the power budget of more than 30 GW/m3. This is due to the extremely low
ionization efficiency (less than 0.1%) in nonequilibrium electric discharges. Therefore, the sole use of
large-volume self-sustained discharges, whether the electric field is DC, RF, or microwave, is not feasible
from the energy efficiency point of view. The plasma power budget can be substantially reduced by using
an efficient external ionization source, such as an e-beam (ionization efficiency up to 40-50%). This will
require 60 MW/m3 to sustain electron density of ne=1013 cm-3.

Calculations using a quasi-one-dimensional kinetic model suggest that the required electron
density is reached under conditions where plasma collapse may be likely and glow-to-arc transition may
be difficult to control over long distances. This occurs due to strong coupling between ionization and
heating. However, analysis of the experiments in the high-voltage atmospheric pressure discharge in air,
as well as calculations using a two-dimensional model of the discharge show that the use of the ballast
resistor stabilization allows sustaining a stable constricted nonequilibrium atmospheric pressure air
discharge well into the arc transition regime. The region occupied by the constricted discharge is a few
cm long and a few mm in diameter. The diameter of the plasma is primarily controlled by the ambipolar
diffusion of the charged species out of the high-current region. The results of calculations show that the
two-dimensional kinetic model used gives an adequate description of the kinetics and the energy balance
of the high-voltage atmospheric pressure discharge in air.

1. Introduction
Sustaining large-volume plasmas in atmospheric pressure air presents an extremely challenging

problem. Among the most critical technical issues that have to be addressed to resolve this problem are
the plasma power budget and stability. Numerous aerospace applications such as supersonic flow control,
supersonic combustion control, and nonequilibrium MHD propulsion require an ability to initiate and
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sustain large volume (~1 m3), relatively cold (T<2000 K) diffuse plasmas in atmospheric air, with
electron density up to ne~1013 cm-3. For these applications, a power budget of the order of 1–10 MW/m3 is
desired. Finally, these plasma conditions are to be maintained for relatively long times, at least for 10
msec.

These goals define a highly nonequilibrium molecular plasma. The simultaneous requirement of
electron densities of 1013 cm-3 and gas temperatures at 2,000 K represent an enormous departure from
thermodynamic equilibrium, and rule out the use of purely thermal plasmas, such as high temperature arc
discharges, to achieve this result. This can be illustrated by simple estimates using the Saha equation for a
thermal equilibrium air plasma. For example, to achieve the stated electron density by merely heating the
air, a gas temperature of  ~ 4300 K would have to be maintained. Conversely, if atmospheric-pressure air
were maintained at only the desired maximum gas temperature of 2000 K, the equilibrium electron
density would be only ~ 106 cm-3, many orders of magnitude below the desired value.

The preceding requirements have mandated examination of approaches using low-temperature
nonequilibrium plasmas, of the general type characterized as glow discharges. Such systems have long
been demonstrated to provide highly nonequilibrium plasmas, with relatively high free electron densities,
with the requisite lower gas temperatures. However, if self-sustained discharges, lacking an external
ionization source, are used, such glows are usually only struck at low pressures, well below even 0.1 atm
pressure.  Various methods have been used to extend the range of such self-sustained discharges to near
atmospheric pressures, such as the use of individually ballasted multiple cathodes, short duration radio
frequency high-voltage pulse stabilization, or aerodynamic stabilization [1-4]. Typically, however, the
energy efficiency of such discharges is much lower than desired for the present goal, since only a small
fraction of the input electrical power goes into ionization. As an example of operation of a nonequilibrium
atmospheric pressure discharge in air, the present paper discusses earlier experimental results obtained at
Chemical Physics Laboratory of A.V.Lykov Heat and Mass Transfer Institute in Minsk, Belarus [5-9].
The kinetics and energy balance in this strongly spatially nonuniform discharge are analyzed using a two-
dimensional nonequilibrium flow code coupled with the key relaxation and chemical processes occurring
in the air plasma, developed at Ohio State.

An alternative approach is the use of non-self-sustained glow discharges, in which some or all of
the required volume ionization is provided by an external source, such as an electron beam [10,11].
Electron beams are identified as having by far the lowest power budget among all nonequilibrium
ionization methods. Further, reliance on an external ionization source mitigates another principal
difficulty known to exist in high-pressure discharges at large current densities. The well-known glow-to-
arc-transition, with subsequent plasma thermalization, can be significantly delayed or avoided altogether.
Finally, recent experiments in nonequilibrium plasmas optically pumped by a CO laser suggest a
possibility of modification of electron removal rates in non-self-sustained plasmas by controlling
metastable species concentrations and excited state populations [12,13]. This effect can be used to
significantly reduce the power budget of electron beam sustained plasmas.

 Quantitative prediction of the power budget of high-pressure air plasmas requires a model that
contains not only realistic chemistry rates for the neutral and ionic species, but also processes of
production and decay of excited metastable states, in particular vibrational states, and their coupling with
free electrons. These latter features are essential for air plasmas, inasmuch as the free electron energies
are closely coupled with the nitrogen and oxygen vibrational modes. Under these circumstances, it is
impossible to transfer energy from an imposed electric discharge field to free electrons without also
exciting molecular vibrational states. Accordingly, a rather detailed kinetic model of the air plasma is
used for the quantitative analysis of the power budget.

2. Power budget of self-sustained and non-self-sustained air discharges
To evaluate the power budget of nonequilibrium atmospheric air plasmas, we used a

nonequilibrium flow code developed at Ohio State [14,15]. The code incorporates (i) vibrational
nonequilibrium of air, (ii) realistic air chemistry, including vibrationally nonequilibrium reactions, (iii)
kinetics of free electrons heated by the field (vibrational and electronic excitation, ionization,
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recombination, and attachment), (iv) ionization by a high-energy e-beam, and (v) one-dimensional gas
dynamics. The code explicitly uses a master equation to calculate the vibrational level populations of N2,
O2, and NO, and a coupled Boltzmann equation to calculate the free electron energy distribution function.
The code has been extensively validated by comparison with numerous experiments, such as electron
swarm data in N2, O2, and air [16,17], nonequilibrium NO formation behind the shock wave [14], and
alkali-seeded and unseeded air MHD accelerator performance data [15].

To explore the issues raised in Section 1, we first used the code to model an air plasma initially at
equilibrium at P=1 atm, T=2000 K (ne≅ 3⋅106 cm-3). A constant electric field is applied to the plasma,
thereby heating free electrons, producing more ionization, and slowing down electron-ion recombination,
until complete steady state is reached. Such a process models applying a transverse DC or RF bias to a
pair of electrodes in the already relatively hot plasma. The 2,000 K temperature is chosen to represent the
maximum temperature allowable by the research goal. For this initial modeling, this gas temperature is
assumed constant, i.e. all Joule heat is removed. Results of the calculations are summarized in Fig. 1. It
can be seen that electron densities in excess of ne=1013 cm-3 can be reached at electron temperatures of
Te~17,000 K (a typical value of Te in glow discharges, see Fig. 1(a,b)). At these conditions, the power to
sustain ne=1013 cm-3 exceeds 30 GW/m3 (see Fig. 1(c)). The prohibitively high power budget is entirely
due to the extremely inefficient ionization. Indeed, from Fig. 1(d), one can see that less than 0.1% of the
input power goes into direct ionization. This means that the remaining 99.9% goes to vibrational and
electronic excitation (and ultimately to heat), i.e. is wasted. Although vibrational excitation of the gas
somewhat improves ionization efficiency, this effect is not very significant (within a factor of two).

It is obvious that a dramatic power budget reduction can be potentially achieved by increasing
ionization efficiency. For example, improving the ionization efficiency from 0.1% to 100% would reduce
the power budget by about 3 orders of magnitude, down to ~30 MW/m3. This level of power reduction
can be approached by producing ionization by a high-power electron beam, instead of using an electric
field, or by short duration high-voltage high repetition rate pulses.

In the second series of calculations, an equilibrium air plasma at P=1 atm, T=2000 K is excited by
a uniform electron beam, until complete steady state is reached. Again, the gas temperature is assumed to
remain constant at 2,000 K. Results are shown in Fig. 2. It can be seen that the power budget at ne=1013

cm-3 is dramatically reduced, down to 60 MW/m3 (i.e. by a factor of 500 compared to field ionization).
This power loading corresponds to an e-beam current density of jbeam=20 mA/cm2. The ionization
efficiency of the beam is 44%. Note that the use of a high-energy electron beam is equivalent to heating
the electrons up to very high energies (10 keV and higher), compared to the electron heating by an
electric field (1-2 eV). We emphasize that it is the use of these high electron energies that allows a
dramatic increase in ionization efficiency. Figure 3 plots the power budget of the electric field sustained
and e-beam sustained air plasmas as a function of the electron density. Further power budget reduction
might be achieved only by reducing the electron removal rates. In particular, recent results obtained in
nonequilibrium plasmas optically pumped by a CO laser [12,13] suggest that production of large amounts
of metastable species in the plasma may result in a significant reduction of both dissociative
recombination and the electron attachment rates.

In the next two series of calculations, the gas temperature is no longer assumed constant, and gas
heating by the applied field or by the e-beam is allowed. The gas is flowing in a constant cross section
area adiabatic channel 10 cm in diameter, with an initial velocity of 100 m/s, and (a) with a uniform
electric field of 2500 V/cm, or (b) with a uniform e-beam with a current density of jbeam=20 mA/cm2

applied in the channel. Results are summarized in Fig. 4. It can be seen that if ionization is produced by
the field, at x≅ 6 cm both electron density and temperature sharply increase. This occurs because
ionization is strongly coupled to gas heating by the field (so-called runaway ionization or heating
instability [1,2]). It might be difficult to delay this runaway ionization since this would require extremely
rapid heat removal. A nonequilibrium plasma with ne=1013 cm-3 is therefore not likely to be sustained over
distances longer than ~1 mm  (or ~1 cm if the initial flow velocity is 1000 m/s). This type of behavior
represents a well-known effect of the glow-to-arc transition in a positive column of the glow discharge.
This effect would result in a major collapse of the entire discharge, so that the nonequilibrium plasma
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conditions could not be sustained. On the other hand, if ionization is produced by an e-beam, no runaway
ionization occurs, and the gas temperature profile becomes much more uniform (see Fig. 4).

In the final series of calculations, the approach is the same as for the conditions of Fig. 4 but the
channel is no longer adiabatic. Gas temperature is prevented from rising and kept nearly constant by
tailoring the wall heat flux. It is assumed that the axial temperature profile is uniform (one-dimensional
flow model). The results are summarized in Fig. 5. It can be seen that if ionization is produced by the
field, keeping the temperature nearly constant at T=2000 K, sustaining the electron density of ne=1013 cm-

3 would require a wall heat flux of nearly 80 kW/cm2. For a 1 m diameter channel, the calculated wall flux
reaches about 800 kW/cm2. On the other hand, if ionization is produced by an e-beam, the wall heat flux
to keep the gas temperature nearly constant is about 150 W/cm2 (or 1.5 kW/cm2 for a 1 m diameter
channel).

The one-dimensional kinetic model used in the present calculations correctly predicts the onset of
the heating instability development (such as constriction of the positive column of a glow discharge, see
Fig. 4). However, it cannot predict the plasma conditions within the constricted discharge. First, the
model does not take into account the external circuit, in particular, the ballast resistor that limits the
discharge current and prevents the runaway ionization. Also, the model does not incorporate transport
processes such as electron diffusion and heat conduction that may delay the heating instability
development to some extent, and which control the diameter and the temperature of the constricted
discharge. To illustrate the role of these processes in sustaining thermodynamic nonequilibrium and
control of stability in high-pressure air discharges, the next section discusses the experiments and the
modeling of the high-voltage atmospheric pressure discharge in air.

3. Studies of a high-voltage atmospheric pressure discharge in air

3.1. Experimental
This type of electric discharge has been developed in the 1980’s at Chemical Physics Laboratory

of A.V.Lykov Heat and Mass Transfer Institute in Minsk, USSR [5-9]. The primary applications of the
discharge have been in nonequilibrium plasma chemical synthesis, such as energy-efficient oxidation of
atmospheric nitrogen [5] and dissociation of carbon dioxide [6], and in plasma material processing, such
as nitriding of metal surfaces [7] and saturation of the high-temperature superconductors with oxygen [8].
This axial DC discharge is sustained between two pin or ring electrodes, typically 2 to 10 cm apart, in a
quartz tube of 3-20 mm internal diameter. For large electrode separations, a separate pre-ionization circuit
is used to first initiate the discharge between the cathode and the pre-ionization anode (see Fig. 6). In
some cases, movable cathode has been used instead. The test gases enter the discharge tube from the
cathode side and are exhausted into the atmosphere. The outer surface of the discharge tube can be cooled
either by natural convection of air or by water. The discharge is powered by a 3 kW DC power supply
providing a maximum current of 200 mA. The discharge voltage and current can be varied in a range
U=2-12 kV and I=30-200 mA, respectively. The mass flow rate through the discharge can be varied in a
range G=100-800 g/hour. The discharge can be sustained in air, nitrogen, oxygen, and carbon dioxide at
atmospheric pressure. In experiments with air, room air has been used and NO concentration has been
measured in the discharge exhaust using analytical chemistry methods. The gas temperature at the
discharge tube exit (a few cm downstream of the anode) has been measured using a Pt – Pt/Rh
thermocouple.

3.2 Kinetic Model
Kinetic models and computer codes for modeling of high-voltage atmospheric pressure

discharges in nitrogen, oxygen, and air have also been previously developed at Chemical Physics
Laboratory [9,18-20], and further modified at Ohio State. In the present paper, we use a two-dimensional
nonequilibrium flow code [9] coupled with the key relaxation and chemical processes occurring in the air
plasma [18]. The model incorporates the following kinetic processes:



6

81,)(22 −=+→+ −− vevNeN                                                  (1)

31,)(22 −=+→+ −− vevOeO                                                  (2)

NOONONMNOONAB

MvABMvAB

,,,,;,,

,)1()(

2222 ==
+−→+

                                     (3)

NOONCDABwCDvABwCDvAB ,,,;)()1()1()( 22=+−→−+                  (4)

OOeO +→+ −
2                                                               (5)

MNNMvN ++⇔+)(2                                                        (6)

MOOMvO ++⇔+)(2                                                         (7)

MONMvNO ++⇔+)(                                                        (8)

NNOOvN +⇔+)(2                                                           (9)

OwNONvO +⇔+ )()(2                                                       (10)

In Eqs. (1-10), v and w are the vibrational quantum numbers. This list of kinetic processes is based on the
sensitivity analysis conducted using a much more detailed state-specific kinetic model discussed in
Section 1 for modeling of relatively high-temperature (T>1500 K) nonequilibrium ionized reacting air
flows [15]. The selected processes appear to be, by far, the most critical in such flows. At these
temperatures, the vibrational mode disequilibrium of nitrogen and oxygen is not expected to be very
strong. Therefore, vibrational kinetics of diatomic species is considered in the harmonic oscillator
approximation.

The rates of vibrational excitation of N2 and O2, as well as of oxygen dissociation by electron
impact are obtained from the solution of the Boltzmann equation [21]. The vibration-translation (V-T)
relaxation times, as well as the rates of the vibration-vibration (V-V) energy exchange among the
different diatomic species are taken to be the same as in [18]. The rates of the thermal chemical reactions
are taken from [22]. The model assumes a simple dependence of the vibrationally stimulated state-
specific chemical reaction rates k(v,T) on the vibrational quantum number [18],
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where A(T) and EA are the pre-exponential factor and the activation energy in the Arrhenius expression
for the thermal reaction rate coefficient k(T), respectively, and θ is the characteristic vibrational energy of
a diatomic molecule. The state-specific rates k(v,T) are normalized on the thermal reaction rate
coefficient.

The rate of electron impact ionization is determined from the following relation [23],
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where A is the electron-neutral collision frequency, E/N is the reduced electric field, θ1(N2)=3353 K and
Tv(N2) are characteristic vibrational energy of nitrogen and vibrational temperature of N2, respectively.
The coefficient B in Eq. (12) is a parameter adjusted to make the calculated discharge voltage equal to the
experimentally measured voltage. This allows implicitly incorporating multiple electron impact ionization
processes occurring in the discharge, including stepwise ionization from the electronically excited levels,
whose rates have the same type exponential dependence on E/N. On the other hand, this approach also
allows the overall power added to the discharge to be consistent with the experimental value. The last
term in the exponential factor in Eq. (9) takes into account the effect of the superelastic collisions between
electrons and nitrogen molecules on the impact ionization rate. The value of a coefficient C=43.5,
obtained from the solution of the Boltzmann equation for the plasma electrons in air [23], turns out to be
nearly the same for all high energy threshold impact excitation processes including such as excitation of
electronic levels and ionization. The electron-ion recombination coefficient is taken as βei=2⋅10-7(T/Te)

-0.5

cm3/sec [1]. At the relatively high temperatures of T>1500 K, the effect of the complex ions such as N4
+

and O4
+, as well as the negative ions such as O2

- and O- is expected to be insignificant.
The model incorporates the parabolized Navier-Stokes equations in cylindrical geometry, the

equations for the vibrational mode energies of N2, O2, and NO, the electron density equation, and the
species concentration equations for N, N2, O, O2, and NO (see Appendix). The plasma is assumed to be
quasineutral. The pressure gradient and the electric field at each axial location are found from the mass
flow rate conservation and the discharge current conservation, respectively. Both the pressure gradient
and the electric field are assumed to be changing only the axial direction. For these reasons, the model is
not applicable for simulation of the flow field and the plasma kinetics near the discharge electrodes.

The boundary condition for the gas temperature on the wall is determined from the equality of the
heat flux from the plasma into the wall and the discharge tube external cooling rate due to both natural
convection by air and radiation (see Appendix).

3.3. Results and Discussion
Figure 7 shows a photograph of the discharge running in air at U=2.0 kV, I=50 mA, and G=240

g/hour. The discharge is sustained between a movable pin cathode and an annular anode 3 cm apart. The
discharge tube internal diameter is 2 cm, while the apparent plasma diameter is much smaller, only about
4-8 mm. This implies that the discharge is in fact not wall-stabilized, unlike low-pressure diffuse glow
discharges. In other words, the positive column of the discharge is already constricted, as discussed in
Section 2.

Voltage current characteristics of the discharge in air for the tube diameter of 3.2 mm and the
electrode separation of 5 cm and 7.5 cm are shown in Fig. 8. One can see that the discharge has a falling
voltage current characteristic, which indicates that it is sustained in the abnormal glow-to-arc transition
regime [1,2] (region FG in Fig. 9), i.e. it is inherently unstable. The discharge stability in this case is
controlled by a ballast resistor connected in series with the discharge tube, which limits the total current
and prevents the discharge from converting into a high current arc. The limiting current, shown in Fig. 9,
is Imax=Emax/R, where Emax is the maximum e.m.f. of the power supply, and R is the ballast resistance [1].
The voltage current characteristic of the discharge and the ballast resistor together is rising. From the data
of Fig. 9, the power density in the discharge is in the range 0.5-1.0 kW/cm3. The fraction of the total
power delivered by the power supply dissipated by the ballast resistor is 40-60%.

Figure 10 plots the calculated cross-section averaged gas temperature and the experimental
temperature at the exit of the 12.5 long discharge tube for the electrode separation of 5 cm (i.e. 7.5 cm
downstream of the anode), showing good agreement. Figure 11 compares the experimental and the
calculated mole fractions of nitric oxide at the exit of the discharge. The agreement is fair although one
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can see that the model underpredicts the NO concentrations by about a factor of two. We believe this to
be mainly due to the use of a simplified kinetic model described in Section 3.2. However, the results
displayed in Figs. 10,11 show that the model satisfactorily describes the kinetics and the overall energy
balance of the discharge.

Figures 12-15 display various discharge plasma parameters for the following conditions: U=7.6
kV, I=40 mA, G=700 g/hour. Figure 12 plots the gas temperature, the vibrational temperature of N2, and
the electron temperature on the centerline of the discharge tube. Figure 13 shows the mole fractions of
oxygen atoms and NO molecules, as well as the ionization fraction at the centerline. Figure 14 plots the
radial distributions of the temperatures at the discharge exit (x=5 cm). Finally, Fig. 15 shows the axial
distribution of the electron density at x=0.5, 1.3, and 3.0 cm. From these results, it is clear the ionization
heating instability develops at 1.0<x<1.5 cm, with both the electron density and the gas temperature on
the centerline rapidly rising, so that the discharge becomes constricted at x=1.3 cm (see Figs. 12,13).
However, no runaway ionization (see Fig. 3) predicted by the one-dimensional model discussed in
Section 2 occurs in this case. In the constricted discharge, the conditions at the centerline, where the
electron density reaches ne≅ 1013 cm-3, remain far from thermodynamic equilibrium (see Fig. 14,15). This
occurs because the ballast resistor limits the total discharge current preventing it from short-circuiting and
converting it into a hot equilibrium arc. In addition, the ambipolar diffusion prevents the high-current
zone from shrinking below a few millimeters diameter, thereby limiting the current density and the
centerline temperature. This effect makes the constricted discharge more diffuse at x>1.3 cm, reducing
the electron density on the centerline (see Figs. 13,15).

Figure 16 presents the ratio of the discharge power going into ionization to the total discharge
power. One can see that the ionization efficiency of the discharge is of the order of 0.1%. This result is
generally consistent with the predictions of the detailed state-specific kinetic model discussed in Section 2
(see Fig. 1(c)).

4. Summary
The calculations of the atmospheric pressure air plasma power budget (Section 2) suggest that, if

ionization is produced by an electric field, an electron density of ne=1013 cm-3 is sustained at a power
budget of more than 30 GW/m3. This is due to the extremely low ionization efficiency (less than 0.1%)
that prevails in nonequilibrium electric discharges (DC, AC, and RF). Therefore, the sole use of large-
volume self-sustained discharges, whether the electric field is DC, RF, or microwave, is not feasible from
the energy efficiency point of view.

A substantial part of the needed power budget reduction can be achieved by using an efficient
external ionization source, such as an e-beam (ionization efficiency up to 40-50%). This will require 60
MW/m3 to sustain electron density of ne=1013 cm-3, if the electron removal process is not modified. A
similar result can be potentially achieved by using short duration, high-voltage, high repetition rate pulses
[3]. At the reduced electric field of E/N=3⋅10-15 V⋅cm2, which in 2000 K air corresponds to the electric
field of E~10 kV/cm, ionization efficiency of such pulses can reach approximately 10% [1]. Further
power budget reduction from the 60 MW/m3 level achieved by efficient ionization can be produced only
by reducing the rate of electron removal. This may well be achieved by producing large amounts of
metastable (e.g. vibrationally excited) species in the CO-seeded air using an efficient laser [12,13].

Calculations using a quasi-one-dimensional kinetic model (Section 2) suggest that the required
electron density is reached under conditions where plasma collapse may be likely and glow-to-arc
transition may be difficult to control over long distances. This occurs due to strong coupling between
ionization and heating. However, analysis of the experiments in the high-voltage atmospheric pressure
discharge in air (Section 3), as well as calculations using a two-dimensional model of the discharge, show
that the use of ballast resistor stabilization allows sustaining a stable constricted nonequilibrium
atmospheric pressure air discharge well into the arc transition regime. The region occupied by the
constricted discharge is a few cm long and a few mm in diameter. The diameter of the plasma is primarily
controlled by the ambipolar diffusion of the charged species out of the high-current region. The plasma
volume can be scaled up by using multiple separately ballasted cathodes [24]. The results of calculations
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show that the two-dimensional kinetic model used gives an adequate description of the kinetics and the
energy balance of the high-voltage atmospheric pressure discharge in air. The calculations of the
discharge ionization efficiency are consistent with the predictions of the detailed state-specific kinetic
model discussed in Section 2.
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6. Appendix. Governing equations for the two-dimensional model of the air discharge

Motion equations for cylindrical geometry:
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Kinetic mode energy equation:
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Vibrational mode energy equations (N2, O2, NO):
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Electron density equation:
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Species concentration equations (N, N2, O, O2, NO):
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Chemical reactions considered:

∑∑ ⇔
m

mm
l

ll BbAa                                                           (19)

Rate of species i concentration change due to chemical reactions (running index j):
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Rate of species i vibrational energy change due to chemical reactions (running index j):
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Mass flow rate integral and discharge current integral (used for dP(x)/dx and E(x) calculation):
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Boundary conditions on the discharge tube wall:
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Species vibrational temperatures and equilibrium vibrational energies:
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Figure 1. Summary of the steady-state plasma parameters as functions of electric field.
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Figure 2. Electron concentration in air as a
function of electron beam power absorbed. The
power loading of 58 mW/m3 corresponds to the
beam current density of jbeam=20 mA/cm2
13
Figure 3. Comparison on the power budget
of the electric field sustained and e-beam
sustained air plasmas
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Figure 4. Heating and ionization in air plasma flow in an adiabatic channel 10 cm
in diameter. Initial conditions: air at P=1 atm, T=2000 K, u=100 m/s
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Figure 5. Ionization and wall heat fluxes in air plasma flow in a constant temperature
channel  10 cm in diameter. Initial conditions: air at P=1 atm, T=2000 K, u=100 m/s
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Figure 7. Photograph of a typical high-voltage atmospheric pressure discharge in air.
U=2.0 kV, I=50 mA, G=240 g/hour, discharge tube diameter is 2 cm, distance
between the electrodes is 3 cm.

Figure 6. Schematic of the experimental setup
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Figure 8. Voltage current characteristics of the air discharge in a 3.2 mm diameter tube at
different mass flow rates for two distances between the electrodes. (a) L=5.0 cm; (b) L=7.5 cm

Figure 9.  Qualitative voltage current characteristic of a DC discharge in a wide
range of currents shown together with the loading line [1]. A, non-self-sustained
Thomson discharge; BC, Townsend dark discharge; CD, transition to glow
discharge DE, normal glow discharge; EF, abnormal glow discharge; FG,
transition into an arc regime; GH, arc
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Figure 10.  Comparison of the experimental and calculated gas temperatures
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igure 11.  Comparison of the experimental and calculated NO mole fractions
t the exit of the discharge tube. Electrode separation is 5 cm, discharge tube
ength is 12.5 cm
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Figure 12.  Axial distributions of gas
temperature, vibrational temperature of N2, and
electron temperature on the discharge
centerline

Figure 13.  Axial distributions of ionization
fraction, NO mole fraction, and O atom mole
fraction on the discharge centerline

Figure 14.  Radial distributions of gas temperature,
vibrational temperature of N2, and electron
temperature at the discharge exit (x=5 cm)

Figure 15.  Radial distributions of electron
density at different axial locations
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Figure 16.  Calculated discharge power fraction going into ionization
by electron impact for the conditions of Figs. 10,11
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