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1. Introduction

Plasma effect on ambient airflow is one of the promising directions of research in
aerodynamics.
Several types of gas discharges in airflow have been studied from the viewpoint of possible
application in aerodynamics. Those are: longitudinal (i.e. electric current j is parallel to the
airflow velocity v) and transversal (jLv) DC discharges [1-9], capacity type high frequency
discharge [10,11], microwave discharge [12], and optical discharge (laser spark) [13-14].
Among the questions of interest for this application one can mention:

- general flow structure;

- distribution of pressure and tangent viscous forces exerted upon a body that

produce drag, thrust, flight control forces, etc.;

- structure and properties of shock waves and precursors;

- heating and relaxation effecfs;

- consideration of possible ways of plasma application in aerodynamics.
1.1. Structure of shock waves in weakly ionized plasma

At propagation of shock waves in a discharge plasma, both discharge and shock properties

are subject to considerable changes.

One of possible mechanisms of such interaction in a weakly ionized non-equilibrium plasma

is bound with generation of ion-sound waves [17-21].

It is well known that in plasma with 7e>>T; (where T, T; are temperatures of electrons and
ions, respectively) there exist low frequency ion-sound oscillations, and it is possible to
excite the corresponding shock waves. These oscillations and waves result from unanimous
movement of electrons and ions (positive and negative charges cannot part due to neutrality
of plasma — otherwise enormous electric fields- would appear). This movement depends on
effective temperature (which is close to ;) and effective charged particle mass (which is

close to ion mass). As Te>>T; ~T, (here T is the gas temperature), speed of ion-sound waves



is much higher than speed of sound of the gas. Collisions of ions with neutral particles cause
dissipation of part of energy of charged component movement through the transfer of
momentum to a neutral gas. It may result in both gas heating and acceleration by ion-neutral

friction force.

But those effects are considerable only at considerable values of n; /n, here n;, ny are
concentrations of ions and neutral particles, i.e. when the plasma is not weakly ionized. That
is why one of the greatest deviations (several times) of shock wave speed from the Hugoniot
formula due to nonequilibrium effects was observed in hypersonic flows of strongly ionized

plasma [16].

In [17,18,20] the structure of flat ion-sound waves of finite amplitude in a weakly ionized
plasma, that are excited and maintained by shock waves in a neutral component, was studied
theoretically (plasma with one type of ion component was considered). In this case before of
a shock wave front there appears rather a long region of disturbance of charged components
of plasma, which resembles a shock wave by its form, its width being greater than the mean
free paths of ions and neutrals (so called precursor). It was noted that the propagation of
shock ion-sound waves in non isothermal electron - positive ion plasma is impossible in

absence of external action.

In [19] a shock wave diffusion structure in a non equilibrium plasma of electronegative gases
was investigated (this job definition contains additional hydrodynamic equations for one type
of negative ions). Contrary to spatial distributions of plasma parameters in the previous

cases, a slow decrease of electron concentration in precursor is realized here.

In [21] a precursor in air has been observed at experiments with a high frequency (40 MHz)
discharge plasma. At static pressure ps=10 Pa; the precursor width was about 3 cm, which

coincided with a theoretical result [19].

Another mechanism of precursor formation is associated with non-uniform heating of the gas
by electric current (note that heating of electrons by electric current is used in [18-28] to

obtain the difference between electron and gas temperatures). If the discharge electric field F




is parallel to the shock wave velocity vy, it is caused by the field redistribution as a result of
changes of the plasma conductivity ¢ (at gas compression in the shock wave) at constant
current density j = oF. A steady electron concentration (i.e. ¢) depends on F and n,,, which
both change instantly at sudden compression by the shock wave. The processes of ionization
or recombination however are comparatively slow, and #, fits to the new conditions with a
considerable delay. It causes a dependence of the plasma parameters distributions in a
vicinity of the shock wave on a sign of v,F (the relaxation is determined by either

recombination or ionization).

In [22] a shock wave structure has been examined for both parallel and anti-parallel v, F
experimentally and numerically. Equations for flows of electrons, positive and negative ions
were added to the equations of gas dynamics. They took into account processes of ionization,
electron-ion and ion-ion recombination, attachment of electrons to molecules of oxygen, and
detachment of electrons from negative ions. The experiments and computations for air at
initial parameters: molecular concentration nm=1.7-10"® c¢m, field F = 1.35 kV/cm, Mach
number M=3 showed the following. If the direction of field coincides with a direction of the
shock wave propagation (vsF > 0), then before the shock wave there appears a region (about
0.5 cm long) with higher values of F/ny, parameter, and it leads to the higher luminosity of a
gas there. Behind the front the values of F/ny are reduced, and a dark region appears there.
At another field direction (vs,F < 0) there can be only a region with reduced F/n,, values

behind the front.

In [23] there is developed a theory for the concentrations of charged particles and electric
field strength in case of a shock wave propagation in a plasma of longitudinal gas discharge.
Estimates for sizes of regions of disturbances near the shock wave front were obtained. Their |
results are similar to those of [22], with the precursor length ~0.7 cm. It was shown that the
character of the disturbance depends on direction of electric current, and is different in case

of electropositive and electronegative gases.

Thus, in plasma the characteristic size of the precursor can be sufficiently greater than the

width of shock wave front in a neutral gas. However, this size is about a few centimeters




only, and it falls at air pressure gain. It is not easy to find out a realistic situation in which the

precursors could affect an aerodynamic flow significantly.
1.2. Heating and relaxation effects

In [1] there was experimentally investigated the propagation of a shock wave through a glow
discharge plasma in air. There was fixed an anomalous high velocity of the shock wave.
Besides that changes of pressure profile were observed. In [1] there is made an assumption of
the vibration relaxation effect, in result of which the energy stored at vibration levels passes
to gas heating. But estimates show that a time of vibration relaxation behind the shock wave
front are about an order of rhagnitude greater than the time of shock wave propagation
through the discharge region. In this case vibration degrees of freedom stay practically frozen
during the experimental time and can not significantly effect on shock wave parameters. This
conclusion is made also in [4], where it was noted that it is possible to develop processes
analogous to detonation in gases including non equilibrium store of internal energy, but they
have a threshold that is determined by a critical diameter di. In case of relaxing gas d
depends on pressure ps (d~1/ pgr). Calculations made in [4,34] have shown that the typical
size of region of relaxation of vibration energy behind the shock wave front is ~ 10 cm in
hydrogen (for initial p3=10 Torr, T, = 300 K and My=2), and several orders of magnitude
greater in nitrogen at the same conditions. In experiment [1] the conditions for detonation are

not met.

In [5] there was investigated the propagation of the shock wave with Mach numbers M=1.5-3
in a plasma of a longitudinal glow discharge at low and high pressures (pst =1-300 Torr).
There were made the measurements of gas temperature and its distribution over the discharge
cross section. It was noted that at low pressures (diffusion or weakly constricted type of
discharge) there is observed a good agreement between the experimental data on the shock
wave acceleration and calculations of one-dimensional normal fall of the shock wave on an
interface of two media with different sound velocities [13]. But at increase of pressure (and
input power), i.e. during transition to the copstricted conditions, the difference between
theory and experiment grew up, and the experimental values of shock wave were higher than

the computed ones. Hence the gas discharge non uniformity in the direction transverse to the




shock wave propagation direction is significant. A more detailed, at least two dimensional

approach is to be applied, which takes into account the temperature distribution.

In [9] theoretically (in a two-dimensional formulation of a problem) and experimentally there
was studied a shock wave propagation through a plasma of a transverse discharge in air.
There was also noted that the increase of wave velocity and the curvature of the front are in a
good agreement with the model of shock wave interaction with heat non-uniformity. In [4] a
study of the shock wave propagation in a longitudinal discharge in hydrogen and in nitrogen
was made. For all the gases it was detected the increase of the mean shock wave propagation
at the discharge switching on. In these experimental conditions the increase of the shock
wave was mainly determined by heating of a gas. Experimental data fitted well to the

calculations on base of one dimensional theory [13].

In a theoretical work [35] there was considered the shock wave movement through a heat non
uniformity. For evaluation of the shock wave velocity through the region with non uniform
shape of density there was used the approximate method of Witham. A good agreement of

the approximate approach with the experiment [36] was observed.

One can see that the acceleration of shock waves can be sometimes explained by gas heating.
In these cases practically in all the works a total input of energy into heating was considered.
There were practically no works that considered the distribution of energy balance over the
discharge volume. For the determination of the heating mechanism it is necessary to have
the precise experimental picture of a gas temperature distribution over the discharge region

and the corresponding value of F/ny,.

The exchange of energy between the translation and internal degrees of freedom of molecules
was considered in a number of works. It was shown that a shock wave can become stronger
and have higher velocity due to transformation of vibration energy to the shock wave. In
[37] there was considered a two-dimensional interaction of a shock wave with a cylindrical
region of a relaxing gas. It was shown that the character of the shock wave propagation
substantially depends on Damkeller number D, = ty/tyr that characterises the ratio of

characteristic gas dynamic time 1, and relaxation time tyr. A comparison was made with




computation results of flat shock wave interaction of the same intensity with a cylindrical
region of hot non reacting gas. It was noted that the considered processes of a shock wave
interaction with a relaxing gas and a heat non uniformity have some features in common(in
spite of qualitative difference). In particular, there takes place a considerable acceleration of
the wave front inside the non uniformity region, and it leads to analogous curvature of the
front of initial shock wave. In both cases the wave that has already passed the region of non
uniformity became considerably weaker. We see that both mechanisms can lead not only to
the acceleration of the shock wave, but they can also destroy the flat front of the incident
shock wave. It makes difficult an unambiguous interpretation of phenomena in gas

discharges with non uniform distribution of temperature and power input.

In a work [37] there were made computations of gas dynamic phenomena of non equilibrium
excitation of a spherical air region at different ratios between time period of energy input and
characteristic gas dynamic and relaxation time periods. A significance of non equilibrium
effects of power output and duration of gas excitation was shown.

In [38] in a one-dimensional formulation there was considered a shock wave propagation
through a region of lower density or high vibration temperature. It was noted that in both
cases the acceleration of shock wave is observed. Intensity of the shock wave decreases in a
region of non uniformity, and it increases in a vibration excited region. In the latter case the
shape of pressure has a detonation peak. Shock waves in a gas with excited vibrations can
become detonation waves. The importance of works [37,38,15] consists in including of real
discharge parameters into the consideration: the share of input energy that goes to vibration
states; the redistribution of energy between different types of molecules in air; the change of
rate of vibration relaxation in strongly excited gas (what is typical for gas discharges) in

comparison with unexcited one.

In a work [40] there was numerically studied a process of propagation of a weak flat shock
wave in a vibration excited nitrogen with addition of water vapour (1 and 5%). At the excess
of vibration energy in comparison with equilibrium value the shock wave became stronger,
and this effect depended on the initial Mach number. The presence of water molecules in a

gas mixture can significantly change the effective rate of vibration relaxation [41]. For a




proper description sometimes it is necessary to analyse a model including redistribution of
energy between different types of molecules. In a work [42] there was considered the
vibration excited region of air discharge with account of such processes and the diffusion of
excited molecules to the walls (in harmonic molecular exchange approach). A steady state
with high level of vibration excitation, Ey/E =1-4 (where Ey is a discharge energy input to
vibrations, E - to translation states) in air discharge can be achieved only in narrow discharge
tubes of radius ~1-2 cm and low pressures ~ 3 Torr, in a wider tubes and at pressures >10
Torr Ey/E <1. So the realisation of vibration-relaxation effects is limited by conditions of real

discharge experiments.

The listed results show that almost in most of theoretical models of shock wave propagation
in excited molecular gases, besides maybe [15,37, 38], wunrealistic conditions were
considered. So the obtained theoretical results do not give an unambiguous description of the

peculiarities of movement of shock waves in discharge regions.

These studies show that a number of non-equilibrium plasma chemical reactions should be
taken into account at consideration of plasma effect on hydrodynamics. One of the most
comprehensive lists of types of these reactions is presented in [76]. One of the most detailed
computations of air plasma reactions, under conditions similar to those characteristic for
plasma aerodynamic experiments, have beén produced in [57] together with experimental

verification . Some cross sections for air plasma are presented in [76, 57, 25-32].

For some cases (see, e.g., [41]) it is possible to divide the whole problem into two, i.e. to
produce a separate preliminary computation of electron distribution function over energy in
air discharge. Such corﬁputation has been carried out in [24]; humidity was taken into
account, the Boltzmann equation was solved numerically in a two-term approximation [25].
These results are very useful if a quasi steady state is achieved (e.g., at glow discharges in a
steady air, see above). However consideration with use of this approximation can be
unreliable under conditions of present aerodynamic experiments (see below). The
characteristic rates of different plasma relaxation processes are of the same orders of
magnitude as the process characteristic time (as a rule a steady state is not achieved even

during all the lifetime of a plasma mass element in the discharge region). One should not
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neglect unsteady non-equilibrium processes that affect the electron distribution function. It is
likely to be necessary to produce their direct unsteady computation together with gas
dynamic processes and the Maxwell equations. The characteristic values of electric field,
electron concentration, and gas temperature are too high, so humidity is unimportant. That is

why we have not used this approximation at our further studies (see below).

Thus, we don’t know any theoretical works that would consider plasma kinetic processes,
discharge structure, and gas dynamical structure under conditions of plasma aerodynamic
experiments, and which reliability could be compared with experimental data on plasma

parameters. A step in this direction was one of objectives of present studies.
1.3. Diagnostics of High Speed Low Temperature Air Plasma

At the previous experiments on plasma aerodynamics, diagnostic methods were used
(photographs and shadow photographs with exposition times that are long in comparison
with characteristic time, movies, total voltage and current measurement, total drag etc.)
which are as a rule low informative concerning plasma parameters, discharge structures, and
basic processes. Basic parameters (distributions of plasma concentration and electron
temperature, electric current and field, gas temperature, vibration and electron excitation
characteristics, etc.) were practically unknown. It prevented to reveal basic causes of plasma

effect on aerodynamics, and to estimate prospects of its optimization for application.

That is why plasma diagnostics under conditions of plasma aerodynamic experiments was a

major objective of our present experimental investigation.

At analysis of previous studies of plasma aerodynamics the researchers as a rule assumed
that the processes are quasi stationary. Diagnostics of steady plasma is rather traditional, it is

described in several monographs.

Note that our present experiments have shown that the results based on this assumption can
be unreliable. Even DC discharges in stationary airflow expose various fast movements of

plasma channels and changes of macroscopic structure. It does not contradict with other
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experimental data available from the literature. It seems that it is caused not only by technical
difficulties of model construction optimization and of proper organization of the discharge,
but also by instabilities inherent to comparatively powerful discharges in dense
electronegative gas like air. Unsteady processes with characteristic time < 1 ms can be
studied with use of well developed methods [50-56], but these methods as a rule need
considerable modifications to be applied for diagnostics of plasma in supersonic or

hypersonic airflow.




2. Experimental Investigation of Plasma in Airflow
2.1. General Features of the Discharge Development in Supersonic Airflow

Experiments on formation and diagnostics of discharges in supersonic airflow volumes near
surfaces of models have been carried out. The models for the plasma aerodynamic
experiments had been developed by Dr. A.LKlimov. A schematic draft of the models is
presented on fig. 2.1 and 2.3. Each model has a shape of cylinder (1) with a 15° conic and &
8 mm spherical (2), or a simply conic (3) frontal frustum part, and a spike (4). Each spike had
a cylindrical part (a & 4 mm ceramic tube) (3), and sharp (10°) copper cone (4) on a top.
Both models were as a rule made of acrylic plastic, but at some experiments in TsAGI
ceramic models were used, to prevent intensive erosion of model surface material during the
discharge. Each model had a sectioned electrode composed of eight copper electrodes fixed
inside the model’s frontal part, they were positioned equidistantly (45°) on one plane normal
to the axis of symmetry. The frontal sharp conic part of the model’s spike served as another

electrode. Its length was 27 mm in both cases.
At éerodynamic experiments the model was positioned along the wind tunnel axis.

Two types of discharge between the frontal spike electrode and the sectioned electrode were

used at the plasma aerodynamic experiments.

The first type — direct current (0.5...2.6 A) discharges with input power up to 1.5 kW, with
current parallel or anti-parallel in respect to the airflow velocity. A schematic draft of the .
electric scheme of connection between the electrodes and a power supply source is shown of
fig. 2.5. Each of the 8 electrodes El (situated on the lateral surface of the model’s frontal
part) was connected with one of the poles of the power supply source through one of resistors
of a group R3 sequentially with resistors R1 and R2 (or with switch blades S1 and S2). The
other pole of the power supply unit was joined with the spike electrode. The ballast
resistance unit was composed of low induction resistances (TBO type), 60 W each. The
resistance unit of the R3 group consisted of 8 equivalent pieces (12.5 kQ, 25 kQ or 50 kQ
each). R1 = R2 = 3 kQ. The ballast resistance could vary between 1.56 and 12.23 kQ.




Electrodes q

< 27*"11;‘,

Fig. 2.1. Schematic design of plasma generator with spherical frontal part of the
model. The sizes are in mm.

Fig. 2. 2. Appearance of a discharge with the model with spherical frontal part.
M=23,1=16A
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Electrodes 2 1
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Fig. 2.3. Schematic design of a plasma generator with conic frontal part.
The sizes are in mm.

Fig.2.4. Appearance of a discharge with the model with conic frontal part.
M=237/=16A
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Fig. 2.5. Ballast resistance unit scheme
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The power supply unit was composed of capacitors with a nominal voltage U = 5 kV and
capacity’C = 100 pF. The total capécity of the battery amounted to 4,800 pF, and the total
energy store achieved W = 120 kJ. The capacity battery was connected with the load by a
special discharge switch controlled by application of a high voltage pulse to its interelectrode
gap. A characteristic time of the battery’s discharge to the load T = RC could be varied from
7.5t0 58 s.

The second type — AC discharge with frequehcy f= 50 Hz, the maximal current varied from
0.5 to 5 A (in dependence on experimental conditions) at maximal discharge input power

about 0.9 kW.

AC 220 V, 50 Hz network power sﬁpply was applied, a high-voltage transformer was used
for amplitude voltage build-up to Up = 7 kV, its secondary high-voltage winding was

connected to the discharge gap through a ballast resistance unit (see fig. 2.5).

The discharge investigation was carried out at the following parameters of the ambient
airflow: pressure py = I atm, static pressure ps, = 30 Torr, Mach number M = 2.3, static gas
temperature Ty = 160 K (Dr. Klimov’s installation, MRTI); pg = 6 atm, py; =29 Torr, M =
3.98, Ty, = 68 K (TsAGI’s wind tunnel).

One should note that the both types of discharge power supply have been tested on the both

installations with use of the both types of models (with spherical and conic frontal parts).

The discharge voltage-current characteristics have proved to be practically the same for the
M =2.3 MRTI and the M = 4 TsAGI experiments. For example, fig.2.6,a presents fragments |
of voltage (upper curve) and current (lower curve) oscillograms for an AC discharge in
steady air (no airflow). One can see that the dischdrge current over time function I = I(f) is a
distorted sine function with considerable (1.5...2 ms) periods of zero current. During these
periods a fast growth of the discharge gap voltage is registered: e.g., at Up = 7kV, dU/ot | 1=
0= 2.2 MV/s . As soon as the breakdown voltage is achieved, the discharge gap voltage falls
and then holds practically constant (~ 1kV) during the next 7...7.5 ms. Maximal current here

corresponds to 2.6 A.
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Fig. 2.6. A typical appearance of oscillograms of interelectrode gap voltage (upper curves)
and discharge current (lower curves): a) - without, 5) - with airflow (M = 4, the
model with spherical frontal part, AC 2.6 A, maximal power source voltage 5 kV)




18

Voltage (upper curve) and current (lower curve) oscillograms for an AC discharge in the
supersonic airflow at the TSAGI experiments (M =4) are presented on fig. 2.6,b. Their
general appearance is similar to that at the discharge in the steady air, but the period of zero
currént is longer, the breakdown voltage is higher, bell-shaped curves are registered for
voltage instead of the horizontal intervals, and high-frequency pickup components have
appeared. These high-frequency noise components can result from the following:

1) — unstable behavior of the discharge in the supersonic airflow (discharge current
channels can be formed and destroyed, plasma-gas surface can vibrate, vortices can be
formed, etc.); |

2) — local breakdowns in the ballast resistance unit and/or in the connecting wiring

(that have been observed during the experiments).
The latter cause looks more probable.

A visual appearance of the DC discharges (at the capacitor power source) is similar to that of
the AC discharges. The corresponding voltage and current oscillograms are characteristic for
capacitor discharges with high resistance load: the discharge current over time function J =
K7 is a falling exponent with the characteristic time © = RC which is determined by the

ballast resistance R.

Fig. 2.2 presents a typical DC discharge appearance for the spherical frontal part model in a
quasi stationary airflow with a slowly falling speed (from M = 2.3 to M = 1). These
experiments have been carried out with use of Dr. Klimov’s installation in MRTE. Maximal
current was 1.6 A, and maximal discharge gap voltage 4 kV. The discharge looks to be
axisymmetric in general. All the discharge gap is filled by plasma. According to the photo
frame, the radiating plasma layer on the model’s frontal part can be 2...2.5 mm thick, its
borders are rather sharp. The radiation is not uniform, it is especially vividly seen near the

hind electrodes. Plasma protuberances are observed downstream the discharge interelectrode

gap.

An appearance of an AC discharge in a quasi stationary airflow with a slowly falling speed

(from M = 2.3 to M = 1, Dr. Klimov’s installation in MRTI) with the conic frontal part
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model is exposed on a fig. 2.4. Maximal current is 1.6 A, discharge voltage bell maximum is

U, = 5 kV, discharge duration time T = 5 s, photo frame exposition time Az=1/30 s.

One can see that the discharge plasma envelopes all the frontal part of the model, and fills all
the interelectrode gap. But, contrary to the previous case, the plasma boarder is not so sharp,
some plasma is ejected from the discharge region. Plasma radiation near the hind edge of the
frontal spike electrode is much brighter than elsewhere, other maxims of brightness are
observed between the hind electrodes. The expected current channels from the spike
electrode to these hind electrodes are all but one apparently shunted by transverse channels
between the hind electrodes to form a discharge ring around the model. The discharge current
seems to pass through one channel from the spike to one of the hind electrodes and then to

the other hind electrodes along the ring channel.

A photo frame of appearance of the model with the conic frontal part after the discharge (fig.
2.7) can serve as a substantiation of this fact. One can see tracks of strong erosion on the
model’s surface, that are situated: 1) — near the joint of the spike electrode with the dielectric
part of the model, and 2) — along ‘the circle that passes through the ends of the hind
electrodes. There is no axial symmetry of erosion marks: the upper part of the conic surface
of the model has eroded much more than all the rest surface. It is likely that the discharge
shunting, with sequent formation of the ring discharge happened in this place (after the

discharge photo exposition period, here 1/30 s).

The ring discharge formation on the models is more difficult at higher Mach numbers.
Besides that, models with ~ 1 cm longer interelectrode gap were used at the experiments in
TsAGL As a result, at the first series of experiments in TsAGI it has proved to be very

difficult to organize the surface discharge on the models made of acrylic plastic.

A full-color photo frame of the discharge in the M = 4 airflow, and a photo frame of the same
discharge taken through a blue filter, are shown on fig. 2.8. They show that the discharge is
formed on the spherical frontal part of the model along the circle that passes through the hind

electrodes. It results from a breakdown and ground connection of one of the hind electrodes.




Fig. 2.7. General appearance of a model after one discharge
(M =2.3,DC 2.6 A, discharge duration 5 s)

20
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Fig. 2.8. A typical appearance of the transversal (ring) discharge (M = 4, 2.6 A).

a) - thoto frame is taken through a blue filter, 5) - without any filter

21
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The current and voltage oscillograms that correspond to this regime are all covered by the

high frequency noise.

The dischargé structure is much more distinct in blue color than on the full-color frame,
because the hot regions of the discharge are better seen in this case. As a rule, this discharge
regime is accompanied by strong erosion of walls and electrodes, that can result in a
considerable degradation of the model’s aerodynamic properties. This model cannot be used

for further experiments.

Fig. 2.9 illustrates the initia] stage of formation of the ring discharge on the model with
conic frontal part (M = 4). One can easily see the plasma channel that joins some of the hind
electrodes. One can also notice a gap with no discharge between two hind electrodes, i.e.
their potentials are close to each other. The breakdown and ground connection has probably
happened with one or two of the hind electrodes that are situated on the inverse side of the

model.

A shortcut in the connecting wiring inside the model itself is perfectly seen on a photo frame

presented on fig. 2.10.

All the previous data correspond to models made of acrylic plastic that evaporates easily. But
the most successful experiments have been produced with use of models made of refractory
ceramics (Fig.2.11). The discharges on ceramic models with both spherical and conic fronta]
parts at M = 4 cover practically all the surface, but it is still not axisymmetric. For the
«spherical» model, one can see a long plasma downstream protuberance being about twice as
long as the interelectrode gap (between the frontal spike and the hind electrodes). The
«conicy model discharge plasma forms filaments downstream the hind electrodes, that is a

result of their rather intensive erosion.

Shadow photo frames of the ring and of the longitudinal (i.e. between the spike and the
sectioned hind electrode) discharges in the M = 4 airflow are presented on fig. 2.12 and fig.

2.13. Note that the discharge on the model’s surface is strongly defocused, that produces an



Fig. 2.9. A beginning of the transversal discharge (maximal DC 2.6 A, M = 4)
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Fig. 2.10. A shortcut inside the model
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Fig.2.11. Discharges over ceramic models with spherical () and conic
(b) frontal parts. Maximal current is 2.6 A, maximal power
source vboltage is 7 kV, M=4
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Fig. 2.12. A shadow photo frame of the transversal discharge.
A ceramic model, M=4, DC 1.6 A
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Fig. 2.13. A shadow photo frame of the longitudinal/transversal discharge.
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illusion of a diffuse discharge formation in the volume of the airflow (not in a narrow layer
near the surface). It could also result in a false conclusion that the shock wave disappears in

the plasma region.

Let us briefly consider the effect of the surface discharges on the model’s drag in the M = 4

airflow. Its more detailed description is to be delivered in the TsAGI’s report.

The most considerable drag reduction was observed for flow over the model with spherical
frontal part at formation of comparatively stable longitudinal discharges between the spike
and the hind electrodes (see fig. 2.11,a). During the discharge period the initial drag
coefficient C, was reduced for 14...15% (i.e. Cyy = 0.85 ...0.86 Cy). As the discharge was
switched off, C, grew up very slowly (for several seconds) up to a level C,, that was about
3...4% less than the initia] leve] Cyo. It is likely to be a result of plasma modification of the
model’s surface, that improves its aerodynamic characteristics. It is substantiated by a special
experiment with flow over the model with no discharge for about 15 minutes after the plasma
aerodynamic experiment. The value of Cy in this experiment was equal to Cy,. A qualitative
temporary behavior of the drag coefficient at one of the plasma aerodynamic experiments on

flow over a model with a discharge is shown on fig. 2.14.

At experiments with conic frontal part of the model a 6...7% drag reduction was observed,

that is rather a good result.

It was absolutely unexpected that the value of C, was also reduced at flow over the models
with the ring discharge which was shunting the main interelectrode gap. The effect is
however weaker than that at the longitudinal discharges, C, was reduced for 2.5...4% (in
dependence on the discharge input power). It was observed at numerous experiments with
both types of models, and was independent on the shape of model’s frontal part. It seems
rather understandable: the discharge in such cases is formed on the model’s lateral surface
downstream its frontal part. Drag reduction here may be a result of existence of rather a long
plasma region downstream the discharge around the lateral surface, that can shift a
coordinate of laminar-turbulent transition, and therefore reduce the viscous friction

component of drag.
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Fig. 2.14. Drag coefficient temporal dependence, the ceramic model with spherical frontal

part, AC4 A M=4
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2.2. Spectral Diagnostics of Plasma Parameters
2.2.1. A Spectroscopic Method of Measurement of Gas Temperature

Information about gas translation temperature T, is important for study of plasma processes.
The simplest possible case for molecular plasma corresponds to local thermodynamic
equilibrium, then 7, = Ty =Tx, here Ty and Ty are vibration and rotation temperatures,
respectively. Ty and Ty are parameters of fitting of population of vibration and rotation
energy states of molecules to the Boltzmann function, they characterize distribution function

of molecules. Both Ty and T can be extracted from plasma radiation spectra.

In non-equilibrium plasmas T, can be also determined on base of measurement of T [57-68].
Spectra of plasma radiation provide information about rotation temperatures 7"z of molecules
in excited electron states. The dependence of 7" on intensity of a rotation structure spectral
line Iy, that corresponds to a transition between /-th and A-th states is given by a formula [57]

(ks /B )In(In/i V') = C - jG+1)/T'
here kg is the Boltzmann constant, j is a total molecular moment of momentum, i is a
quantum mechanical coefficient of intensity, vy is the frequency of radiation quantum, C is a
constant. One can extract T"g by plotting a function (kg /B )in(ly/i Vi) over JjG+1), and
measuring its slope tgo:

T'r=1ltg .

For a stable molecule a possibility of change its rotation energy at excitation is negligible,
and rotation distribution functions for excited and basic molecular states are identical, Ty = _
T"r. Effective exchange of translation and rotation energies at collisions results in equality of

Tg and T of molecules in basic electron state.
But at realistic conditions there are some peculiarities that must be paid account to [57].

If molecules take part in plasma chemical reactions, a part of their activation energy can
transfer to rotation energy, that results in distortion of initial rotation distribution function,

and Tp# T g It is especially characteristic to chemically active radicals.



31

Another source of errors is bound with the fact that Spectra yield not T; but B*/T  here B" is
the rotation constant for upper state at radiation transition. At electron impact excitation of
this state, rotation energy distribution can be conserved, but it corresponds to a temperature

. Tk=T,B7B"

here B’ is the rotation constant for the basic state.
Thus, stable molecules with B* #~ B’ should be chosen for measurement of 7.

The second positive band of nitrogen is widely used. Here one can take V' to be a_constant
(the corresponding error ~0.5% is negligible), B" = 1,826; the formula for T} looks like
0,89 In(Z/$) = Const - JOG+ /Ty,

In [68] it is suggested to determine the gas temperature of nitrogen at high pressure on base
of unresolved cyan bands with threshold wavelengths 3883 A° and 3871 A°. At the present
experiments cyan is generated at mode] erosion. Three ways of temperature measurement are
available with use of data presented in [68], these methods are based on: 1) — ratio of
integrals of radiation of the two bands; 2) - ratio of threshold intensities of these bands; 3) -

distribution of rotation transition intensities of (0;0) band with threshold wavelength 3883A°.
2.2.2. A Method of Measurement of Vibration Temperature of a Molecular Plasma

Vibration excitation in a molecular plasma as a rule affects ionization and gas heating [57,

69]. In [69] a method of determination of vibration levels population of nitrogen basic

electron state X'S," is suggested. It is based on a measurement of radiation intensities in
bands of the second positive nitrogen system. Conditions are pointed out, at which the
electron state C3r, is populated due to electron impact excitation of the basic X12g+ state.
De-ekcitation of vibration levels of the state C37ru is bound with radiation, because its
characteristic time (107 s) is much less than that of vibration and rotation relaxation and of
diffusion.
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Let the vibration levels v", of the basic nitrogen electron state are distributed according to a
function /v, i.e.
n(v"y) = no fiv").

Then in case the conditions mentioned above are met, a stationary population of C’r,
vibration levels v'c is given by

n(V'e) = (neny/A(v ¢, v B)/ 2 <o c,v%) 0> f(v"%),
here n, is a number of molecules in X12g+ state and vy = 0; <c(v,v"%) v> is a mean cross
section of excitation of v/ C° T, levels, n, is electron concentration, AV, v7%) is a probability
of radiation of the second positive nitrogen system, v”y are vibration quantum numbers of
B37tg state.

As the process of excitation of the C’m, vibration levels due to electron impact of the
basic XlEg+ state is fast in comparison with vibration period, these probabilities can be
considered to be in a direct proportion to the Franc-Condon coefficients for the Tanaka
system C’r, — X’E;. Then the previous equation takes form

nve) =Cleq vy vy,
here C is a constant independent on v%. At computation of the sum one can take only first 5
terms, because the population of the vibration levels is a steep falling function of v. Provided
relative populations of the first 5 levels of the C’n, state are known, one can calculate
relative populations vy of the basic electron states as a solution of a set of equations
nVe) = aXvn012349 (Vo nie%),
here o is a normalizing coefficient. The relative populations of the C’r, state levels can be
determined experimentally with application of a usual method (on base of relative, intensities

of bands of the second positive nitrogen system C’n, - B’rn,).
p Y g

Molecular spectroscopy gives the following formula for a radiation intensity of a electron-

vibration band:

106V = C'Sen(ve) Vo' g vy,
here S, is a strength of electron transition, q(v ¢, v”p) are the Franc-Condon factors, V(v v’
is a frequency of transition, C’is a constant independent on the quantum numbers v% and

v’p. After taking logarithm, one can get
Innve)=InC'+In[Ivyv ”B)]/[V"(v v qvevi)],
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Thus, one can get the relative populations v” and the vibration temperature of the nitrogen
basic electron state on base of measurement of relative intensities of the electron-vibration
bands v .

2.2.3. A Set Up for Spectral Diagnostics

For gas temperature measurement at the plasma aerodynamic, a diagnostic set up has been
assembled. Its schematic draft is shown on fig. 2.15. Radiation of the discharge that is
formed on the model 5 in airflow 6 generated by the wind tunnel 7, is projected on a spectral
device input slot 1, through a window 8, a mirror 4, and a focusing quartz lens 2 (with focal
length /= 25 cm). The lens diameter and f were chosen so that to provide projection of the
discharge’s image with reduction k = 12, and use of all the light-gathering power of the
device. A spectrograph CTD-1 was used, its inverse linear dispersion being 0.35 nm/mm for

the spectral region of 300...400 nm. Photo film exposition time was 1.5...2 s.

In order to measure the discharge gas temperature spatial distribution, a prism 3 was used
that could provide orientation of the discharge image either parallel or normal to the slot.
Either axial or radial discharge spectral brightness distribution was registered, which yielded

either longitudinal or radial temperature distribution (for fixed radial or axial coordinate).

The measuring system (including the spectrograph CT3-1 and the photo film) was
calibrated by registration of standard iron arc spectrum (to get a wavelength scale) through a
9-step light reducer (to reveal the linear region of film darkening) on the same photo film

together with the tested spectrum.
The photo films were anélyzed with use of a microphotometer UDO-451.
2.2.4. Experimental Results
A characteristic photo fragment of the discharge radiation spectrum for M = 2.3 experiments
is shown on fig. 2.16. It contains primarily molecular bands of neutral nitrogen second

positive system, and molecular nitrogen positive ion first negative system; in some cases

there are also observed much weaker molecular bands of CN.
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Fig. 2.15. A set up for spectal diagnostics of plasma in airflow: 1 - spectral device input slot,
2 - focusing quartz lens, 3 - prism, 4 - mirror, 5- model, 6 - airflow, 7 - wind tunnel,

8 - window
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An analysis of such spectra shows that the gas temperature at M = 2.3 is rather high - T =
1500...2500 K. Its longitudinal dependence (Fig. 2.17) is not monotonous. Note that its

shape does not contradict with computer simulation results (see below).

Fig. 2.18 - 2.20 present spectra (as they look like after processing by the microphotometer
U®O0-451) in a wavelength region A = 360-400 nm for a M = 4 experiment. At experiments
with use of ceramic models, their erosion was small (Fig. 2.18), and nitrogen molecular
bands prevailed in the spectrum. At acrylic plastic models erosion of surface and electrodes
was very strong (Fig. 2.19 - 2.20), and intense CN bands and Cu lines were registered

together with the nitrogen spectrum.

The vibration temperature for these conditions (Ty = 8000...10000 K) is 3-5 times higher
than the gas temperature, i.e. plasma state is very far from equilibrium. A considerable part

of plasma energy is accumulated in the vibration reservoir.

In the case of M = 4 transversal discharge (between the hind electrodes) the plasma radiation
could be registered 2 cm downstream the electrodes. Fig. 2.21 shows the corresponding
longitudinal temperature dependencies for discharge current: 1 - 1.1 A,2-1.7A,3-3.25 A.
One can see that the gas temperature grows with current gain, and falls at movement

downstream the airflow.

In the case of M = 4 longitudinal discharge that took place in a region between the spike and
the hind sectioned electrode, this region radiated together with the region 2 cm downstream
the hind electrodes. Axial temperature distributions (fig. 2.22) show that in this case the gas
temperature also grows with current gain, it holds practically constant in the interelectrode |
gap, and falls downstream the hind electrodes.

In both cases the vibration temperature achieves ~10,000 K and falls to 5,000...6,000 K
1.5 cm downstream the hind electrodes.

Thus, a strong nonequilibrium of translation and vibration temperatures (T/Ty ~ 10) of the
discharge plasma at plasma aerodynamic experiments is observed. It can affect energy

balance and all the conditions of supersonic flow over a body.
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Fig. 2.17. Longitudinal distribution of gas teinperature for a model with spherical frontal part
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Fig. 2.18. Plasma spectrum for a longitudinal diséharge (I=154)

over the model with conic frontal part at a comparatively weak erosion
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for a longitudinal discharge over the model with conic frontal part

Fig. 2.19. The same region of plasma spectrum as that shown on the previous figure
i at a strong erosion of the model surface

-

- Fig. 2.20. The same region of plasma spectrum for a longitudinal discharge over the model with
conic frontal part at a strong erosion of both electrode and model surfaces
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Fig. 2.21. Longitudinal distribution of gas temperature for a transversal discharge over a model
with spherical frontal part at M = 4:
1-AC1.1A,2-1.7,3-3.25
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Fig. 2.22. Longitudinal distribution of gas temperature for a longitudinal discharge over the
ceramic model with conic frontal partat M=4:1-AC1.5A,2 - 2.6
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2.3. Probe Plasma Diagnostics

For determination of concentration of charged particles in plasma around the model, the
method of double symmetrical probe was used. The sounding electrodes were actually a
couple of @1 mm stainless steel wires, each of them having 10 mm long active part exposed
to plasma, and ceramic tube isolation of the rest surface. Our experience of work with probes
[51, 55] has shown that stainless steel is one of the best materials for probes to work under

such conditions.

The Knudsen number Kn = Ai/a at gas pressure p> 10 Torr and gas temperature T, ~ 1000 K
is no more than 0.01 (here 2a is the probe diameter, and A; is a mean free path for ions), i.e.

the probe works in the regime of continuous medium.

Note that at considerably greater value of a the plasma region (which is less than 10 mm
thick) would be disturbed, at much less a there would be Kn ~ 1, i.e. regime of probe would
be transient, that would need a detailed numerical simulation for interpretation of

experimental data. Moreover, small probe could be quickly burnt down by the plasma flow.

At the parameters of plasma that are of interest for the present plasma aerodynamic
experiments, one of the most promoted and reliable probe diagnostié methods is based on
analysis of the ionic parts of voltage-current characteristics of a single probe. However
another type of probe, double probe, has an important advantage that it does not intercept a
considerable part of discharge current, and does not disturb electric current distribution

considerably. At sufficiently high probe potential, the jon part of the double probe voltage- |
current characteristic is close to that of the single probe. That is why for diagnostics of
plasma in our region of parameters it is possible to apply for the double probes theories

developed for the ion part of voltage-current characteristics of the single probes.

The active sounding surfaces in present experithents were positioned normally in respect to

the airflow. It was made so because of the fact that at parallel positioning (as it was often
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made before) a considerable disturbance takes place [70], its influence depends strongly on

an angle between the surface and the airflow velocity.

To measure the ionic parts of voltage-current characteristics I,(¥), an electric scheme with
optical (radiating diode — photosensor) isolation of the probe circuit from the ground
connection. A battery of capacitors with low inductance was applied. It was charged by a
power source to a necessary voltage, then disconnected from the source, and discharged with
a time constant determined by its capacity and a resistance of the boundary layer plasma -
sounding electrode surface. Such scheme was chosen in order to prevent ground connection
and shortcut after the main discharge ignition either through the power supply source, of

through the measurement circuit.

Probe diagnostics deals with complicated phenomena in the boundary layer plasma -
sounding electrode surface, and different electric parameters, sounding electrode
constructions, and formulae for plasma parameters extraction should be applied for different
regions of plasma characteristic parameters.

For preliminary estimates of the present probe regime, a formulae [70]

Jj = envi/4

was applied, here vy, is ionic thermal speed at the temperature of the sounding electrode

surface. On base of measured current one can get n; ~ 10" cm?, that yields
a>>A>rp

(here rp is the Debye screening distance), i.e. the boundary charge double layer is practically

free of collisions. The gas dynamical boundary layer thickness

&~ a/Re'? ,Re=v a/D.
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At diffusion coefficient D ~ 10° cm%/s, the Reynolds number (that characterizes the airflow
influence) Re < 102, &~ 102 cm, i.e. § >>4;, 8 >> rp. If one neglects chemical reactions in
the gas dynamical boundary layer and collisions in the boundary charge double layer, then
asymptotic approximations of boundary layer theory [71,72] yield the following formula for

the saturation ion current on the windward part of the ¢ lindrical probe normal to the airflow:
p Y p
jo = Cen(Dv/a)"?,

here C ~ 0.5 depends weakly on plasma composition and a ratio of electrode and plasma

temperatures.

Account of chemical reactions in the gas dynamical boundary layer and collisions in the
boundary charge double layer needs complicated numerical calculations. Let’s estimate the
influence of chemical reactions. If one supposes that basic plasma ion is NOY, and the main
reaction is its dissociative recombination with rate coefficient o = 510°% , the characteristic

length of recombination

ren = 2Dlan)'? < 8,
ie. chemical reactions change the plasma parameters, and should be taken into account.
Numerical computations [73] show that the reactions yield a coefficient about 2...3 in the

final formula for ;. Account of collisions results in less amendment.

Electron concentration is about 10" cm?, this value is between those characteristic for arc

and glow discharges.
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3. Theoretical Studies of Supersonic Discharge Physics

4
Major elementary processes in plasma under conditions of the aerodynamic experiment

are considered. As a first stage of detailed theoretical research, there have been fulfilled
two numerical studies, which consider the phenomenon from different aspects, and are

complementary to each other.

3.1. General Consideration
General Approach to Theoretical Investigation

Consider weakly ionized air plasrﬁa state under conditions characteristic for studies of
plasma applications in aerodynamics with account of all the essential aspects of the
phenomena listed above. The corresponding mathematical job definition can be composed of
3 blocks (see Fig. 3.1): - gas dynamics, equations for electromagnetic field, and plasma

processes.
The field interacts with the plasma, and plasma interacts with the neutral gas.

The gas discharge plasma in airflow is a very complicated non-equilibrium substance with
numerous sorts of neutral and charged particles (different excited states of different types
molecules, radicals, ions), its compovsition depends strongly on its «history», and ﬁlost of the
main parameters cannot be plotted as functions of few arguments (say, F/nm, T, ne/fim, and
humidity [24]), as they use to do it for a quasi stationary plasma state of glow discharges in a
motionless cold gas. The most important for present applications are the parameters that
affect the few output values that are required from the plasma block for work of the blocks of

gas dynamics and electromagnetic field.

The set of processes involved (and the corresp'onding set of equations) is too extensive for
immediate computer simulation. The idea of theoretical investigation of the phenomenon is a

step-by-step simulation.
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At the first stage (that is implemented in the present work), the whole problem is divided into
two different, almost independent approaches, which are bésed on different mafhematical
models. One of them considers in details the plasma block (see fig. 3.1), with a radical
simplification of the gas dynam1c and field aspects. It is based on one-d1men51onal steady
equations, but it takes into account all the details of plasma reactions mentloned above. The
other one combines the other two blocks (see ﬁg 3.1) — traditional gas dynam1cs and field
equations (in non-stationary two- dimensional case), but plasma propertles are 51mp11ﬁed
Both models are good enough to produce some reliable qualitative results helpful for
understanding the phendmenon. Neither of the two approaches is able to describe all the

aspects of the phenomenon.

At the second stage (which is desirable to be fulfilled at a continuation of the present work) it
is reasonable to combine the two models into one, with use of all the physical and methodical
experience of the first stage. This model is to provide a proper quantitative description of the

phenomenon in terms of traditional plasma dynamics and plasma chemistry.

A thorough analysis of results of such modeling in comparison with results of detailed
experimental study will allow to realize relative roles of different plasma factors, and

possibly to extract new, previously unknown effects

At the second stage (which is desirable to be fulﬁlied at a continuation of the present work) it
is reasonable to combine the two models into one, with use of all the physical and methodical
experience of the first stage. This model is to provide a proper quantitative description of the
phenomenon in terms of traditional plasma dynamics and plasma chemistry. A thorough
analysis of its results in éomparison with results of detailed experimental study will allow to -
realize relative roles of different plasma factors, and possiny to extract new, previously

unknown effects.
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Field and gas dynamic equations
Equations for neutral componenfs:
Opg/ot + div(pgve) =0,
pgdvg/dt = - gradpg+ g + 4,
nngg/dt = -pydiv vg-f S,

they differ from the traditional equations of gas dynamics by presence of an effective force A
and a nonlinear heating S, which are defined by plasma processes (here ng, Pg , Pg, Ve, £ are
the gas concentration, density, pressure, velocity, energy of translations and rotations, ¢ is a
viscous term, pg = Mmhg, M 1S @ molecule mass, #g= A + 0.57). The total gas pressure and
energy in case of weak ionization |

Dy = kg (nm + na )T, Eg = kpTo(5/2 A + 3/2 na)/ ng

(kp is the Boltzmann constant).

The boundary conditions for these equations can be traditional for flow over a body

consideration — e.g., gliding on the walls and the axis, and free entry and exit before and after

the body.

To define the electric field F distribution, one has to solve the Maxwell equations
divF =e (n; - n.)/€o, Yot F=- oB/ot,
rot B = poj, diivB=0,j=cF,
in quasi steady case (0/0t ~ 0, i.e. with a potential electric field), at the magnetic Reynolds
number Ren = o € 7e He v'I" =~ 107 being much less than unity; it means that a fact of the
plasma conductor movement does not influence the electromagnetic field distribution (o is

conductivity, G = e 7, He, Jle is electron mobility in the electric field F).
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Plasma processes define spatial distribution of conductivity.

Distribution functions
Distribution functions of neutral particles and ions are practically the Maxwell functions.
This assumption under conditions of interest is not always accefntable for elegtrdn;.

Deviations from the equilibrium distribution function can take place due to energy losses of
electrons at inelastic collisions, namely, at vibration and electron excitation of molecules.
The competmg processes that fill the gaps in the dlstrlbunon function are electron-electron

elastic collisions and energy gain from electric field (see fig. 3.2).

The higher is a relative electronic concentration 7 /im0 (i.€. at approach to a boarder between
weakly and strongly ionized plasmas), the ‘weaker are the deviations from the Maxwell
function. E.g., equilibrium condition for vibration energy band (~1.5...3.5 eV for nitrogen

molecules) is
Ecvee (AEvVev) >> 1,

here Vee, Vey are frequencies of electron-electrbn elastic collisions and e-V excitations, Ve is
proportional to 7., Vey i8 proportional to #me . This condition can be violated in weakly
jonized regions of electric current distribution, its account results in considerable (about
decimal order of magnitude) changes of molecular excitation rates. In hot and rarefied
regions, however, electrc;n distribution function can be close to the Maxwell function: e.g., at
mean electron energy E. = 2 €V, energy exchange at an inelastic collision AEy = N..y ho =~ 1
eV (it corresponds to excitation of about Ne.y = 3 quanta of N, molecular vibrations, hw is the
vibration quantum, for nitrogen ha= 2330 cm'l), and with respect to the Coulomb e-e cross
sections and experimental cross sections for N; molecular vibrations excitation, one can get

at T, ~ 3000 K, p = 30 Torr:
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Eevee/(AEyVey) = 8 >> 1.
As a result, the number of electrons with energies corresponding to high cross sections of the
inelastic collisions is less than at equilibrium, and the number of such collisions is F ; times
less. Factors that express the corresponding changes in rates of excitation of vibration and
electron states can be estimated as [74]

Fy = [(1440) 2 — 1/ [(1+4C)"2 + 11/C,

here 2C is a ratio of frequencies of inelastic and elastic collisions at electron energy E being
about T, higher than the threshold AE of the corresponding inelastic process, £ =AE+T,. At
C = oo (extremely weakly ionized plasma), F;~ 1/C, at C = 0 (equilibrium), F;~ 1.

The electron distribution function is determined by a kinetic equation

aﬂaf =8p + Oce + 6ex + 8c’.V,

here 8f, See, Ocx, Ocv correspond to field pumping, electron-electron collisions, excitation of

electronic and vibration energy levels, respectively:
8 = 2/(3E" m,)(eF)* 6[(E**Ivem)OfIOE VIOE,

See = (2UEVO{E Ve [f o/ 1B dE + (2/3) Of1OE (o * JE* dE + E gf*fdE)]} IO ~
~ (2/E"?) O[E*vee (f + T.OfIOE)V/OE,

Sex = T [RE + Eu) ViE + E) (1 + E/E)" = v(E)AE),
Sev =505y [AE + Ep) ViAE + En) (1 + En/E)"” = v AB)AE)]-

Here E and T, are electron energy and effective temperature (as a measure of mean energy),

Ven i 2 frequency of elastic eléctron-molecule scattering, summarizing is produced for all the
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vibration v, v’ and electron [ energy levels, vy and v,,- are frequencies of /-th electron (for
transitions with change of electron and possibly vibration quantum numbers) and v’-th
vibration level excitation (for transitions with change of only vibration quantum number), Ey

and E,, are the corresponding threshold energies.

The electron distribution function remains practically isotropic because of frequent elastic
collisions with considerable momentum exchange. It makes it possible to pay account to the
deviations of electron distribution function from the Maxwell one only at computation of
inelastic colhslon frequencies, and to consider the plasma as a mixture of continuous media
(electrons, ions, molecules, atoms etc.), i.e. in terms of balance for each of the media. The
corresponding equations of continuity, momentum and energy conservation are to be written

for electrons, ions, atoms and molecules on different excitation levels (see, e.g., [75-76, 57]).

For correct account of vibration excitation, one must consider excitation and quenching of
numerous vibration states (or vibration distribution function). But detailed computations
show that for the conditions of interest the corresponding nonequilibrium vibration
distribution function is close to the Boltzmann function With the corresponding vibrationv
temperature Ty (see, e.g., [57]). So it is possible to assume the Boltzmann distribution for
vibrations. Ty is then the only characteristic parameter which defines the extent of vibration

excitation.

Plasma composition
Thus, the plasma block contains equations of energy, momentum, and number of particles for
gases of electrons, positii/e and negative ions, and also considers vibration and electron states -

excitation and other reactions in the neutral components.

There must be considered several equations of plasma chemical kinetics (for balances of

atoms, positive and negative ions, vibration and electron states excitation, etc).

If one does not pay a special attention to cathode and anode layers, it is useful to apply quasi

neutrality of plasma.
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Negative ion balance considers dissociative attachment K, = a.n.n,, associative detachment
K, = d_n, n, and ion-ion recombination at pair collisions Ky = o.m; n. (it results in
formation of O atom and highly excited atom instead of positive ion, which will be soon

ionized by electron impact):
dn./dt =K, - Kii - Kq,

here do4.. = 0.7._10’12 (300 K/T,-)”2 m’fs, d = 210 ms, a. is a function of electron

temperature and vibration temperature.

Tonization in the discharge volume may cause considerable growth of number of plasma
partiéles (up to several times in respect to injection from the electrode layers). Its rate is K.
Dissociative recombination can be also effective: say, for T, = 10 kK for nitrogen its rate
K" pp=3.10"® cm’/s, and for oxygen - K% =1.5.10% cm’/s v([76]). Recombination due to
vibration excitation is less effective (it requires longer periods and cooler gas: at T ¢ = 1000 K

its rate is 2.1028 cm®s™, i.e. the characteristic time is several times longer than ).

Balance of positive ions:

oni/ot + div(nivi) = K] - Kpr.
At the characteristic electron temperatures, molecule dissociation by electronic impact (direct
or step by step) can be rather considerable (up to several per cent in gas composition). The
inverse processes are as a rule rather slow. ' ' |
The atomic concentration grows according to an equation

dn,/dt = K, + Ki; +2(Kp+ Kpr),

here K is a total rate of electronic excitations that result in dissociation.
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There may be important some reactions of electronically excited metastable nitrogen

molecules (see below). Their concentration
dng/dt = Koo — Ky,
here K., and K are the rates of excitation and quenching of the metastable molecules.

Nitrogen vibrations excitation is as a rule very effective. A mean number N,.y of excitations
for a N, molecule during the characteristic time 7 is about a unity or even higher, and the

corresponding energy exchange is about AEy = N..y ho ~03...1eV.

If the Boltzmann distribution of vibration excitation is assumed, the vibration temperature Ty

can be determined from an equation for a local total number of vibration quanta gr [76]:
dgr/dt= Wep- Wyr- I,

here 7= XVny = nuflexp(ho [Ty)-1], nyis a number of molecules on V-th vibration level,

Ty is the vibration temperature, W,y is the frequency of pumping due to e-V excitation

processes. For nitrogen it can be calculated as [76]

Wy = nonm Por{exp(-ho/T)/[1 - exp(-ha /Te)]* -
exp(-hw /Ty)/[1 - exp(-ha /TI’},

here Py is the first level excitation possibility (see [75,76]). Wyr is the frequency of VT

quenching.

The processes of V-V excitation and V-T transfer at high (¥ >> o) vibration excitation levels

are taken into account in the term

[T, = (4b QI nitolexp(-2ba2- 1), a.= Tg/(2xTy) + 0.5,

here b = xha/T,, nocan be calculated from normalization
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Zn V= A, By= 1 exp(-2baV+bV2),

here the summation is performed at least from V=1 to V= a. An initial condition for the
differential equation for Ty calculation corresponds to initial value of element of mass

temperature: Ty =T (t=0) =Tg =300 K.
Energy flows

There should be taken into account several energy reservoirs in plasma, and a number of

processes that cause energy flows between them (see fig.3.3).
Energy of the electric field F passes primarily to electrons, and a smaller part passes to ions.

From electrons, energy passes primarily to vibration reservoir V (at lower fields), and to

electron states excitation ex (at higher fields).
Energy is also absorbed by rotations R, molecules dissociation D, and ionization /.
At numerous processes energy leaks to the neutral gas translation energy T.

Electron temperature is the highest (~10 000 K), vibration and excitation reservoirs energies
(as well as D, I) correspond to lower temperatures (~1000-10 000 K). The temperatures of
ions, T and R reservoirs are the least (~100-1000K).

Heavy particlés (ions, atoms, and molecules) have practically the same local temperature 7 =
T, for their characteristic number of elastic collisions is (vn/v*) WHE 10* >> 1, and the
energy exchange at one collision is about the particle mean kinetic energy (here vn =
(2Tg/mn)”2 is a thermal velocity of neutral particles with mass my). Their rotational
temperatures are also practically equal to 7. Ions are aqcelera_ted by electric field between the

collisions, their mean energy can deviate from Tg, but the difference is as a rule negligible.
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Fig. 3.3. Main energy reservoirs and energy flows
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Thus, translation and rotation energy balances of all the heavy particles can be described by

one equation.

The electron temperature Te is as a rule much higher than Tg. At characteristic number of
collisions w1th electrons for a molecule during the characterlstlc time 1, being about 10- 100
and the energy exchange magnitude 27eme/mm ~ 10, poss1b1e hcatlng of the gas due to
elastic collisions is very small (about 30...100 K only). However in a molecular gas there are
several other ways of heat transfer from the electrons. The energy flows that result in gas

heating are the following (see fig. 3.4).

Electric field enérgy input
Sk = ch, O = englle,
L is electron mobility:
| = e/(VeiMe), Vel = Ol mVeT Hm T+ Oee VeT Ne TO¢i VeT Ve 5
here oy is a cross section of electronic elastic scattering on the molecules (see [75]), ver =
(2Te/me)”2, Gee and oe; are the Coulomb cross ‘sectvions for scattering on electrons and ions,
= 16 12,227.2/QT) InAe, InA=23+ 1.5 (T)-051Inne,
Gei = Oee 12",

here ap=0.0529 nm, T, in eV, 7 in cm™.

Powers of dissociation and ionization

Sp=AEpKp, Si=AEK],
here AEp, AE; are mean-amounts of energy needed for one act of dissociation or ionization.
Powers of heating the gas as a result of acceleration of atoms at the process of dissociation

after electron impact excitation or dissociative recombination
Spr=AE"Kp, Srr= AEKr,

here AE®p is an energy of unstable excited molecule before dissociation, which is mean for

the states that result from electron impact excitation, and AE™s is the energy of unstable
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Fig. 3.4. Energy flows that result in gas heating
Ep- electric energy source, E, - electron gas, Eey, Ep, E;- energy of
electron excitation, dissociation and ionization, Ey, Ey - lower and
upper levels vibration excitation energy, E, - energy of gas
translations and rotations
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excited molecule before dissociation which is mean for the states that result from dissociative

recombination.

Power S,,r of gas heating at electronic metastable excited states quenching due to reaction

chains including re-distribution of excitation energy and radiation:

Na(A 22,9 + Ny(A 32,1 D Ny(X 'Sg") + No(B °IIp) + AT >
N(X 15 + Ny(A 2, +hy,

Na(A 32 +Na(A °2) > Np(X '5g0) + Ny(C°I1,) + 4T >
Ny(X "2 + No(B *TIp) +hv’ > No(X 'Zg") + No(A °Z,) +hv.

Power of gas heating at recombination of negative and positive ions Sy is determined by
recombination rate and the characteristic energy release at collisions during their approach:

Sii = n.nikyAE;;.
Power of e-T heating at elastic collisions

Ser = (2Teme/ M) (Cel mVeT Fim +Cei Ver He) He.

Power of vibration excitation

S; y=Wey ho.
Power of gas heating due to lower vibration levels quenching

Syr= Wyr ho.
The gas heating power due to VV exchange collisions |

S =Yy ny Ly xho (V-V)YQWV+LNV’, V+1).

Power of gas heating due to higher vibration levels quenching

Syy= Syr= 11 (hco- ocxhco).

A considerable amount of energy input is stored in the vibration reservoir. Consider the ways.
of vibration energy conversion_td the gas heating in rhore details. Direct transfer of the
vibration energy to the N gas temperature o I

NV + Ny > N2V 4 Nyt AT
is very slow. However, if some amount of O atoms is present, then the speed of the gas

heating becomes much higher (due to reactions of N2O formation, internal VV redistribution,
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and the oxide molecules dissociation). Still higher heating rates might result from collisions
of molecules on high vibration levels N, with metastable excited molecules No(A’Z);
there takes place a transfer of vibration energy to further excitation of the metastable
molecules and to the translation energy AT, with sequent radiation and formation of the

metastable states:
Ny + Na(A P50 > NV AV 4+ Ny(B ) + AT > Ny ¥4V + No(A °2") +hv.

Another channel of vibrations de-excitation is bound up ‘with VV ‘exchange at nitrogen
excited molecules collisions, and highly excited molecules generation. This process rate can

be calculated with use of an approximation
QG Ik, 1+1) = Q" (1)) exp(-A0),

here for nitrogen Q*E 510 cm™/s, A = 0.4, k+1,] are initial, and &, /+1 are final vibration
levels of the colliding molecules K and L. At the characteristic excited molecules
concentration being about 7, ~ 0.5 €18 cm™ at I=4, k = 3, one cén get O = 50. At any
coll'ision of such a type, a certain amount of energy xhw is t’ransferredv from Vibration tc.>vthe
translation degrees of freedom, for nitrogen .xha) = {4.5 cm™. The total heating during © due

to this mechanism might be considerable.
The total nonlinear plasma heating of the gas
S = Sexr + Syr +Syr+ Ser+ Spr + Ser+ Sii +Ser- |
Plasma. dynamics

Movement of excited and unexcited molecules and atoms can be described by one common

equation of momentum conservation, because of effective momentum exchange.

But ions and especially electrons are accelerated by the electric field between the collisions

with neutrals, and ion and electron liquids can move quickly in respect to the neutral gas.
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One can neglect the processes of neutrals diffusion, for their characteristic time magnitudes
are much longer than the characteristic transit time t© = I'/v. The ambipolar diffusion of
electrons and ions is however much more effective than diffusion of neutrals, because its
coefficient D, is about (1+7/Ty)>>1 times higher (here T is an effective temperature of
electrons). The process might be important in some cases near borders of electric current

distribution.
The ion gas velocity is defined with respect to drift of ions in the electric field (associated
with frequent elastic scattering on ions and neutral particles which result in a complete
momentum loss and relatively small energy exchange), and to the ambipolar diffusion
(coupled with the so-called thermal diffusion):
vi = vy + WiF - grad (D, ne),
here ; is the ion mobility:
Wi = e/(Vitm), Vi =vir ! I, ;= 1/( 1 6ii +1uGim), vir = (kg Te/mm)'?,
here o is the Coulomb cross section for scattering of ions on ions,
oii = 16 71’ (27.2/Q2T))* InAi, InA=23 +1.5In (T) - 0.5 In m;,
here ap = 0.0529 nm, 7,.in eV, n. in cm”, oim is ion-molecule effective elastic scattering A
cross section, it is calculated as a sum of a real elastic scattering cross section and a cross
section of charge exchange ([75]). D, is the ambipolar diffusion coefficient,
Da = (l,-v,-/3)(1+Te/Tg).
Negative ions drift in the opposite direction relatively the positive ions with approximately

the same speed,

v. = v, - WF + grad (D, ne).
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Our estimates have shown that all the traditional forces of ion-molecule interaction
(ponderomotive force, gas entraining by the jon drift, etc.) seem to be too small for the

conditions of aerodynamic experiments, and one can probably neglect the term 4.

One of typical errors of beginners in plasma analysis is to use the «most natural» way of
computation of electric field from the Poisson equation, and to calculate charge density 7, as
a difference between the concentrations of positive and negative particles. The Poisson
equation is useful for analysis of regions with characteristic size being not very great in
comparison with the Debye radius (e.g., electrode layers, a microscopic — few microns —
vicinity of shock wave front, etc). At modeling of plasma volumes with electron
concentration typical for aerodynamic experiments, tremendous computational problems
arise: the Poisson equation defines very fast plasma oscillations that demand intolerable time
step limitations, and #, is several orders of magnitude less than n., which requires impossible
accuracy of numerical computation for ., n;, n.. The solution of the problem is rather simple:
the Poisson equation is unnecessary for computation of all thé parameters in plasma (but 7,)
and should be expunged from the job definition. The electronic concentration 7 plus

concentration of negative ions #. should be taken.equal to »; (quasi neutrality of plasma).
Temperature of electrons is defined by equation
nedE/dt = - pediv ve - div A grad Te +Sp - Sp - S; + Sg = Ser— Sex - Sev,

here E. is electron kinetic energy (Ee= 1.5 T¢), the electron gas heat conductivity A =

2.5T n/(mevep),
3.2. Simulation of Plasma Kinetic Processes

In [77] a model of the phenomenon was suggested which describes primarily the plasma
block (see fig. 3.1), with a detailed account of all the listed reactions of vibration and electron
states excitation and quenching, ionization and recombination, attachment, dissociation, non-
equilibrium electron distribution function, drift of positive and negative ions, various ways of

gas heating, etc.
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In order to expedite the investigation, in this model the gas dynamic and field blocks have

been simplified according to the following.

There is considered a longitudinal discharge, which forms a plasma channel along a
supersonic airflow. It is supposed that gas longitudinal speeds inside and outside the channel

are close to each other and to the speed of the unperturbed airflow ve.!
Vg = V!

It is also quite natural to suppose that the weakly ionized plasma static pressure equals to that

of the unperturbed airflow p., thus gas concentration in the plasma channel
ng = paf(kpTg)-

It altogether substitutes the gas dynamic block for studies of plasma parameters distribution

along the axis, provided the gas temperature Tgis known from simulation of plasma kinetics.

Eleétric current distribution across the channel is known to be close to II-shape as a rule. If
the current channel cross section 4 and total current I = j4 are known, say, from
experimental data, and the plasma conductivity ¢ is calculated on base of the plasma block,

then electric field distribution along the channel can be also obtained as
F =jlo.
Thus, the field block is also simplified radically.
A sfeady one-dimensional approximation is used to describe processes in the weakly ionized

plasma near the channel axis. Main equations of the model include balances of:

gas temperature

OT/0z = 2/T) S Te/(pvar),



electron mean energy
Sp=5 -Sp+Sp+ Sex + Sevs
vibration quanta
8qrlz = (Wer- Wy - (qr/ n) A/

(here the term 4, = vopo/(kpT, T, /0z results from radial expansion at heating);
P g J0Lg

positive and negative ions,
d(nv)Ioz = K - Kpr -(ni/ ng)4y,
o(nv)oz =K, - Kii- Ka -(n./ ng)4y,
neutral atoms
on, 10z = [K, + Kii +2(Kpt Kpr) -(ha/ ng)4)/Ves,
electronically excited molecules
ONex 10z =[Kex — Ky (Mex /)4 ] Vo,
dynamics of positive and-negative ions,
v;=fm+ Fuy, V. = V- Fly,

stationary kinetic equation for a local electron distribution function

6F"'See'*'Sev‘*'sex:()
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with the approximate description of 8ee, and with account of excitation from basic state. The
electron distribution function was used at spectral integration of cross sections for calculation

of local reaction rates.

The following boundary conditions were applied. Ion concentration at z = 0 point (near the
frontal electrode) ni(z=0) = ni, nig >0 is small in comparison with a characteristic value of
plasma concentration #;’ (results do not depend on 7 because of very fast growth of #; value,
and its further stabilization at z=0 on the same level #;’). The rest boundary conditions are

quite apparent:
Ty (z=0) = T, qr(z=0) = na(z=0) = n(z=0) = n(z=0) = 0.

The listed above set of implicit algebraic and ordinary differential equations was solved
numerically with use of the Newton and the Runge-Kutta methods. Spatial intervals at the
vicinity of z = 0 point were 30...300 times smaller than a couple of millimeters below (to
provide calculation stability at extremely fast alteration of most of the variables). For
calculation of electron distribution function f in spatial‘point z;, there were used the

parameters in the previous point z;.;..

Instead of kinetic equation, in a part of calculations the approximate equations for F; (see
above) have been also used; it did not result in a considerable deviation of magnitudes of the
main plasma' parameters, and it did not affect qualitative results at all, but a considerable

acceleration of computations was observed.

In [77] there has been produced a comparison of computer simulation and experimental
results for a longitudinal gas discharge with a geometry which provided a practically free
plasma channel, with absence of its contact with the body on its major part (see fig. 3.5),
instead of a flow over a body with a complicated shape. The experiments in a wind tunnel at
I=15A,M=6, To= 36 K, p, = 30 Torr, current channel length L =40 mm, and diameter
2R =2.5...3 mm were taken.



Fig. 3.5. A free longitudinal discharge [ColPr]

The considered region

Discharge plasma

Fig. 3.6. A discharge with flow over a model
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At computation these experimental data for /, Twy Poo» R, L were used as initial conditions.
The model thus contained no degrees of freedom for fitting. A reasonable agreement has
been obtained in gas temperature (= 20...30%) and total discharge voltage (experimental
voltage is about 30-50% higher, but it includes electrode layers, which have not been taken

into account at present computer simulation).

In the present work the similar model has been used for conditions of a plasma aerodynamic
experiment with flow over a model (fig. 3.6). A 6 mm long region of one-dimensional
cylindrical part of the discharge was analyzed (around the cylindrical spike, between the hind
end of the frontal electrode and the forehead of the model). The regime corresponded to that
examined at the experiments with the Dr. Klimov's installation M =2.3, T = 160 K, p = 70
Torr). According to the experimental data, that exhibit illumination of a boundary layer near
the model’s surface, a small cross section 4 of the discharge was taken. but contrary to the
previous case, we could not extract the value of 4 with a sufficient accuracy; it was actually a
fitting parameter; we obtained it from a condition of accord between measured and calculated
gas temperature. The calculated voltage could not be compared with the experimental one
because only a fraction of discharge column was modeled. All the hopes on reliability are
based on the fact that the same model did not contradict with experiments for M = 6 case (see

above). Some results are presented on figures 3.7.. .3.15.

As it follows from plasma aerodynamic calculation (see below), some of assumptions of this
model have proved to be incorrect (e.g. that the speed of plasma flow is equal to the speed of
airflow, and plasma pressure is equal to p.). But one can still extract the following reliable

results.

The results for M=2.3 are qualitatively similar to those for M = 6, but in the latter case most

of parameters change more dramatically.

One can see that there are two different regions in the discharge column (see Table 1). One of
them is situated near the frontal electrode, it i$ considerably short (~2 mm long), but most
events (electric energy absorption, ionization, vibration excitation, metastable molecules

generation, gas heating, etc.) take place primarily there. Another region occupies the rest
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Fig. 3.10. Spatial distributions of plasma temperatures, K, at 7 = /60 K, p = 70 Torr
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volume of the discharge. Relative rates of change of all the plasma parameters are much less

there.

Speed of ion drift is about an order of magnitude less than the speed of airflow. It means that
if one changes electrode polarity (so that the positive ions would be forced to move

upstream), the discharge voltage should be enhanced.

Considerable gas heating takes place. Local Mach number changes from initial M = 2.3 to M

<1, i.e. the flow in the discharge column, according to these results, can become subsonic.

There takes place a multiple growth of plasma viscosity, that can cause a considerable delay

of turbulent transition and reduction of viscous component of drag.

One should note that the ratio of field over gas concentration F/ny changes are much weaker
than for most of the other plasma parameters (by the way, the field is higher in the first

regioh, but F/ny, is less there). -

Electron concentration also changes rather weakly. It means that if one neglects variations of
electron concentration, it is possible to consider the plasma conductivity to be in inverse
proportion to the gas concentration. This approximation is used for the first approach to

calculate field and gas dynamics of flow over a model at gas discharge (see below).

The coefficients F, and F,, (that ‘describe the influence of deviations of the electron
distribution functions from equilibrium on excitation of vibration and electron states) grow
from 0.2...0.4 to = 1, while F/ny, is approximately the same. It is a result of the fact that |

plasma parameters deviate from those characteristic for steady state at given F/np,.

3.3. Plasma dynamics and current distribution

at discharges in flow over a body

Main assumption for the first job is that energy is effectively transported from various

excited states (primarily vibrations and dissociation) to gas translation and rotation degrees



of freedom. We also simplify the volume processes of free electrons birth and disappearance.

In such a case electron temperature magnitude does not effect on results, so we can take it to
be constant. At further progress we shall gradually switch on the previously neglected effects.

We denote with O; places where these effects will contribute, at first job O~0 forall i
Gas dynamics:
Mass conservation
Ong/ot + div(ngvg) =0,
momentum conservation
pg dvg/dr = - gradp, +O1+ g,
here for ¢ we take now the value necessary for shocks computation only,
translation and rotation energy conservation
ngdEg/dt = -pgdiv vgH(1- 02)/c,
ng= N + 0.51,, pg = Mg M, Pg™= (nm + 12 )T,
The boundary conditions for these. equations are rather traditional for flow over a body
consideration - gliding on the walls and the axis, and free entry and exit before and after the
body.

Electromagnetic field is determined from the following equations:

oB/at = V[1/(uo € 7 ie)] VB + rot [v,B],
j=rotB/y, F=jlo.
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According to the results of study of plasma processes (see above), plasma concentration and
electron temperature can be considered to be constant. The latter corresponds to no account
to plasma concentration alteration due to ion diffusion and drift relatively the gas, and
supposition that volume ionization and recombination processes are also negligible in
comparison with emission from the anode and cathode layers. Emission intensity (i.e.
electron concentration) was determined so that to achieve approximate equality of
experimental and numerical values of of the discharge voltage and current. Then conductivity

o distribution is determined by electron mobility

Ue = e/(VeMe), Vel = el VeT Mim + Oee VeT Me 10¢i Ver e »
Ver = (2Te/me)1/2,
Gee = 16 7100%(2¥27.2/T InA,, InAe=23+1.51n(T,) - 0.5 In e,

_ 12
Gei = Cec /27,

here cross section for elastic collisions o is known from experiments. For the conditions of

plasma aerodynamic experiments the first term dominates in the formula for ve, i.e. ¢ ~ 1/np.

The"‘boundary conditions for this equation are: B(r = 7max) = 0 - for the axis and big radii,
including walls behind the electrodes (BAHGEFE, see fig. 3.16), B(r) = I/Q2nr) - for walls
between the electrodes (CD), here I is the total current. On the electrodes surfaces (BC and
DE) in reality there are cathode and anode boundary layers with complicated three-
dimensional structure. We shall not consider it in this work. Usual conditions - zero F

tangent components near the metallic surfaces - are used.

The discharge regime corresponded to that examined experimentally and numerically (at
plasma kinetic computations, see ab.ove). The model had a conic frontal surface and a thick

spike with a long metal sharp conic tip.

A free Lagrangian method based on totally conservative difference schemes and triangular
adaptive mesh [78] was used. At modeling the discharge current was growing from zero to
the necessary stationary level for about a millisecond, the computations continued until

achievement of the quasi stationary regime.




Fig.3.16. On boundary conditions determination
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Characteristic results are shown on fig. 3.17 - 3.26.

Three shock waves and corresponding pressure maxims are observed that are formed: 1 - by
the conic spike's tip; 2 - by the conic surface of the model itself; 3 - by a "plasma body"
formed by the discharge column. The "plasma body" formation takes place because the cold
gas cannot enter the region of energy input without heating and pressure gain, which prevents
the next portions of cold gas from entering this region. Its formation results in a considerable
redistribution of pressure in comparison with a standard flow over the same model with no

discharge; the total axial force that yields the wave drag
F= I pdA

is somewhat less (~ 10%) than that at the standard flow (here dA is a vector element of the

model's surface).

Electric field maximum is situated at the critical point (on the spike) due to the well-known
effect of field concentration near sharp tips. However there is practically no current there, as
the air is too dense and cold around the tip. Another, much weaker local field maximum is
near the hind end of the frontal electrode, just before the discharge column. The latter field
maximum provides breakdown of the cold dense air. In the whole, the electric field
distribution does not differ significantly frorri that of a case of zero airflow conductivity and
no current. It is a result of comparatively low level of plasma conductivity at the present

plasma aerodynamic experiments.

Main current distribution is situatedv near the model's surface, where the gas density is low,
and plasma conductivity is higher than anywhere else. A much weaker current leaks also
from the spike's tip where the electric field is high enough; this effect is possibly
overestimated in this model, but it is still quite possible because the air breakdown conditions

are met near the critical point.

The Joule heating is concentrated primarily at the hind end of the frontal electrode, on the

upstream end of the plasma discharge channel. It provides a quick growth of gas temperature.
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Fig. 3.17. Pressure distribution, kPa, at initial airflow Mach number 2.3,
pressure 8 kPa, temperature160 K, with no current

Fig. 3.18. Pressure distribution, kPa, at initial airflow Mach number 2.3,
pressure 8 kPa, temperature1 60 K, current 2 A




Fig. 3.19. Density distribution, 10 kg/m3, at initial airflow Mach number 2.3,
pressure 8 kPa, temperature160 K, current 2 A

Fig. 3.20. Temperature distribution, 100 K, at initial airflow Mach number 2.3, pressure 8
kPa, temperature160 K, current 2 A
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Fig. 3.2 1 Local Mach number distribution at initial airflow Mach number 2.3,
pressure 8 kPa, temperature160 K, current 2 A

Fig. 3.22. Joule heating power distribution, GW/m”, at initial airflow Mach number

2.3, pressure 8 kPa, temperature]1 60 K, current 2A




| Fig. 3.23. Gas velocity at initial airflow Mach number 2.3,
pressure 8 kPa, temperature160 K, current 2 A

Fig. 3.24. Electric current distribution near the frontal electrode
at initial airflow Mach number 2.3, pressure 8 kPa, temperature160 K, current 2 A
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Fig. 3.25. Electric current distribution near the hind electrodes at initial
airflow Mach number 2.3, pressure 8 kPa, temperature1 60 K, current 2 A

Fig. 3.26. Electric field distribution at initial airflow Mach number 2.3,
pressure 8 kPa, temperature}60 K, current 2 A
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Heating is much weaker downstream, so the gas temperature in an elementary portion of air
does not rise as it passes along the channel. Note that it coincides with the experiments that
expose high gas temperatures in all the interelectrode gap. The experiments also show that
gas temperature passes a maximum and falls downstream the discharge channel; this fall
might be a result of turbulent heat transfer that has not been taken into account at present

studies.

One can also see a smaller maximum of Joule heating near the spike's tip, but its total power
is small enough (pay account to the axial symmetry of the graphs). Its influence on gas
specific energy, temperature and density distributions is comparatively insignificant. This
might cause the fact that no intense radiation is observed experimentally near the spike's tip,

though the numerical results show that a part of discharge current can leak from there.

Local Mach number on a part of the model's surface is less than 1 (i.e. the flow is locally
subsonic). It is a result of considerable gas heating by the discharge. However this fact seems

not to affect distributions of pressure, velocity and other gas dynamic parameters.
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4. General Consideration of Results

At jdb formulation for the present studies, we had relied upon previous results of Dr. Klimov
at al (private communication and talks in the MSU), which séid that the plasma region is
quasi steady, axially symmetrical and covers all the interelectrode gap. These conclusions
have prooved to be based on photographs and shadow photographs with long exposition time

and poor focusing of optics. The discharge differs greately from its previous description.

In the best experimental series the discharge between the frontal spike and the hind sectioned
electrode had a form of one longitudinal channel between the spike and one of the 8 sections,
and a series of transversal channels between these sections. It is a result of plasma thermal
instability, it is inevitable at present gap construction and flow parameters. In most cases the
shear flow instability is to take place; it is seen from both our experimental and numerical

studies. It gives rise to turbulent heat and momentum transfer. '
These instabilities result in unsteady character of the phenomenon in the whole.

One more aspect which importance had been underestimated is a dramatic erosion of both
model’s surface and electrodes (especially at effective regimes with high energy input into
the plasma region). A considerable part of the discharge plasma is composed of erosive
matter, that can differ plasma properties significantly. i
However in most cases shortcuts took place, and either all the discharge was observed inside -
the model, or a transversal ring discharge between the hind electrodes was registered. It is a

result of unoptimal design of the plasma generators.

That is why the diagnostic and numerical methods which were used by us in this study have
prooved to be not so adequate as we had expected. The diagnostic set up had a very long
characteristic time. That is why the experimental data are not very accurate, and they do not

provide a thorough description of the airflow with discharge. The numerical models did not
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pay account to turbulence and the three-dimensional discharge geometry. The two theoretical
approaches also have further shortcuts, for each of them considers the phenomenon from one
of the two aspects (plasma processes or magnetic gas dynamics), while their interaction is

strong and nonlinear, and an adequate model must take into account both of the aspects.

However, a unanimous analysis of all the experimental and theoretical data with respect to

their accuracy has resulted in the following conclusions that we consider to be reliable.

Under conditions of the plasma aerodynamic experiments, plasma state is very far from
equilibrium: vibration is excited in a major part of molecules, a considerable number of
electronically excited molecules is generated, electron energy distribution function deviates
from the equilibrium one (especially in the region of major energy input). It results from from

spectral measurements of Ty and T, and from plasma computations.

Computation of plasma processes on base of the present state of plasma physics shows that
electron pressure, ion-molecule friction force, jon sound effects on the gas flow are
negligible for the present experimental conditions (due to low-concentration of the charged

particles relatively the neutral molecules).

Plasma processes of energy distribution from electric field to various energy reservoirs are
non-linear and change the whole flow over the model considerably, they cannot be expressed
in terms of linear uniform heating in a current channel. Thé region of electric energy input
into plasma is situated in the vicinity of the frontal electrode (more accurately, near its
downstream end), this region has a quasi spherical shape, and rather a small volume. Energy
input along the rest of '-the current channel is much smaller due to much higher plasma '
conductivity (because the neutral gas concentration is much less there). That is why the gas
multiple heating at the frontal part of plasma channel is very intensive. It results from the
both numerical researches (plasma and gas/field approaches), and corresponds to the
measured temperature longitudinal distributions (7g quickly rises from initial cryogenic
temperature to ~1000 K, further relative changes of the measured and computed temperature

is much weaker).
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Gas heating rate distribution differs from the energy input distribution, the heating takes
place in all the plasma region. It results from nonlinear character of processes of energy
redistribution from vibration and excitation energy reservoirs, as well as from thermal effects
of various plasma chemical reactions. At plasma processes modeling (at uniform longitudinal
distributions of pressure and speed) it gives a continuous temperature growth. At the MHD
computation, plasma flow acceleration is here accompanied by fall of translation
temperature. Experiments expose still more effective fall of gas temperature behind its
maximum situated near the energy input maximum (as a result of unanimous effect of

turbulent heat transfer and acceleration).

The energy input region is flown over with a strong shock wave formation in the airflow, and
with the corresponding pressure gain in the plasma region. If there is enough space, i.e. the
model «forehead» with the shock wave structure is far enough from the region of electric
energy input, a plasma jet is generated at expansion of the compressed plasma. This jet flows
over the model with speed that sufficiently exceeds the speed of airflow. It prevents a
considerable reduction of the wave drag. Shear on the interface plasma — cold air may cause
turbulence generation. Those conclusions are based primarily on the MHD modeling, a shock
wave at the downstream end of the frontal electrode and turbulence at the plasma — gas

interface are registered experimentally.

Considerable gas heating is observed, molecular translation temperature rises up to 1...2 kK.
That is why for some regimes the plasma jet is subsonic, which results in uniform pressure
distribution in plasma, and in absence of shock waves in the plasma region. The
corresponding Reynolds numbers are much lower than for the same flow without the
discharge, which may deiay the lamihar—turbulent transition and thus reduce the viscous drag.
High gas temperature is present in the both numerical approaches and in experimental

results.

The best registered drag reduction in these experiments with the instable three-dimensional
discharges is still rather considerable (15% for the model with the spherical frontal part, and
10% for the conic model). Note that the axisymmetrical MHD computations also show 10%

wave drag reduction for the conic model, and the turbulent friction reduction must be added
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to this numeral. It shows that at proper discharge organization the effect of drag reduction

can be significantky enhanced.
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Conclusions

1. The present researches have shown that formation of weakly ionized strongly
nonequilibrium plasma in supersonic airflow near a surface of a model may improve its
aerodynamic characteristics, it has a good prospect of application in aerodynamics,
especially at high Mach numbers. The next efforts in this direction are to be bound with

the following problems:

A. Proper organization of discharge processes, including control and minimization of

erosion of electrodes and surfaces, elimination of shortcuts etc.

B. Optimization of geometriéal characteristics of the electrodes and the interelectrode

gap, so that to minimize plasma instabilities effect on the discharge’s structure.

C. Investigation of the discharge structure and its dynamic characteristics with a

sufficiently high spatial and temporary resolution.

D. Revealing the basic mechanisms that yield the drag reduction, and their

optimization.

2. The most important events seem to happen in a comparatively thin boundary layer near the
model’s surface, and on the surface itself. That is why it is necessary to.answer the

following questions:

A. What are the mechanisms that modify the surface in a way that the aerodynamic
properties of the model keep improved for a long time after the discharge, even at

comparatively weak erosion (see fig. 14 - relaxation of drag to a new value).

B. How does plasma formation affects the interaction of the model’s surface and the
airflow during the discharge (including pressure and tangent viscous forces in the

boundary layer, its size and hydrodynamic stability, etc.) - with respect to the
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processes that result in changes in the structures of both the plasma boundary layer

and the surface.

3. The phenomehon under investigaﬁon is rather difficult for diagnostics, and it is unlikely to
get all the necessary information on base of experiments only. It is apparently much easier
to achieve the goals mentioned above on base of a complex experimental and numerical
research with a detailed analysis of all the results. The following efforts should be

undertaken.

A. Combination of the two theoretical models used in the present work into one,
taking into account both MHD and plasma chemical processes in the discharge

volume.
B. Account of three-dimensional aspects of the discharge structure.
C. Creation of theoretical models that would describe the plasma boundary layer

structure, plasma-surface interaction, and processes on the surface that yield its

modification during the discharge and drag reduction after its quenching.
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