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ABSTRACT

The complex of probe and spectroscopic methods which allow to determine parameters of
discharge plasma of a fuel-air mixture, fact of ignition of propane - air mixture in a supersonic

flows and parameters of flame plasma has been developed in the current project.

Experiments have been produced with an application of a wind tunnel of short action.
Measurements have been performed in supersonic air and air-propane flows at Mach number M
= 2 under total pressures Py = 1 - 5 atm, stagnation temperature To = 300 K, vacuum chamber
pressures p = 50 — 300 Torr. Pulse modulator with output voltage up to 24 kV, current up to 40 A
and pulse duration T = 2 - 1000 us have been used to generate pulsed transversal and longitudinal
discharges. Magnetoplasma compressor type electrode unit generated a pulsed plasma jet
injected into the supersonic flow. The quasi-period of the discharge current was about 60 us, the

maximal value of current was I = 10 kA, and discharge voltage was Umax = 5 kV.

The complex of diagnostic instruments was used for a measurement of microscopic parameters
of the discharges: schlieren set-up, high-speed photography, scheme of a PC-controlled probe, a
PC-controlled analyser of optical spectra based on a spectrograph with CCD image sensor and
digital storage oscilloscopes Tektronix TDS-210.

The new type of the probe measurement device fundamentally improving the temporary
resolution was developed. Laboratory prototype of an automated diagnostic probe circuit has
been manufactured and tested. The operation principle of this device is based on the use of
ADSP-type signal processor, installed near an investigation object, the transformation of
measured analogue signal to digital sequence, temporal storing data in the ADSP memory and

the transmission of data to the main computer.

An analytical model for drift, diffusion and intermediate modes of probe operation in high-speed
flows of dense weakly ionized plasma is suggested. New analytical model for the modes, in
which the probe current is limited by processes in the Debye double layer and in the ion drift
region, has been developed for the characteristic high-speed flows of flame plasmas.

A computer simulation of one-dimensional probe diagnostic problem has been carried out for the

cases when processes in the Debye layer are important. Both cases of the steady plasma and the



plasma flow with the Blausius gas dynamical profile have been considered. These results are in a

reasonable agreement with the new experimental data.

I-V probe characteristics of double probe were measured in plasma of electrode and
plasmadynamic igniting discharges in the supersonic air and air-propane mixture. Comparison
with results of numerical modeling has shown, that the model of ion saturation current can be

applied for a determination of ion density.

Voltage - current characteristics of single probe in the propane-air flame plasma in the
supersonic propane-air flow was measured. Comparison with results of numerical modeling has
shown, that electron probe current is determined by electron drift in the region of the undisturbed
flow and the known formula of a drift current can be used for voltage - current characteristics

interpretation.

The method of electric field measurement in plasma of the transversal discharge in the
supersonic air and air-propane mixture flow was suggested and tested. It’s based on the fact that
the discharge channel represents a current loop, drifting with speed of a flow v, and the value E

is determined by the first derivative on time of electrode voltage: oU /ot ~ 2Ev.

The method of gas temperature measurement was adapted to experimental conditions. The
intensities of lines of the rotational structure of the second positive system of N, which has been
used for measurements of gas (rotational) temperature of air plasma, falls at growth of full
pressure Py > 1 atm very sharp. Especially it is true in case of air-propane plasmas. As result,
plasma temperature has to be evaluated over the relative intensities of the molecular bands of CN
(0,0) u (1,1) with quantum wavelengths A=388,3 u 387,2 nm.

Mechanism of transversal electric discharge sustention in supersonic air and propane-air flows
was investigated. It was experimentally shown that secondary breakdown between anode and
cathode discharge streams, formed along a flow, causes transversal discharge’s instability in
supersonic flows. Due to this phenomenon a discharge is temporary and spatially quasi-
stationary, even if a current’s generator acts as a source for discharge feeding. Spatial discharge
structure consists of two parts: a stationary of extension L, -, and a quasi-stationary of extension
Li=ot, where v—is a velocity of a flow, t — current time between two consequent breakdowns
0 <t <T . Period of the voltage vibration T in the discharge is a function of the macroscopic

discharge parameters — discharge current, interelectrode distance and full pressure.
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An electric field - current relation were measured in wide ranges of discharge current and full
pressure of a flow, when a current’s generator acts as a source for discharge feeding. The found
dependencies E(I) are the falling ones, a connection between a current and a field is close to the
power dependence | ~ E™™ where 2 <m<3, and the electric field in a region of
respectively small currents | <1 A reaches values close to 1 kV/cm, whereas the values of the
electric field at | >1 A are ones lower 10%V/cm.

The temperature of plasma of the transversal discharge in a supersonic airflow was measured in
wide ranges of discharge current and pressure of a flow. The temperature - current dependence

has a direct power law T ~ | 3

in studied range of parameters. The temperature has a tendency
to decrease when a density of gas flowing out of a nozzle increases. The temperature - current
dependence is qualitatively opposite to changing of the electric field with current. The value of

temperature reaches its maximum value near electrodes and slowly decreases down a flow.

Measured gas temperature absolute values at high currents reach several thousands degrees.
These values are smaller than the values of the electron temperature 7. ~ 10* K calculated for
these conditions. Thus, plasmas in conditions under the investigation are nonequilibrium one, it
is insufficient to know the gas temperature value for determining of its conductivity, and direct

measurements of the plasma density are necessary.

Results of charged particle measurements in the transversal discharge obtained by electric probes
and by Stark-effect method show that ion density values at Py ~ 1 and currents up to 40 A do not

exceed 10* cm™. Electron density of flame plasma flow was equal to about 10*°cm™.

Checking technique of ignition and combustion of propane- air mixture in supersonic flows was
suggested. Experimentally was shown that the fact of ignition and combustion of propane-air
mixture supersonic flow may be tested by complex (joint application) of two methods: a)
investigation of CH radicals band, 4 = 431.5 nm, luminescence evolution and b) investigation of

the single electric probe currents evolution.

The investigations of ignition of supersonic propane-air mixture flow by different type of
discharge were performed. The range of parameters of the pulsed transversal electric discharge,
in which the ignition of the propane-air mixture flow is observed, is determined. It’s shown

experimentally, that there are the thresholds of ignition, due the length of discharge across the
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supersonic air-propane mixture flow, the discharge current in the case of discharge feeding from
the generator of current or of electric power density. The growth of the electric power density
results in reduction of the pulse duration. The temperature of plasma of electrode discharges in
case of ignition of supersonic air-propane mixture flow was equal to about 3000 K, whereas the
gas temperature in the discharge in the supersonic airflow was up to 2000 K.

Numerical model of electric discharge in a supersonic airflow and air-propane mixture flow as
energy-releasing zone was developed. The laminar flow is described by Navier-Stokes equations
with additional source term in energy equation. For description of the fuel gas ignition and
consequent burning were used two chemical models: 11 species thermally equilibrium quasu-
global chemical models with one global reaction and some detailed reaction model with detailed

reactions mechanism, including 30 species and 70 chemical reactions.

The effects of the heat source power, geometry and time expansion type on the ignition process
were studied. The results are computed for experimental conditions: Py = 4 atm, Tp = 300 K, M =
2 and stoichiometric composition of fuel mixture. The threshold specific power value, at which
the ignition takes place and the threshold value of a discharge length were obtained. These
values were consistent with experimental data for transversal and longitudinal electric

discharges.



e — Magpnitude of electron charge
M — Mach number flow
u -flow velocity

Po— receiver pressure

p — chamber pressure

| — discharge current,

J - density of current

U — discharge voltage,
L —discharge length
U, — probe bias,

li —ion probe current

I, — probe radius,

L, — probe length,

ro — Debye length
e=(rp/ rp)

n - neutral particle density,

NOMENCLATURE

n;. Ne- - density of ions and electrons

T - gas temperature
Te— electron temperature
T=TeT

D; - Diffusion coefficient of ions,

Ree—electric (diffusion) Reynolds number

He , Wi - electrons and ions mobilities accordingly

u - viscosity
Pr — Prandtl number

Z — axial coordinate

Lw(a) - Lambert W function with an argument o



INTRODUCTION

The problem of organization of ignition and stabilization of combustion of an air-fuel mixture is
one of basic problems of aircraft at transition to hypersonic velocity of flight. The gas discharges
of a various type can be the perspective tool of the decision of this problem.

The definition of the most effective type of the discharge and its optimization from the point of
view of ignition are impossible without development of diagnostics methods of discharge plasma
in supersonic flows and measurement of their parameters. The complex of diagnostic methods
(spectroscopic, probe, microwave) of discharge plasma in supersonic airflows was developed in
frameworks of EOARD partner Project of the ISTC #1867p.

The application of such discharges as the systems of ignition of fuel-air mixtures requires in the
first place revision of techniques, caused the necessity of the account of influence of gaseous fuel
on properties of plasma.

Next, direct application of developed methods in case of combustion plasma is impossible. The
reason of impossibility of these methods is the basic difference of the characteristics of plasma
supported by an electrical field, and plasma created due to chemical energy of air-fuel mixture
combustion. The existing methods of combustion plasma measurements are intended for case of
stationary burning of a flame and subsonic velocities of flows.

At last, after the combustion of fuel-air mixture with the help of discharge system there is a

problem of separation of discharge plasma from flame plasma.

The objectives of the project are:
1. The development of a complex of techniques, which will allow to determine:
e parameters of discharge plasma of a fuel-air mixture
e the fact of ignition of fuel - air of a mixture in a supersonic flows,
e parameters plasma of a flame.
2. The development of llaboratory prototype of an automated diagnostic probe circuit for

measurement of local parameters of plasma in supersonic flows

Expected results

e The methods of measurements of parameters of gas discharge plasma and combustion
plasma in supersonic propane-air mixtures flows will be developed.

e The experimental investigation of spatial and temporary evolution of parameters of
plasma of various types of the discharges in supersonic flows of propane-air combustible
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mixtures and combustion plasma created by these discharges will be carried out with
Mach number M=2 in a pressure range 10-400 Torr.

e Checking technique of ignition and combustion of an air-fuel mixture in a supersonic
flow will be developed.

e The mathematical model of interaction of plasma with a probe

e Laboratory prototype of an automated diagnostic probe circuit for measurement of local
parameters of plasma in supersonic flows in a real time mode will be developed and
performed.

e The mathematical model of the discharge in a supersonic gas flow.
Technical Approach and Methodology

During the first year the following investigations have been planned:

upgrade the experimental set up;

development of spectroscopic methods of a measurement spatially - temporary evolutions
of parameters of plasma;

modelling of probe voltage-current characteristics in high-speed flows of the discharge
plasma of the propane-air mixture;

investigation of parameters of plasma and physical processes in a supersonic flow of non-
equilibrium plasma of the gas discharges of a various type;

development of mathematical model of the discharge in a supersonic gas flow;

development of the technical project on model sample of the automated probe diagnostic

complex.

During the second year the following investigation have been planned:
simulation of interaction weakly ionized plasma of propane-air flame with a probe.
development of technique of probe measurements of parameters of flame plasma in a
supersonic gas flow
measurements of combustion plasma parameters
technique of indication of ignition and combustion of propan - air- mixture in a
supersonic flow.

production of an automated probe diagnostic circuit.
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CHAPTER I. TECHNICAL SUPPORT OF INVESTIGATIONS

§ 1. Draft scheme of the experimental setup

Draft scheme of the experimental setup for development and testing of diagnostic methods is
shown in Fig.1.1. The experimental setup is built around a stainless steel cylindrical gas/vacuum
chamber. The chamber is three meters long and one meter in diameter. It consists of two sections
that can form a vacuum-tight junction with help of a lever-operated gate. At the installation and
adjustment of diagnostic and experimental equipment inside the chamber its section can be easily
separated. Twenty-six windows with different diameters (10-50 cm) are located on its lateral
surface, that allows to visualize discharge processes and to provide the vacuum-tight transport of

electric current and electric signals.

Windows Electrodes r- Gas valves
High speed Convergent-
photography q divergent nozzle
Schliren Spectrograph
diagnostics /Y-/
Power source of Personal
DC discharge computer
/ I, U dividers
Power source of
the pulsed periodic
dicrharne
Storage
Power source of Probe circuit [7"""""1  Personal oscilloscope
plasma jet computer

Fig. 1.1. Draft scheme of the experimental setup.

The supersonic channel (Fig.1.2) was mounted along chamber’s vertical diameter. The air supply
and propane-butane supply (further in the text for brevity - propane) were connected with the

channel through the electric valves. Vacuum pumps allow achieving a pressure into chamber up
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to 1 Torr. Supersonic flow was formed in the channel (or in the chamber) by opening an electric
valves and filling with the air or air-propane mixture through a converging-diverging nozzle with
Mach number M = 2. A cylindrical dielectric nozzle had diameter of its critical cross section

15.4 mm and an outlet diameter 26 mm.

The pressure in the gas/vacuum chamber was varied in a range p = 50 - 400 Torr. The pressure in
the receiver of the compressor was varied in a range Py = 1 - 5 atm, the pressure in the receiver

of propane tank is about 5 atm. The flow duration was about 2 seconds.

The experiments were carried out for the transversal pulsed discharge, longitudinal pulsed
discharge and pulse plasmadynamic discharge.

The pulsed discharges were fed by a power supply unit with voltage up to 24 kV, current up to
40 A and pulse duration 2 - 1000 ps.

The plasmadynamic discharge was created with use of a magnetoplasma compressor type
electrode unit. New design of plasma jet generator and the input system of a plasma jet in a
supersonic flow has been developed in contrast to project [1]. The pulse energy was stored in a
50 pF capacitor, which was charged by the power supply unit up to the voltage of 5 kV. The

pulsed discharge switch joined the capacitor and magnetoplasma compressor type electrode unit.

The valves, power supplies and recording equipment were controlled by the system of

synchronization. Detailed description of synchronization system has been performed in [1].

The complex of diagnostic methods was used for a measurement of microscopic parameters of
the discharges:

e schlieren method

¢ high-speed photography

e spectroscopic methods

e probe method
Detailed description of schlieren setup has been performed in [1].
High-speed photography was used for the investigation of dynamics of pulse transversal

A PC-controlled analyzer of optical spectra based on a spectrograph was used for registration of
plasma radiation spectra in the spectral band 300 — 900 nm. Detailed description of PC-

controlled analyzer has been performed in [1].
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The electrical probes were used for a measurement of a plasma density, floating potential and
electric field in plasma. The special scheme of a PC-controlled double probe has been developed
and used (Chapter I1).

Two digital storage oscilloscopes Tektronix TDS-210 registered another signals.

Some experiments were performed in free airflow. The investigations of discharges into
propane- air mixture supersonic flow were performed in the supersonic channel. Schematic of

the channel was shown on Fig.1.2, and its photo — on Fig.1.3.

2 150 300

1 T 7

— _.>_._.__.; ..................... - D23k - |- 0324 - — - — —— . -
=/ ———
2 3 4 5 6 7

Fig.1.2 Schematic of the supersonic channel

1 — propane supply, 2 — air supply, 3 — mixer, 4 — supersonic nozzle, 5 — insulator section, 6 —

plasma generator (electric discharge or plasma jet), 7 — combustor section.

Combustor

section Flow

Fig.1.3 Photo of the supersonic channel.
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8§ 2. The construction of plasma jet generator and input
system of a plasma jet in a supersonic flow

Our earlier experiments on studying possibility of ignition of air-fuel mixtures by pulsed
plasma generator (plasmatron) had been carried out under conditions of normal position of axes
of the plasma jets and the mixture flow. Besides that, rather powerful plasmatron with the stored
pulse energy 800 + 1250 J had been applied primarily. In the present experiments these features
have been changed. For bias (45°) positioning of the plasma jet relatively the supersonic airflow,
a new, improved discharge chamber has been created. Besides that, new design of plasmatron
has been developed, which permits minimization of the threshold discharge voltage and thus

minimization of the energy store.

<« 280
228
223

31

10
e
30

Fig.1.4. Schematic draft of the discharge chamber.

A schematic draft of the discharge chamber is shown in Fig.1.4. The chamber is made of
an acrylic plastic, it has a form of a @80x120 mm cylinder. The work channel is made in the
upper part of the chamber, the channel’s diameter (23 mm) is equal to the supersonic nozzle
output diameter. In the lower part of the chamber the channel becomes wider (28 mm) to fit the
diameter of the quartz tube, which is applied as a work channel of the supersonic airflow.
Several holes are made in the chamber walls. Two of them can be used for transversal discharges
with normal initial position of electrodes or plasma generators relatively the gas flow. One more

hole makes it possible to position a plasmatron in an angle of 45° relatively the flow axis.
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Fig.1.5 shows the new plasmatron design and its power supply scheme. The plasmatron
contains a brass carrier hollow disc (1), which is also the negative electrode. The dielectric
(acrylic plastic) separator (2) is screwed into the hollow disc. A brass coupler (3) is screwed to
the separator. A brass rod positive electrode (4) is screwed into the coupler.

The plasmatron was supplied by a DC source (5) with maximal voltage of 5 kV. This power
supply unit charged a 50 puF capacitor C. The plasmatron was fed through an additional
discharge triggering unit (6), which was switched on by a synchronization circuit. As the
working voltage reached the plasmatron electrodes, a breakdown appeared between the internal

diameter of the carrier (1) and the external surface of the rod (4).

>4

Fig.1.5. Plasmatron design and power supply scheme.
1 - negative electrode, 2 — isolator, 3 - brass coupler, 4 - positive electrode, 5 — high-voltage DC

source, 6 — discharge triggering unit (spark gap).

Characteristic sizes of the units 2, 3 and 4 were varied in order to vary the discharge gap length
and thus to change the breakdown voltage. Under conditions of the current experiments, the ratio
of the internal diameter of the carrier (1) and the external diameter of the rod electrode (4) was
equalto3/7,4/7wu5/7,which corresponded to variation of the discharge gap length between
1 and 2 mm. Note that in the earlier experiments we had applied a constant ratio 4/10, with a 3
mm discharge gap.

Decreasing of the discharge gap length made it possible to apply lower working voltage
(down to 2.5 kV) and the energy stored in the capacitor. For further decreasing of the pulse
energy, the capacity C was taken twice as less. This made it possible to vary the discharge
energy in a range from ~150 J to ~600 J.

REFERENCES TO CHAPTER |
1. Ershov A.P. Final Project Technical Report of ISTC 1867p. Moscow State University,
Department of Physics, September 2001.
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CHAPTER II.
DEVELOPMENT OF THE LABORATORY PROTOTYPE
OF AN AUTOMATED DIAGNOSTIC PROBE CIRCUIT

8 1. The operation principle and block diagram of probe circuit

To choose the operation principle of probe circuit several different alternate designs cases
have been considered.

A PC-controlled probe measurement device type with an opto-galvanic isolation based on
optocoupler and a fiber optical waveguide have been developed and tested to measure the double
probe characteristics in electrical discharge in supersonic airflows [1]. The system with the
galvanic separation of the analog and digital parts on base of the optron pairs does not provide
the required temporary resolution because of comparatively slow operation of the optocouples.
This scheme is also sensitive to noises.

The design with the optic waveguide fiber data transfer channel is more progressive.
Updating variant of this device [2] is based on the transformation of measured analogue signal to
digital sequence, the transmission of the said sequence via optic fiber line for the required
distance and the inverse transformation of the digit code to the analogue signal.

However, since the measurement part of the diagnostic device is positioned outside the
wind tunnel, the capacity of connecting wires limits the speed of the probe voltage -current
characteristic measurements. For an improvement of the temporary resolution another type of the
probe measurement device has been developed.

In the autonomous regime, the device is to provide the synchronization of the
measurements switching on, registration and storing of no less than 10% voltage-current
characteristics, and their further transfer to the main computer with use of standard interface
means. To provide better temporary resolution, the device will be installed near the object under
investigation; a low-power accumulator battery should provide its power supply. The device

must be mobile, small size, and cheap.

An analysis has shown that the demands listed above are most likely to be met in a device based
on an ADSP-type signal processor. This device may apply the principle of conversion of the
measured analog signal into a digital form, its temporal storing in the ADSP memory, and its
sequent transfer to the main computer via either the standard interface RS232, or the infrared
port.

The simplified block diagram of the device is presented in Fig. 2.1.
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3) 4)
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ADSP218x
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Fig.2.1 The simplified block diagram
of the laboratory prototype of an automated diagnostic probe circuit

1-2 — a double probe, 3 — a resistor, 4 — analog-digital converter, 5 — a voltage integrator on a
base of a powerful operational amplifier, 6 — ADSP-type signal processor.

Timing and controlling of the device are governed by ADSP - type signal processor (6). At the
moment of time t, (start point of measurement of the probe voltage-current characteristic) ADSP
(6) forms a start pulse of ADC (4). ADC (4) transforms the value of voltage on the resistor R (3)
to a digital sequence, which is transmitted to ADSP (6) for temporal storing in the ADSP
memory. ADC word size is 12 bit, and the conversion time is 50 ns, which provides the

necessary dynamic range and speed of processing.

At the same time, the start pulse is transmitted to the unit of formation of the linearly growing
bias voltage (5). The electric circuit of measuring of the double probe voltage-current
characteristic consists of the unit (5), the plasma under investigation, the probes (1) and (2), and
the 10-Ohm resistor (3). . The unit (5) is designed as a voltage integrator on base of a powerful

operational amplifier.

The voltage bias U(t) in the probe circuit changes linearly from a minimal voltage of -30 V to a
maximal voltage of +30 V during 10 us. The resulting probe current i(t) in this circuit is

continuously transformed by ADC (4) .
For measurement of one voltage-current characteristic the ADSP (6) starts N of conversions,

which are carried out by the ADC (4) with fixed time lags (0.1 us). As the bias voltage temporal

dependence is known, the array of N pairs of values {U(t;), i(t))} is formed in the ADSP memory

18



(6), this array represents the voltage-current characteristic. The device can record about 500

voltage-current characteristics during one experiment.

After filling of the ADSP memory the measuring section has to connect to the basic PC through
a standard interface RS232, and the data are transported for further processing and analysis. The
program (or reprogram) of measuring section is produced by the interface converter, which is

disconnected from the measuring section. The photo of these devices is

The parameters of the device are shown in the Table 1.

Table 1.

Duration of a single probe measurement 10 us
Voltage of probe VAC measurement +30 V
Probe current limits +50 mA
Bandwidth (-3 dB level) 1 MHz
ADC 12 bit
Separation from the main computer not limited
High voltage isolation not limited

The experienced variant of the block of probe diagnostics was manufactured. The view of

the block of probe diagnostics is shown in Fig.2.2.

Fig.2.2. Photos of the block of probe diagnostics

An analog-digital measuring section and interface converter of LPT port. Top view.
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§ 2. User interface

The program for user interface was design.
The program was oriented on the ultimate user and was designed for visualization,
process experimental data and it’s analysis. The program allow:

e to examine the original sequence of probe characteristics

e to choose from this sequence the series of probe characteristics to process

e to investigate the dynamics of probe current at fixed probe potential

e to determinate the average probe I-V characteristic on base of select series

e to analyze the form of probe I-V characteristic and to set the algorithm of determination of

plasma parameters (automatically or according to the choose of users)
e to retain the results in during to phase of procedure and to transmit these results to another

MS Windows’ applications.

The program is realized in MATLAB. It’s allowed to routine update all algorithms by means of
the change Script files.

As an illustration of the test of the diagnostic circuit consider the sequence of the process of
examination of probe characteristics. The user chooses from the original sequence of probe
characteristics the series of probe characteristics to process (Fig.2.3a,), and can to determinate
the average probe 1-V characteristic on base of select series (Fig.2.3b) or investigate the

dynamics of probe current at fixed probe potential (Fig.2.3c).

Fig.2.3 The illustration the process of examination of probe characteristics. Double probe.

Time, [mks]

a) The series of probe characteristics selected by the user to process.
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c¢) An investigation of the dynamics of probe current at fixed probe potential (Vsixed = -29,2 V).
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CHAPTER III.

ANALYSIS OF PROBE VOLTAGE CURRENT CHARACTERISTICS FOR
THE CONDITIONS OF IGNITING DISCHARGES

Introduction

It seems very easy for illiterate people to insert a wire into a plasma volume and to get a probe
signal. However, the problem is then far from solution yet: in the one hand, the signal must be
informative in regard to plasma parameters, i.e. the noise problem must be solved; in the other

hand, it is not easy to extract this information.

Modes of probe-plasma interaction are numerous, and for a great part of them there exists no
sufficient theory, which would make it possible to bind probe signals with plasma properties. No
skilled in art specialist can report probe diagnostic results without detailed consideration of the

actual mode and substantiation of the applied method.

Our previous studies of probe interaction with weakly ionized plasma flows with high speed vgq
[1,2] have shown that under conditions in the discharge plasmas of interest the probe ion current is
defined either by the ambipolar diffusion, or by the ion drift in the local electric field Eo; analytical
formulae for the drift mode in the case of normally positioned E, and vy had been deduced. The
field has components bound with the probe bias voltage, the charging of the active probe wire, the
external discharge field, and charging of the second, passive wire of the double probe; the last
component has not been accounted for in the previously deduced analytical formulae. These
formulae had also neglected the electron component of the probe current. The model corresponded

to the model discharges in supersonic airflows [1,2].

However, our further studies of the double probe interaction with plasma flows under conditions
close to the optimum for air-fuel flows ignition (transversal discharges with comparatively higher
electric current and lower electric field) have shown that the vectors Eq and vy are often not normal
to each other; drift and diffusion can play comparable roles in formation of the voltage current
characteristic; charging of the second, passive wire of the double probe can be important in

formation of the electric field distribution near the active probe surface; the electron current can
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sometimes affect the voltage current characteristic. Neither the probe models known from the

literature ([3-7] a.0.), nor our previous studies describe this situation.

All these aspects have been accounted for in our new analytical effort. The complexity of the set of
processes accounted for made it impossible to deduce analytical formulae, but the resulting

procedure of calculation is simple and fast enough to be applicable for diagnostic purposes.

The further development of the project is bound with diagnostics of flames. Flame plasmas are
characterized by comparatively low values of ion density. Then the probe ion current is defined
either by processes in the Debye layer, or by the ambipolar diffusion. The Debye layer is nearly
one-dimensional. For description of such modes of plasma-probe interaction, the quasi-neutral
approximation is invalid in the Debye layer, and it is necessary to solve the Poisson equation. Such
computations have been carried out in a one- dimensional approximation. The studies of probe

modes in flame plasma flows are to be continued in the next stage of the project.

8 1. Background of a Detailed Description of Probe-Plasma Interaction

An interpretation of probe voltage-current characteristics in terms of plasma parameters is based on
consideration of transport of charged particles in the vicinity of the sounding probe surface, see,
e.g., References [3-7]. The consideration in the case of discharge plasma flows characteristic for

plasma aerodynamic applications should be based on the following equations [1,2,8,9].

The Navier-Stokes equations for neutral components dynamics:
Opglot + div(pgvg) = 0, pgdvg/dt = —gradpg+ q +F, (1.2)
ngdEg/dt = — pydiv vg + Q + W,

(here ng, pg, Py, Vg, Eq are the gas concentration, density, pressure, velocity and internal energy of
translations and rotations, q and Q are the viscous terms, the terms F and W account for forces and
energy flows from the plasma, pg = MmaiNg, Mmor IS @ molecule mass, kg is the Boltzmann constant.
In our case the force F is negligible [1], as well as the effect of W for the characteristic size of the
probe vicinity (0.1...1 mm). That’s why the effect of plasma components on the neutral gas was
neglected. In our case the Reynolds number is not very high (Re = 1...300), i.e. a laminar gas flow
takes place.
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In our previous works [1,2] it had been shown that the electron temperature Te in the region of
enhanced electric field near the probe surface can be considerably higher than in the ambient
plasma. The current study deals with lower electric field values; that is why temperature of

electrons here has been supposed to be a constant.

Balance of positive ions:
onilot + div(niv;) = Ki(Te) - Kgr(Te). (1.2)

Here v; is the positive ions velocity, K;, Kgr are the rates of ionization and (dissociative)
recombination (see, e.g., [9]). The effect of reactions can take place in the region of enhanced T,
near the probe [1,2]. As the electron temperature was a constant, in the current study this effect was
neglected (K, - Kg = 0). The velocity of ions [10]

Wi =€/(MmorVim), Di :kBTg 1(Vim Mmot),

here ; is the ion mobility, viy, is the cross section of elastic ion-molecule collisions, D, is the
ambipolar diffusion coefficient. This expression accounts for the ion-gas friction, the drift in the

external electric field, the ambipolar diffusion and (approximately) the thermal diffusion.

As the characteristic temperature and positive ions concentration in discharge plasmas are relatively
high, the effect of negative ions on the probe voltage-current characteristics is comparatively weak
[1,2]; in the current studies it was neglected. For plasma regions, the quasi neutral approximation

was applied instead of the Poisson equation:
| ne—ni|/mi<< 1, 0orne=n; (1.4)

(ne, nj are concentrations of electrons and ions). The applicability of this approximation for
discharge plasmas is considered below.

For the electromagnetic field in the plasma region, quasi steady (o6/ot ~ 0) Maxwell equations
(except the Poisson equation) at low values of the magnetic Reynolds number Rey, << 1 were

applied:
rotE=0, j=oE, rotB=pgj, divB=0 (1.5)

in a case (d/ot = 0), (o= e ne Ue IS the conductivity, pe. = e/(meve) is the electron mobility in the
electric field E, B is the magnetic field induction, j is the density of current, po = 4710 H/m, e and

me are the electron charge and mass, ve is the frequency of electron collisions). The last three
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equations (1.5) with account to the expression of E via the gradient of the electric potential ¢ and to

the identity div rot G = 0 valid for any vector G, yield
div (ne pe grad )= 0. (1.6)

This equation can be used for calculation of E and ¢ in quasi-neutral plasma regions. However, it is

invalid in the Debye double layer near the probe surface, where the medium is not quasi neutral.

As the active surface of a double probe is negatively charged relatively the plasma medium [1,2], in
this layer n. << n;. The ions are accelerated to the probe surface in this layer, they pass through the
double layer without a considerable resistance, and practically all the ions that enter the Debye layer
will reach the surface. Electrons are repulsed from the negatively charged surface; only a high-
energy fraction of electron distribution can overcome the potential barrier and take part in formation

of the total probe current.
The total probe current is calculated by integration:

li= L'RI ii(w) — je(w)]dy. (1.7
Here ji(v), Je(w) are the ion and electron components of the local probe current density, L’ is the

length of the probe that is in a contact with the plasma.

8§ 2. Electric Field Distribution around the Double Probe. Effect of the Second
Wire

Consider the electric field distribution in the plasma volume around the double probe (two cylinders
with axes in a direction z, zLEy, zLlvg). The probe charge produces a electric field around its
surface, this provides the probe current. The external (discharge) electric field Eq must be also taken
into account, as it can be much higher than the probe field, especially due to the well-known effect

of field concentration by conductors.

One more aspect is bound with the fact that in the current experiments there are two parallel
cylindrical probes with rather a small separation 612, and their plane is inclined relatively the
discharge electric field E4 for an angle B,~n/4. The charge of probe 1 can induce a considerable
electric field Ej» in the position of another probe 2, and vice versa. Note that the resulting external
electric field for the probe 2, Eq + Eip, is not equal to the electric field for the probe 1, Eq + Ez,
primarily due to the difference of the angles between the field vectors (B, and © — B2). This may
result in different slopes of the voltage-current characteristics for positive and negative voltages U:
the probe that is collecting primarily ions at U > 0 is in higher field Eo, and the ion drift current is

relatively stronger at U > 0 than that at U < 0. Note that the angle Vg, between Eq and vy differs
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from the angle between Eq and vy, Wey depends on U, as well as on B2, R, 812, Eq and other

parameters.

These probes also have as a rule different potentials, for they are positioned in places with different
values of the plasma potential. The difference in local plasma potential values is Egd125inf,. This

shifts the double probe zero current point from the U = 0 position.

The summary (probe and external) field (with no account to plasma effects) for a sufficiently long
(L/R >>1) cylindrical probe with its axis normal to the ambient external electric field E; in a

medium with even conductance distribution can be approximated as [6]

E = Eo (1 - R+ r°2(R¥r%) (Eo 1) + r'V,/(rin(L/R)), (2.1)

here r° is the unit radial vector, V, is the probe voltage. The field component normal to the surface
En= (Eo r°) in the boundary r = r, between the diffusion and drift layers is

En=EoCosy(1+R?%/(R+r4)?)+V,/((R+r2)In(L/R)), (2.2)

here v is the probe surface azimuth angle coordinate (the same probe surface azimuth angle as in
[1]), v is bound with the external electric field. If one neglects r, in comparison with R, then
En = 2 Eg cos y+ Vp/(R In(L/R)). (2.3)

For the double probe the sum of the values of current to the probes equals to zero. One of the probes
(say, probe 1) absorbs primarily ions, while the other one (probe 2) absorbs primarily electrons. The
fact that 44 /1. << 1 yields that both probes are necessarily charged so that the retarding potential
would prevent electrons to flow to the surface, for the ion current on the probe 1 cannot be as high
as the electron current on a zero potential surface of the probe 2. In the zero point of the voltage
current characteristic, to keep zero total probe current, each probe must have a negative bias

relatively the local plasma medium potential:
V" =2 Ep (R In(L/R)) + AV, (2.4)

here the first term is bound with the external field, the second term results from the fact that fast
particles of the electron distribution function can overcome potential barriers. This term is bound
with the Debye layer, where the corresponding electric field is concentrated, i.e. it is not taken into

account at consideration of the plasma regions. If the distribution function is close to the
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Maxwellian one, it is in a direct proportion to the electron temperature. The actual value of Vp0 must

be determined by integration of the currents over the entire probe surface.

A probe potential in other points of the voltage current characteristic can be expressed as V, = Vlo0
+AV,. The normal field on the interface with the diffusion layer in accord with (2.3), (2.4) is
En=2Epcos w + 2 Eg+ AVp/(R In(L/R)), (2.5)

i.e. the field near the probe is defined by the external field, if Eq>>Ep+=AV,/(2RIn(L/R)), and by the

difference of potentials between the two probes, if Eo<< Eo~ .

8 3. Plasma Parameters Distributions and lon Probe Current

in Drift, Diffusion and Intermediate Modes

A double probe voltage-current characteristic is formed primarily by the ion current. The latter can
be limited either by the processes of ion drift in the drift area (or the “non-viscous flow region”,
where |uiEg| >> |grad (D, ny)|), or by finite efficiency of the ambipolar diffusion in the diffusion
layer (or the “viscous boundary layer”, where |grad (Da ni)| > |wiEol|), or by the ion-ion repulsion in

the Debye sheath, where nj>>n.. The least effective process defines the mode of probe operation.

Consider the case when the ions pass through the double layer without a considerable resistance.
Such a situation is characteristic for the major part of the plasma parameters, especially for the
cases of sufficiently high characteristic gas density, which are characteristic for realistic full-scale
systems of plasma aerodynamics [1]. Then the double layer can be excluded from our speculations

concerning the ion current.

Parts of the probe surface are under different conditions due to the distribution of the plasma
parameters and the local normal electric field E,. For some of the current tubes the ion current can
be limited by the ion drift (drift mode), but for other current tubes the situation may be opposite
(diffusion mode). The relative yield of the modes depends on external conditions and the probe bias

voltage U.

Consider a current tube with drift, diffusion or intermediate mode. Its effective voltage for a
cylindrical probe is bound with the local electric field as [6] A= Eq(R In(L/R)), here R and L are

the probe radius and length. The diffusion and drift layers can be represented as sequent resisting
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parts of a current tube with voltages Aga and Aqq, respectively. The total voltage of a current tube

for the ion current i; can be calculated from the formula
Ap, =Ap, +Ag, :(pa +pd)ii' (3.1)

The values of partial resistances of the layers pa = Aga/ia and pg = Agg/ig can be determined from
the values of ion currents i, and ig, which are calculated for the current tube from solution of the two
partial problems with respect to only diffusion and only drift. Together with the condition of
conservation of the ion current through a current tube i, = iy = i; it makes it possible to determine the

values of the total ion current i;, Ap, and Agq for any current tube.

Consider the drift partial problem. The equations (1.2) and (1.3) with account to (1.5), (1.6), the
equations J = oE, 6 = enets, rot B = pgj, nipi/(pene)<<1, the mathematical identity div(rot G) =0
valid for any vector G, and in case that (ui/pe) = const, yield that the value x=ni/ng is a constant, and
on the interface of the drift and diffusion regions this value is equal to the unperturbed one in the
ambient flow x.. It makes it possible to determine the ion current density in the drift region:

1/2

actually, neglecting variations of T4, one can get the ion drift current density as [1]

Jia(w) = eni(w) u(W)En(y) = e? En(w) ni(w)/[Ng MmoiZim (2 ke Tg /mmol)m] =
= ?%i En(W) /[MmoiZim (2 ks Tg /Muot)?] = eNiwottioEn(y), (3.2)
here ni,and u. are the unperturbed values of ion density and mobility in the ambient flow. The
corresponding drift layer partial local resistance of a current tube with the cross section area A (near
the boundary of the drift and diffusion layers)

pa(y) = Agi(y)/[iia(y) 3A]. 3.3)

Consider now the partial problem with respect to the potential fall in the diffusion layer only. The
diffusion characteristic length r, for a temporary evolution of an initially stepwise profile of
concentration is

ra = (tDa)*?, (3.4)
here the time coordinate t can be expressed via the length | of a path of an element of plasma along

the probe surface as
t=](1/vg) dl = I/vg, | ~ Ry, (3.5)

here ys is the azimuth coordinate bound with the gas flow, ys =y —Wg,, Wey is the angle between

the vectors of the external (ambient) electric field and the unperturbed plasma flow velocity.
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Assume a linear radial plasma density profile across the diffusion layer and a constant x=x., in the

drift area; then the ion flux across the diffusion layer is

['(y) = = Da(y) i(y) = Daiel Fa(y). (3.6)

Here D, is the ambipolar diffusion coefficient in the ambient flow (we neglect variations of Te).

The corresponding ion current density and the diffusion layer partial local resistance are

Jia(v) =el(y), pa(w) = Agi(w)/[8A Jia(y)] 3.7)

These formulae yield infinite jizat 1 = 0. To eliminate it, a small but finite constant value of rao was
added to the denominator in (3.6); it can be determined from a 2D solution of the diffusion problem
for a flow over a cylinder, but calculations have shown that the resulting total ion current is
practically independent on considerable variations of ry. Actually, if the partial resistance pa(y) is
low, it can be neglected. That is why the additive to the denominator must be applied rather to

provide non-stop calculations.

The value of ji, is independent of Ag;, and the higher is Ag;, the higher is the effective resistance p,
corresponding to the constant ji;. One can see that the diffusion mode can prevail at high Ag;, i.e.

when the drift processes are effective.

Together with the mentioned above, it makes it possible to calculate ji(y) for any current tube with

account of the both drift and diffusion mechanisms.

8 4. Account to the Electron Current Leakage

The electron distribution function contains a tail of high-energy electrons, which can overcome
retarding potential barriers and enter the surface of the probe, which collects primarily ions. As the
mobility of electrons is much higher than that of ions, the electron current leakage can affect the
total probe current at low U.

Consider first the situation with the probe zero voltage U =0. If the two probes are under the same
conditions, then the total current I = 0, i.e. the electron and ion currents are equal to each other for
both probes. The ion current flows through practically all the surface. The electron current leaks
practically only into a portion of the probe surface, where the local retarding electric field is low.

The electrons must overcome the local potential barrier Age(0) corresponding to the retarding
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electric field. In case of the Boltzmann distribution function, it yields the exponential factor to the

local values of the electron current:

Je (Te ,U=0) = exp[-A¢e(U=0) /(ksTe)] je ", (4.1)

here je* is the local one-side electron current through a surface A near the probe, which potential
relatively the probe surface is Age. Consider A to be the boundary between the drift and diffusion

regions, then one can estimate j.* from the kinetic formula

je+ = eneVel4, (4-2)

here ne is the local electron density, ve is the mean thermal electron speed. The value Ag. can be
calculated as a sum of the voltage of the diffusion layer A, and the voltage of the double layer near
the surface Agp, Which results from extra negative charging of the probe relatively the case of T, =
0. The value of Ape(U=0) can be calculated from the condition of zero total (ion and electron)
current through the whole probe surface. Note that at U=0 the probes are under a considerable

negative potential.

Now consider the case of the probe, which collects primarily ions at U= 0. The retarding potential
barrier Ape(U) grows for a value, which is less or equal to U. However, at low enough values of
voltage U in the major part of the probe surface the relative changes of Agq are not considerable due
to the effect of preliminary charging of the probe in the external electric field. This makes it
possible to assume that the ion current and the corresponding voltage drops do not depend on
variations of U at low values of the external voltage |U|. Thus, to a first approximation, the total

negative retarding potential

Ape(U) = Apat App(U=0) + [U]. (4.3)

At higher |U] the errors bound with this approximation may grow, but then as a rule the electron
current becomes negligible, and these errors do not affect the summary voltage-current

characteristic considerably.

It makes it possible to calculate the voltage-current characteristic with respect to the electron current

leakage at low values of |U|. This makes the growth of the total probe current not so quick at |U|<
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ksTe and |U| ~ kgTe . At higher |U|, the voltage-current characteristic approaches that calculated

without the account for the electron current.

Thus, in accord with (4.1), (4.3), the electron current falls exponentially, as the probe voltage bias
|U| grows. This exponential fall of the probe electron current with |U| can be seen in the results of

our detailed 1D computations of the Debye and diffusion layers (see below).

Of course, it could be possible to neglect the region of a considerable effect of the electron current
and to determine plasma parameters from the parts of a voltage-current characteristic with totally
ion current (at high |U]), but the theoretical curve would be then somewhat dislike the
corresponding experimental voltage-current characteristic, especially near the point of origin of the

coordinates.

8 5. Probe Voltage Current Characteristics

The resulting probe total (ion and electron) current | was calculated for a given probe bias voltage U
with use of the above mentioned explicit analytical formulae by a direct calculation of the integral
() over the probe surface (or over the azimuth angle ) with iterating of Agp to meet the condition
of the necessary suppression of the electron current. The computation time is negligible. Some

results are shown in Fig.1-3.

The theoretical and experimental voltage current characteristics correlate at reasonable values of
plasma parameters (Fig.1-3). They have regions of steeper (at lower |U|) and slower growth (at
higher |U|), which, in accord with the model, correspond to the modes with ion plus electron and
with only ion currents. They are all asymmetric: ol/0U and maximal | are higher for U > 0 than for
U < 0 (apparently, due to the difference in values of the external electric field Eg). The zero current
point is as a rule shifted from the U=0 point (because of the difference in positions of the two
probes). The electron component is considerable near the origin; the diffusion mode is important at
higher voltages |U|; the drift mode plays an important role in the rest parts of the voltage-current
characteristics.

The diagnostic problem solution on base of the newly developed model suggests best fitting of
experimental and theoretical results by varying of unknown or poorly known plasma parameters,

such as Te, Tg, Nix.
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Fig. 1. Probe voltage-current characteristics for the transversal discharge
at electric current 5 A, chamber gas pressure 100 Torr, gas speed
600 m/s, discharge electric field 43 VV/cm, probe diameter 0.3 mm,
probe-plasma contact length 2.3 mm, separation between the probes
2 mm, double probe plane — discharge electric field angle 45°, gas speed
— discharge electric field angle 0° (the anode jet)

a, b — regions of scattering of experimental points at two sequent
measurements, ¢, d, e — theoretical curves at ion density 1.2 10*cm™,
with gas temperature 2000 K (c,e) and 3000 K (d), electron temperature
2eV (c,d)yand 1 eV (e)
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Fig. 2. Probe voltage-current characteristics for the transversal discharge
at electric current 11 A, chamber gas pressure 100 Torr, gas speed
600 m/s, discharge electric field 23 VV/cm, probe diameter 0.3 mm, probe-
plasma contact length 2.8 mm, separation between the probes 2 mm,
double probe plane — discharge electric field angle 45°, gas speed —
discharge electric field angle 0° (the anode jet).

a, b, ¢ — regions of scattering of experimental points at sequent
measurements, d, e — theoretical curves at ion density 2.9 10*cm™, and
1.8 10" cm™, respectively.

Gas temperature 2000 K, electron temperature 2 eV
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Fig. 3. Probe voltage-current characteristics for the transversal discharge
at electric current 16 A, chamber gas pressure 100 Torr, gas speed
600 m/s, discharge electric field 17 VV/cm, probe diameter 0.3 mm,
probe-plasma contact length 3 mm, separation between the probes 2 mm,
double probe plane — discharge electric field angle 45°, gas speed —
discharge electric field angle 0° (the anode jet).

a, b — regions of scattering of experimental points at two sequent
measurements, ¢, d — theoretical curves at ion density 1.4 10 cm~and
2.310" cm™, respectively, with gas temperature 2000 K, electron

temperature 2 eV
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8 6. Difference in Diagnostics of Pure Air and Air-Hydrocarbons Mixture

For the conditions characteristic for the plasma aerodynamic experiments, the theoretical methods
for probe diagnostics have been previously developed. For a broad region of plasma flow
parameters, in which the ion drift in the electric field is important, the analytical formulae have
been deduced. Another regime (characterized by a great role of ion diffusion) has been studied
numerically. These studies dealt with air plasma. Consider the plasma of air-fuel mixtures.

The stoichiometric amount of fuel in air-fuel mixtures is comparatively small (few percents). E.g.,
complete oxidation of 2 molecules of octane CgHig wants 25 molecules of oxygen, that in air
corresponds to 125 molecules of nitrogen, i.e. the stoichiometric molecular composition of the
octane-air mixture is 1.3% of octane and the rest 98.7% of air. It means that the effect of fuel
presence on plasma properties with additive yields of components with comparable weight factors
is negligible. E.g., the thermodynamic functions pg = pg (0, T ) and gy = e4(0g, Tg) and plasma
viscosity ng = ng (0g, T¢) are practically unaffected, provided the values of py and Ty are specified
(don’t forget that a diagnostic problem is considered). The same can be deduced for electron

mobility and plasma conductivity for a given electron density.

The presence of fuel, however, can make a considerable difference in cases where yields of minor
components can be exponentially high. The balance of positive ions in weakly ionized plasma, e.g.,
depends on components with the lowest ionization potential. Some hydrocarbons have ionization
potentials that are considerably lower than that of O, and N,. It means that the ionization rate and
the positive ions characteristic composition in air-fuel mixtures will be different than in air plasmas

under the same conditions.

One of important issues of probe diagnostics of hydrocarbon plasmas is reported to be deposition of
polymeric films on probes surfaces [11]. The dielectric film insulates the surface and lowers the
probe current. Polymerization and film deposition is well known for non-equilibrium plasmas of
air-nydrocarbons mixtures. For preventing of such phenomena, probe heating to temperatures
exceeding 800 K can be applied [11].

An ion has practically the same scattering targets in the air-fuel host gas as that in the air. However,
hydrocarbons generally have lower ionization potentials than O, and No. It causes dramatic changes

in positive ions composition. It can be important for probe diagnostics.

The ion composition in a non-equilibrium plasma depends greatly on actual conditions and initial
fuel sort, as well as on the process history. But it is likely that the general trend is to form positive
ions with 2...4 carbon atoms. E.g., at discharges in both light methane CH, (16 a.u.m.) and several
times as heavy n-octane CgHig (114 a.u.m.) major ions have medium weights (30...60 a.u.m.) [12],
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[13]. Negative ions in hydrocarbon plasmas are light (primarily H™), they have much higher
mobility than negative ions in air, but the probe current is practically unaffected by the negative

ions movement however.

The previously developed (for air plasma) probe diagnostic method is based on measurement of an
ion current, which is determined by mobility and diffusion of positive ions. The coefficients of

mobility and diffusion are bound by the Einstein relation, so one can consider only one of them.

The mobility K; of ions (mass M;) in a host gas of different molecules (mass M) at moderate
characteristic values of electric field (E/Ng less than 100 Td) is determined at a given temperature T
by the reduced mass u« = M; M, /(M; + M) [14],

Ki = 3n"%e/[8Ng 2 im(1,T) (2keT22)*2],
2 in(4T) =0.50/° Zim(X) exp(—=x?)x%dX, X = ug°/(2ksT),
here g is the relative ion-molecule speed, kg is the Boltzmann constant.

For O," ions in the air, the resonance charge exchange at collisions with O, molecules is important,
it lowers their mobility. Note that the hydrocarbon positive ions have practically no chances to meet
the corresponding molecules, and the resonant charge exchange is not effective in the hydrocarbon
plasmas. These ions collide with host gas molecules of other structure (N, O,...). For gas
molecules, which are not dipoles (that is the case for the air-fuel plasma), i, is determined

primarily by polarization o, of the neutral molecule in the ion electric field,

Zia ~ 2n(am 1E1)™?,

E; is the mean ion energy, which is close to the gas thermal energy. One can see that for this
approximation (which has an accuracy of about 20%) the sort of ions i affects K; only via square
root of the reduced mass . The corresponding mobility of ions in a gas of different molecules is
practically independent of gas temperature and ion distribution function, with an accuracy of ~ 20%
an ion mobility at a gas with the density corresponding to the atmospheric pressure can be estimated
as [14] Ki= 36 (am )2, here K; is in cm?V*s™%. The corresponding dependence on ion mass is
rather weak for heavier ions: e.g., even for M; = 5My, K; is only 1.3 times as less as that for M; =
M. Light ions have much higher mobility (e.g., M; /M, =1/28 for H" in air corresponds to K; being
3.8 times as high as K; for M; = My,).

Thus, one of the major differences of probe voltage-current characteristics in air-fuel mixtures is
bound with different scattering cross sections and with different masses of positive ions. The probe
diagnostic signals depend on the sorts of abundant ions in plasma.
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Heavier ions have poor mobility and give a little contribution in the total ion transport, lighter ions
contribute much more. The positive ions that are possible to have the highest population in
hydrocarbon non-equilibrium plasmas with different fuels and histories have ion masses, which are
not very far from each other and from that of the air plasmas. It is important that a sufficiently low
percentage of light hydrogen positive ions with high mobility is usually formed in hydrocarbon-air

plasmas (H has a comparatively high ionization potential).

The reduced mobility Kip = KiNg/Ngo in nitrogen for CeH;" is 2.47 cm?/(V.s) (here Ngo = 2.69107%
cm™®) [15]. The 2 dependence yields Kio ~ 3.45 cm?/(V.s) for, say, CHs". For the experimental
conditions of [13] at E/Ng = 100 Td (heavier hydrocarbon ions in methane) the reduced mobility

was 2.8 cm?/(V.s). Thus, the reduced mobility of the most abundant hydrocarbon ions is likely to be
about 3 cm?/(V.s).

The value of ion mobility ui..affects both the processes of ion drift and ambipolar diffusion (D, is
proportional to ;.). However, the ion drift current density is in a direct proportion to the mobility
L, (in accord with (3.2)), while the diffusion ion flow is proportional to Da..” (see (3.4),(3.6)). It
means that the total probe current dependence on ;.. is nonlinear, and it is weaker than a direct

proportion.

It altogether means that the ion transport characteristics are likely to be not very sensitive to an
actual ion composition for characteristic air-fuel mixtures, and the corresponding errors are
tolerable. However, the fact that ion mobility in an air-fuel mixture can be several (~4) times higher
than in pure air must be accounted for. The accuracy might be enhanced by experimental and/or

theoretical studies of positive ions in actual plasmas.

lonization rates may depend on presence of comparatively small fractions of molecules with low
ionization potentials I;. In the pure comparatively hot air those can be NO molecules (I; = 9.24 eV),
in hydrocarbons — e.g., CHs (I; = 9.84 eV). The differences in ionization rates are not very dramatic
(say, for air and methane the difference is within 5 times for E/ny > 100 Td, higher values for
methane, as it follows from the approximation data cited, e.g., in [16]). Thus, the ionization
thresholds of applicability of the probe diagnostics for air and air-fuel mixtures must be close to
each other. For the first approximation of the current diagnostic problem, one can neglect the
difference between ionization in the air and in an air-fuel mixture. For higher accuracy, one must
specify the gas composition including small fractions, which depend on the process history and

parameters.

Thus, the prospects of diagnostics are looking optimistic. Further studies are necessary however.
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§ 7. Mathematical Modeling of the Double Probe in the Air-Fuel Plasma

A direct computer simulation of the double probe in the plasma of the air-fuel mixture has been

carried out on base of the model similar to that developed in [1] for plasmas of air.

The neutral gas dynamics was simulated on base of (1.1) in the 2D planar approximation with the
apparent boundary conditions, which are traditional for computations of flow over a body: zero
velocity on the probe surface, ambient plasma flow parameters on the input boundary, and a free
exit on the opposite side. The plasma concentration is defined by (1.2), (1.3) with K,— Kg =0, the
electric potential was calculated from (1.6), the electron temperature was assumed to be a constant
(1.5 eV). In accord with the above mentioned, the ion mobility was taken 4 times as high as that of
the air plasma, and all the other plasma properties were the same as in the case of air plasma [1].
The plasma boundary conditions were analogous to [1]: on the boundary near the probe the mean
normal component of the total ion velocity was computed as [1] vy = Vin + Vit/2 exp(=2 [Vin / Vit]%),
here v;7 is the arithmetic mean thermal ion velocity, vi, is the drift velocity; the ‘probe’ boundary
potential in computations ¢ was taken Cp times less than the probe voltage V,, Co= In(L/R) /
In(Ru/R), Ry is the maximal radial coordinate of the mesh (in order to account for the finite size of
the computational region). At r = Ry, the potential was a zero, and the ion velocity was equal to the

gas flow velocity.

This model considers processes in the quasi-neutral part of the vicinity of a cylindrical probe. It
pays no account for the Debye double layer. Of cause, the model cannot be applied for such regimes
of plasma-probe interaction, in which the double layer limits the ion current to the probe. Such
regimes are considered below analytically and numerically. Here we consider the opposite case (i.e.
for regimes with ion current limitation by ambipolar diffusion and/or ion drift). The Debye double
layer potential drop Agq in such regimes can be considerable however (Agq can achieve 10 V and
more). It means that the total probe-plasma potential drop A is divided between the Debye double
layer Agq and the plasma region Agq. One could suppose that neglecting of the Debye double layer
drop may result in intolerable errors, but the situation is not so bad.

The values of Agq are high for the regimes, in which the ion current to the probe is limited by
diffusion. For these regimes the ion current is independent on the plasma region potential drop, and
the uncertainties in this value cannot affect the voltage-current characteristic. Thus, for the diffusion
regimes it is possible to neglect the Debye double layer drop.

For the regimes, in which the ion current to the probe is limited by the ion drift, the latter depends
on the potential drop in the plasma region, Aps==A¢ — Agq. For the double probe with cylindrical
wires 1 and 2, the probe bias U= Api— Ap= (A@qi— A@q2) +(APd1 — A@d2) =AQa1+(Apqi— Agqe) (here
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the voltage drop in the plasma near the passive probe Ag@qg; is neglected). One can see that the
uncertainty bound with neglecting of processes in the Debye double layer depends on the difference
of the two double layer drops (Apqi— A@g2), Which is considerably less than Agqi. Moreover, the
value of is much less for the ion drift regimes than that for the diffusion regimes. Thus, the

uncertainty is tolerable, and the model is applicable for the drift regimes too.

The computer simulation of the gas dynamics of flow over the probe was carried out with use of the
implicit free-LaGrange method and an irregular triangular mesh bound with the gas [1]. The mesh
had a characteristic cell size that quickly decreased at approaching the probe surface; the mesh had
about 200 cells along the probe surface, and about 20,000 cells total. The plasma part of the
problem was solved with use of a fixed mesh, which had resulted from the solution of the gas
dynamical part of the problem, and with the corresponding distributions of gas temperature, density

and velocity.

Characteristic results of computations for air and air-fuel plasmas under similar conditions (probe
diameter 1 mm, flow velocity 600 m/s, temperatures T, = 1.5 eV, Ty = 1000 K, M = 0.85, gas and
plasma densities ny = 10°* m™, n, = 10"° m™, probe potential go = 16 V) are presented in Fig. 4...7.

Major difference between the air and air-fuel plasmas is in the ion mobility (Fig.4), because
different sorts of ions conduct the probe current in these species. This results in changes in other
plasma parameters. Plasma density fall near the probe surface becomes relatively shallow in the air-
fuel plasma (Fig.5), for the higher mobility makes it easier for ions to achieve a comparatively even
spatial distribution. Electric field concentration near the probe surface becomes weaker (Fig.6): the

field relaxes easier.

As it has been shown above, in the case of the ion drift mode, the growth of the ion mobility must
result in 4 times higher probe current than that in the air plasma. In the case of the diffusion mode,
the probe current is only twice as high. In our case the mode is intermediate between the drift and
diffusion modes, i.e. for some current tubes the ion flow is limited primarily by drift, and for others
— by diffusion. In accord with the analysis, the computed ion probe current is 2...4 times as high as

in the air plasma (Fig. 7).
One can see that the differences in distributions of plasma density, ion mobility, electric field etc.

are considerable. It means that the plasma composition should be accounted for at interpretation of

probe voltage-current characteristics.
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8 8. Analysis of Interaction of Probes

with Flame Plasma High-Speed Flows

In most works concerning high pressure weakly ionized plasma flows [17] negatively biased probes
are considered. They collect positive ions, which have comparatively low mobility. At low plasma
density the ion probe current is too weak (~pA), and it is a considerable technical problem to
measure this current at characteristic noisy environment. In [18], positively biased probes are
considered, which collect much higher electron currents due to higher mobility of electrons. Such
probes are more resistant to noises and therefore more suitable for application. We restrict our
further study to the positively biased probes. These works deal with comparatively low-speed
plasmas of hydrocarbon-air flames. As it is shown below, the regimes considered do not cover the

region of parameters of high-speed flame plasma flows of interest.

1. Planar probes
Consider first the space charge sheath near a probe in a planar wall. Such planar geometry is the
simplest for analysis, if one neglects field concentration and boundary effects near the frontal edge

of the probe surface.
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Consider the formation of the sheath. lons are all swept out by drift in the electric field from the
sheath, and the trajectories of ions, which are closest to the probe wall, define the shape of the
sheath boundary. These trajectories are formed by convection along the axis x parallel to the probe
surface (with the flow velocity vi) and by ion drift in the normal direction y under the effect of the
boundary sheath field Eq. Thus, the sheath boundary coordinate xs is defined by the equation
OXs(Y)I0y = Eo(y)Wil Vs. (1.1)

Here ; is the ion mobility. Traditionally, the zero sheath thickness xs = 0 is assumed at y = 0,
though actually the sheath must have a considerable thickness here due to field concentration.
The distribution of the electric field in the sheath is given by the Poisson equation with respect to
the space charge of electrons,

div &0E(X,y) = eNe(X,y), (1.2)
(here Neis the electron density in the sheath, e is the electron charge, ¢ is the permittivity of free

space), or for the planar case with the only significant x-component of the field E

0 g0E(X,y) /0x = eNe(X,y). (1.3)
Apparently, due to the definition of Eg, E(X = Xs,y) = Eo(y). The sheath voltage is
U = [ E(x,y)dx, (1.4)

here the integration is carried out for y = const from the probe surface x = 0 to Xs. If no ionization or
recombination takes place in the sheath, then the conservation of electron current density je in the
sheath yields

Je (X,Y)= Ne (X,y) He E(X,y) = Neo He Eo(Y), (1.5)
here L is the electron mobility, Neo is the electron density of the plasma near the sheath boundary.

Substitution of Ne(x,y) from (1.5) makes it possible to solve the Poisson equation (1.3):

E(xy) = [2(xs (y) — X) € Eo(y) Neof €0 + Eo(y)*] ™. (1.6)
Integration of (1.4) gives the expression for xs (y) via Eo(y) and U:
Xs () = Eo(y) €0 {1 = [1 = 3 U & Neo/(g0 Eo(y)*)]**} (26 Neo) . (1.7)

This expression after substitution into (1) gives a differential equation for determination of Eq(y),
and then all the sheath distributions xs (y), E(x,y), Ne (X,y), je(X,y) can be readily determined from

(1.7), (1.6), (1.5). The solution of (1.1) however is not expressed with elementary functions.

To get more transparent relations, consider two opposite cases: S>> 1 and S << 1, here

S =3 U e Neo/[e0 Eo(y)?]. (1.8)
If S>> 1, that corresponds to a great effect of the space charge, (1.7) becomes
Xs (y) — 32/32—1801/3 U2/3 e—1/3 Neo—l/3 EO(y) —1/3. (19)

In the opposite case S << 1, (1.7) is simplified to
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Xs (y) = U /Eo(y) - (1.10)
Note that (1.10) gives values of X (y), which are comparatively close (within a factor of 1.5...2) to
those calculated from (1.7) for S < 10 (see Fig.1.1), i.e. the results based on (1.10) are valid not only
for S<< 1, butalso for S =1 and even for S > 1 up to S = 10. The formula (1.9) has a comparable

accuracy (also within a factor of 1.5...2) at 1 < S < 10 and is practically invalid at S << 1.

The solution of (1.1) with the approximation of (1.9) is

Eo(y) = (9U%0)/[8 Xs ()°eNeo], (1.11)
(1.11) and (1.9) yield the formula [19 ] for the sheath size of the sheath-convection regime:
Xs () = [9 Wi Ueo y/(2€ Neovy)]™*. (1.12)
The sheath voltage-current characteristic results from (1.5), (1.11), (1.12):
je (y): 4.21/4 31/2 801/463/4 Ne03/4 Vf3/4|-1e p-i_3/4 y—3/4 U1/2 (113)

In accord with (1.8) and (1.11), the criterion of validity of (1.12) is expressed through external
plasma parameters as

S, =[(8 e Neo y pi)/(e0 v)]P% > 1 (1.14)
i.e. for given plasma density this approximation is better for low flow velocity, big-size probes and

high plasma mobility (lower gas pressure).
Note that this way of derivation of this well-known formula seems to be better substantiated than
that based on model speculations of [19], it exposes implicit assumptions and the region of validity

of this expression (1.12).

Consider now the application of the approximation (1.10). Solution of (1.1) then looks like

Eo(y) = [(U ve )2 Y)I*2, (1.15)
the sheath size

Xs(y) = [2p U y/ v ], (1.16)
the criterion of validity of this approximation

So = (6 e Neo i ¥)/(g0 V5) < 10. (1.17)

Note that if Sp =1, then the other way of calculation of S also gives S., = 1, so they do not contradict

with each other.

The sheath voltage-current characteristic can be derived from (1.5) and (1.14) as

Je(y)= eNeo He[(U v )/(2 1 )12, (1.18)
it is not linear (again je(y) is directly proportional to U%?) although no space charge effect is taken

into account in this approximation: the higher is the probe voltage, the thicker is the sheath.

45



Some results of calculations in both approximations are presented in fig.1.2 and fig.1.3 for plasma
parameters characteristic for laboratory experiments and ramjet engine, respectively. The plasma
density was taken from the experimental data [19] on atmospheric pressure propane-air flame
ionization. The ion mobility was taken in accord with the data [20] for H;O" ions with respect to

gas density dependence.

For the laboratory flame plasma (fig.1.2) one can see that in the region of approximately equal
validity (where S =1...10) the two approaches yield results, which are very close to each other.
The second approach (formulae (1.15)-(1.18)) is valid practically for the entire probe surface, while
the first one fails in the frontal part of the probe, where the probe current density is the highest.
Note that the level of plasma velocity in the plasma aerodynamic experiments is much higher than
that in the studies of flames of burners ([19-20] etc.).

For the ramjet flame plasma parameters (fig.1.3) the first approximation [19] is invalid, for the
parameter S is much less than unity on the entire probe surface. It is a result of still higher gas

velocity and pressure characteristic for full-scale systems.

Thus, the second approach, which for planar probes is determined by formulae (1.15)-(1.18), can be

recommended for broad regions of parameters corresponding to plasma aerodynamic applications.

2. Cylindrical probes

Cylindrical probes are more practical than planar probes; the resulting expressions here are
comparatively complicated, though major features of probe-plasma interaction are the same.
Similarly, the trajectories of ions, which are closest to the probe wall, define the shape of the sheath
boundary. These trajectories are formed by convection along fluid flow tubes (with the flow
velocity v) and by ion drift in the normal direction r under the effect of the radial boundary sheath
field Eo. Before the probe, near the critical point of the cylinder y = 0 (here v is the azimuth angle
of the cylindrical probe surface) the flow tubes have directions with a considerable radial
component. Near the rest, major part of the probe surface the flow tubes are positioned primarily
along the surface, and one can neglect the radial component of flow velocity. Then the boundary

ions trajectories rs =rs(y) (in cylindrical coordinates r,y) are defined by the equation

(L/rs(w)) ors(w)/oy = Eo(w) Wil Vr. (2.1)

46



The dependence between Ey(y) and rs(y) is determined below, and (2.1) can be expressed as a
differential equation for the function Eq(y). In the flow tubes near the critical point of the cylinder y
= 0 the drift velocity Ep; is opposite to vs; the sheath field increases quickly at r —r, (here r, is the
probe radius), and in the point with E(y)ui = v the ions are stopped, and the sheath boundary is

formed. It provides the boundary condition for (2.1):
Eo(\|l:0)|.li = V. (2.2)

The Poisson equation and electron current conservation in the cylindrically symmetric sheath look
like

OE(r,y)/or + E(r,w)/r = e Ne(r,v) /€0, (2.3)

2mr € Ne(r,y) E(r,v) He = 27rs € Neo Eo(y) e (2.4)

The differential equation resulting form (2.3) and (2.4) with the boundary condition
E(r=rs,v) = Eo(y) has the solution

E(r,) = Eo(w) { rs(w)’ - K [rs(w)*- r’] 11, (2.5)

here the dimensionless criterion is defined as K = ers(y)Neo/[Eo(y)eo]; 0 < K < 1. The sheath voltage

U is determined by integration of (2.5) over r at y = const from rp, to rs(y):

U/Eo(w) re] = p—[p? - K(p*= 1)]* (2.6)
+p (1-K) " In{{p(1- K) + (1- K) * [p° - K(p™- D IIH(A-K) + (1-K) "} 3,

here p = rs(y)/ry; p > 1. The formula (2.6) determines, in an implicit form, the required dependence
between Eo(y) and rs(y). This dependence however can be calculated only numerically. The

resulting expression for the equation (2.1) also must be solved numerically.

Analogously to the planar probe geometry, the problem can be analyzed with additional
assumptions. As it is shown above, the most attractive analytical approach corresponds to a weak
space charge effect. If K << 1 (that also means a weak space charge effect), then (2.5), (2.6) reduce

to
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E(r,w) = Eo(y) rs(w)/r, (2.5)
U = Eo(y) rs(y) In[rs(w)/ry 1, (2.6)
the equation (2.1) can be expressed as
ors/oy = Upil{vin[rs(w)/rpl}, (2.7)
the boundary condition (2.2) looks like
ki UH{rs(y=0) In[rs(y=0)/r, I} = vs, (2.8)
or explicitly
rs(w=0) = rso= Wi U/{ v Lw[pi U/(rp vi)]}, (2.9)

here Lw(a) is the principal branch of the Lambert W function with an argument a, see fig. 2.1 [22].
The solution of (2.7) is

rs(y) = rp exp{ Lwlii U vi r, ™ exp(=1) (y+ rso ve i "U™ [In(rso/rp) — 1])] +1}. (2.10)

After substitution of (2.10) into (2.6), the boundary field expression via the external plasma

parameters and y looks like

Eo(y) = U ry™ exp{ —Lwlui U v ry™ exp(-1) (y+ ro e U™ [In(roofry) - 1D] =13 (2.11)
x{ Lw[pi U vit rytexp(=1) (y+ rso vep U [In(reofrp) — 1)1 #1237

The probe current density can be derived from (2.4), (2.11) as
Je(w) = eNeopteU 1™ { L[l U v 1y exp(=1) (y+ Feo Ve U™ [In(roofry) - 1] +137%. (2.12)
This approach is valid if

K= eNeo Ueg™ rp?{ Lwlwi U vit ry ™t exp(=1) (w+ reo vepi “U [In(reo/rp) — 1] +1}  (2.13)
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xexp{2Lw[pi U vi ' ry ™t exp(=1) (y+ rso Ve U [In(reoflrp) — 1])] +23 << 1.

Some results of calculations are presented in fig.2.2 and fig.2.3 for plasma parameters characteristic
for laboratory experiments and a ramjet engine, respectively. The plasma density was taken from
the experimental data [18] on atmospheric pressure propane-air flame ionization. The ion mobility

was taken in accord with the data [20] for HsO" ions with respect to gas density dependence.

One can see that for the both cases the condition of validity of the approximation K << 1 is met, the
reserve is especially large for the conditions of ramjet engine. It means that the Debye layer is
compressed by the flow so that no space charge effects prevent the electron current to cross the

layer. Actually, the sheath thickness is only a fraction of millimeter.

On the fore side of the probe (y = 0) the electric field and electron current density are considerably
(5...10 times) higher, and the sheath thickness is narrower (2...3 times), than that at the back side
(v = m). Note that most of the earlier approaches neglected this dependence on the angle v by
accepting the approximation of cylindrical symmetry. Such neglecting is inapplicable at plasma

flows with so high velocities.

The angular dependence of the electric current density is approximately in a direct proportion to
w2, and the voltage-current characteristic of the sheath is approximately a root parabola I = UP, the
exponent B varies from 0.25 for plasma parameters characteristic for the laboratory experiments to

0.4 for a ramjet engine (Fig. 2.4,2.5).
3. Total voltage-current characteristics

The next question is the influence of the other mechanisms of formation of the probe voltage-

current characteristic, — the drift and diffusion mechanisms.

A voltage-current characteristic of a positive probe is formed by the electron current. The latter, in
the principle, can be limited either by the processes of electron drift in the plasma area with the
practically unperturbed relative plasma density ne/ny (i.e. the usual conductive charge transfer), or
by a finite efficiency of the ambipolar diffusion in the diffusion layer, where plasma is quasi-
neutral, but its relative density is lower than the unperturbed value, or by the abovementioned
processes in the Debye space charge sheath, where nij<<n.. The least effective process defines the

mode of probe operation.
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Parts of the probe surface are under different conditions due to the distribution of the plasma
parameters. For some of the current tubes the total current can be limited by one of the mechanisms,
but for other current tubes the situation may be different. The relative yield of the modes depends

on external conditions and the probe bias voltage U.

Consider a current tube with drift, diffusion, space charge sheath or intermediate mode. Its effective
voltage for a cylindrical probe is bound with the local electric field as [6] Ae = Ex(R In(L/R)), here R
and L are the probe radius and length. The diffusion, drift and Debye space charge layers can be
represented as sequent resisting parts of a current tube with voltages Aa, A@qand Age, respectively.

The total voltage of a current tube for the current i can be calculated from the formula
Ap =A@, +Apy +Ap, =(p, +py + P - (3.1)

The values of partial resistances of the layers pa = A@alia , pa = A@dlig and pc= Agc/ic can be
determined from the values of ion currents i,, ig and ic, which are calculated for the current tube
from solution of the partial problems with respect to only diffusion, only drift and only space charge
sheath processes. Together with the condition of conservation of the ion current through a current
tube iy = ig = ic = i it makes it possible to determine the values of the total ion current i, and the

total voltage Ao for any current tube.

Consider the drift partial problem. As it has been mentioned in the previous reports, the value
X=ni/ng = ne/ng is approximately a constant in the drift region, and on the boundary of the drift
region this value is approximately equal to the unperturbed one in the ambient flow x,.. It makes it
possible to determine the electron current density in the drift region as
Ja(w) = ene(v) e( )En(w) = € En(y) Ne(4)/[Ng MioiZim (2 ke Tg /Mimor) ] =
= e?X En(y) /[MmoiZim (2 ke Ty /Mmoi)"?] = eNeatteEn(y), (3.2)
here ne.,and ., are the unperturbed values of ion density and mobility in the ambient flow, E, is

the normal to the surface electric field component,
En=2Epcos w + 2 Eg + AVy/(R In(L/R)), (2.5)
here AVp = U - Vpo, Vlo0 is the negative bias relatively the local plasma medium potential:

V) =2 Eg (R In(L/R)) + AV, (2.4)
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here the first term is bound with the external field, the second term results from the fact that fast

particles of the electron distribution function can overcome potential barriers.

The corresponding drift layer partial local resistance of a current tube with the cross section area 6A

(near the boundary of the drift layer) is
pa(w) = Apa(w)/[ia(v) 3A]. (3.3)

Consider now the partial problem with respect to the potential fall in the diffusion layer only. Note
that the diffusion mechanism is to be taken into account in case that the diffusion layer thickness is
higher than the Debye sheath. In the opposite case no ambipolar diffusion is present. Formally, if
the diffusion characteristic length ra(y) is less than rs(y) — rp, then pa(y) = 0. The value of r,for a
temporary evolution of an initially stepwise profile of concentration is

ra = (tDa)"?, (3.4)
here the time coordinate t can be expressed via the length | of a path of an element of plasma along

the probe surface as

t=[ (1) dl = I/vg, | ~ Ry (3.5)
Assume a linear radial plasma density profile across the diffusion layer and a constant x=x., in the

drift area; then the electron flux across the diffusion layer is

I'(y) = = Da(y) Me(y) = DacoNewo/Ta(y). (3.6)

Here D, is the ambipolar diffusion coefficient in the ambient flow (we neglect variations of Te).

The corresponding current density and the diffusion layer partial local resistance are

Ja(w) =el'(), pa(w) = Aa(w)/[8A Ja(w)] 3.7)

These formulae yield infinite jpat = 0. To eliminate it, a small but finite constant value of ry was
added to the denominator in (3.6); it can be determined from a 2D solution of the diffusion problem
for a flow over a cylinder, but calculations have shown that the resulting total current is practically
independent on considerable variations of ry. Actually, if the partial resistance pa(y) is low, it can
be neglected. That is why the additive to the denominator must be applied rather to provide non-

stop calculations.
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The value of j,is independent of Ag,, and the higher is Ag,, the higher is the effective resistance p,
corresponding to the constant j,. One can see that the diffusion mode can prevail at high Ag,, i.e.

when the field-dependent processes are effective.

Together with the mentioned above, it makes it possible to calculate j(y) for any current tube with
account of the mechanisms prevailing in the drift and diffusion regions and in the space charge
sheath.

Some results of calculations of the probe electric current distributions and the total voltage-current
characteristics are presented in Fig.3.1, 3.2 for plasma parameters characteristic for laboratory
experiments and a ramjet engine, respectively. The probe diameter was 2r, = 0.2 mm and the length
was L, =1cm. No external electric field Eo has been accounted for; it means that the drift
component of the electric current is practically in a direct proportion to U and is independent on .

Under the conditions characteristic for laboratory experiments the situation is intermediate. The
voltage-current characteristic if formed by processes in the drift plasma region and in the Debye
space charge sheath. The diffusion layer is too thin, and the diffusion component can be neglected.
The effect of the Debye space charge sheath results in a considerable blockage of the electron
current in the hind part of the probe (Jy| = n/2...nr, see Fig. 3.1,a). The total voltage-current
characteristic at high v is close to that of the Debye space charge sheath (root parabola). On the fore
part of the probe surface (Jy| < n/2) the sheath is thin, and the drift processes define the voltage-
current characteristic: it is practically linear. The total voltage-current characteristic is not exactly

linear, but no current saturation is observed.

Under the conditions characteristic for ramjet engines the Debye space charge sheath is thinner than
in the previous case, and its blocking is less efficient. As a result, the total voltage-current
characteristic is practically linear; it is characteristic for the drift regime. However the lack of the
azimuth symmetry of the probe electric current distributions says that the processes in the Debye

space charge sheath are still affecting the charge transfer.

Xs (Y) 2eNeo/ [Eo(Y)eo]
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Fig. 1.1. Planar positively biased probe space charge sheath: comparison of the

expression (7) (curve 1) with its approximations for S >>1 (9) (curve 2) and
S << 1(10) (curve 3).
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of the validity criterion (a), probe current density (b), sheath size (c) and electric field (d)
calculated with the S>>1 and S<<1 approximations (dashed and solid lines, respectively)
for flame plasma flow parameters: Neo=2.410" m™ v; = 600 m/s, p=200 Torr,
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Fig. 1.3. Planar positively biased (U =20 V) probe space charge sheath: spatial
distributions of the validity criterion (a), probe current density (b), sheath size (c) and
electric field (d) calculated with the S>>1 and S<<1 approximations (dashed and solid
lines, respectively) for flame plasma flow parameters: Neo = 2.4:10" m™, v; = 2000 m/s,
p= 1000 Torr, Ty = 1500 K
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flow parameters: Neo = 2.410™ m™, v = 600 m/s, p= 200 Torr, T, = 1500 K
63



a)

U, Vv

.ﬁ.ﬂ..wr c./ff
Jf%ﬁ

j, AIm?

b)

0.00025+

A

102

0.000151

0.00017+

Se-051

20

15

1C

u,Vv

Fig.3.1. Electric current density distribution over the azimuth angle at different voltage

(a) and the probe voltage

200 Torr,Tg = 1500 K

current characteristic (b) for flame plasma flow parameters:
p

600 m/s,

Neo = 2.410° m=3, v

64



a)

U, Vv

b)

B0

I, HA

B0

404

207

20

15

1

u,Vv

1000 Torr, T =

current characteristic (b) for flame plasma flow parameters:
' P 1500 K

2000 m/s

Fig.3.2. Electric current density distribution over the azimuth angle at different voltage

(a) and the probe voltage
Neo = 2.410™° m™, vq

65



10.

11.

12.

13.

14.

REFERENCES TO CHAPTER IlII

Ershov A.P. Final Project Technical Report of ISTC 1867p, Moscow State University,
Department of Physics, September 2001.

Ershov A., Ardelyan N., Chuvashev S., Shibkov V., Timofeev I. // AIAA Journal, Vol.39,
No 11. P.2180, 2001.

Benilov M.S. Theory of Electric Probes in Weakly lonized High Density Plasma Flows:
Review //High Temperature. Vol.26. No. 5. Pp.993-1003, 1985.

4.Benilov M.S., Bochkarev G.G., Buznikov A.E., German V.O., Kovbasyuk V.I. Electrical
Probe Characteristics in a Subsonic Plasma Flow// Academy of Science News. Liquid and
Gas Mechanics. No.1. Pp.150-160, 1983.

Chen Xi. lon Saturation Current Density and Specific Heat Flux on a Cylindrical Probe
Immersed in a Dense Plasma Flow.// J.Phys.D: Applied Physics. Vol. !5. Pp. 1695-1708,
1982.

Akishev Yu.S., Napartovich A.N. On the Probe Diagnostics of a High Pressure Glow
Discharge. Sov. Physics: Doklady. Vol.242. Pp. 812-815, 1978.

Mal’kov M.A., Devyatov A.M., Kuzovnikov A.A., Ershov A.P. Probe Diagnostics of the
Plasma of Gas Discharge Light Sources. Moscow: MSU, 1991.

Protasov Yu.S., Chuvashev S.N. Physical Electronics of Gas Discharge Devices: Plasma
Electronics. Moscow:Vysshaya Shkola. 1993; Protasov Yu.S., Chuvashev S.N. On
Elementary Processes in Plasma// Encyclopedia of Low Temperature Plasma. Moscow:
Nauka, 2000. V.1. P.43.(In Russian)

Biberman L.M., Vorobiov V.S., lakubov I.T. Kinetics of Non-equilibrium Low Temperature
Plasma. Moscow: Nauka, 1982.(In Russian).

Zhdanov V.M., Son E.E. Phenomenological and Kinetic Description of Transport
Phenomena in Low Temperature Plasmas. // Encyclopedia of Low Temperature Plasma.
Moscow: Nauka, 2000. V.1. P.508. (In Russian).

Ivanov Ju.A. Probe Diagnostics of Chemically Active Non-Equilibrium Plasma// In:
Encyclopedia of Low Temperature Plasma. Moscow: Nauka, 2000. V.2. Pp.466-470. (In
Russian)

C.Q.Jiao, C.A.DeJoseph, Jr, A.Garscadden. Weakly lonized Gases Conference, Anaheim,
CA, 2001. AIAA 2001-2950

J. de Urquijo, C.A. Arriaga, C. Cisneros, I. Alvarez. A Time-Resolved Study of lonization,
Electron Attachment and Positive-lon Drift in Methane. // J.Phys. D: Appl.Phys. V. 32
(1999), pp. 41-45

Eletsky A.V., Smirnov B.M. Elementary Processes with lons. // In: Encyclopaedia of Low
66



15.

16.

17.

18.

19.

20.

21.

Temperature Plasma. Moscow: Nauka, 2000. V.1. Pp.231-238. (In Russian)

Shen Nan Lin, Griffin GW., Horning E.C., Wentworth W.E. J.Chem.Phys., 60, 4994 (1074)
. Raizer Yu.P. Physics of Gas Discharges. Moscow: Nauka. 1992 (In Russian).

Smy P.R. The use of Langmuir probes in the study of high pressure plasmas. Advances in
Physics, V.25, No.5, Pp.517-553.

Clements R.M., Smy P.R. The positively biased Langmuir probe in a high-pressure plasma.
J. Phys. D: Appl.Phys. V. 26 (1993). P. 1916-1920.

James Dawe, Syed A.H.Rizvi and Peter R. Smy. Electron current to a cylindrical probe in a
moving high pressure plasma. JEEE Transactions of Plasma Science. 1993. V.21.No.1.P.202.
Bradley D., Ibrahim S.M.A. The effects of electrical fields upon electron energy exchanges
in flame gases. Combustion and Flame, v.22, pp.43-52. 1974.

R.M. Corless, GH. Gonnet, D.E.G. Hare, D.J. Jeffrey, and D.E. Knuth. "On The Lambert W
Function”. Advances in Computational Mathematics 5 (1996): 329-359

67



CHAPTERIY.
COMPUTER SIMULATIONS

8 1. 1D numerical model

Most works on probe diagnostics for the cases when processes in the Debye layer are
important are based on an asymptotic analysis for extreme cases, the number of works based on a
detailed computer simulation seems insufficiently low [1], which makes it difficult interpret
intermediate regimes.

A computer simulation of one-dimensional probe diagnostic problems has been carried out
for the cases when processes in the Debye layer are important. Both cases of the steady plasma and
the plasma flow with the Blausius gas dynamical profile have been considered.

Consider one-dimensional problem of plasma-probe interaction for cases of steady plasma and
high-speed flows. The latter is based on the well-known Blausius gas dynamic boundary layer

problem solution. A similar approximation has been applied in a semi-analytical approach of [2].

Characteristic parameters of the experiments are: probe radius R ~ 0.2 mm, length L ~ 10
mm, flow speed v ~ 600 m/s, gas temperature T4 ~ 1000 - 3000 K, probe potential ¢, ~1 - 30 V,
electron temperature To~ 0.5-3 eV, electron density ne ~ 10'®- 10 m 3, gas density ny ~ (1 - 3) 10*
m=3.
The main dimensionless parameters of the problem are [1]:
o the Reynolds number Re=vR/D; (Di ~ 10™%(2ny) {ksTy/(2m4)}°* is the ion diffusion
coefficient, kg — is the Boltzmann constant, m, is the mass of a neutral particle);
o &= kBngol(neesz) (&0 1s the dielectric constant, e is the electron charge), R is the probe
radius;

o the dimensionless probe potential gm=egy/(KsTe).

Under experimental conditions of interest, Re ~ (0.6-1)*10% , £~ (1-3)*10™ at ne=10"® m™®, &

~ (1-3)*10” at n.=10%* m>,

No chemical reactions and electron temperature variations have been accounted for. The applied
steady system of equations of electrons (indices “e”) and positive ions (indices “i”’) and the Poisson

equation in the dimensionless form looked like
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Here

There are three small parameters in the system: two diffusion parameters &, & and the Debye
parameter ¢,. The ion diffusion parameter can be much less than the electron one:

: T"m. m ™
fiyrzpiTe Ter107t, o ~107
(8e) TV"m "m ™

e

Vv X

Assume [2] that the densities depend on a variable , =y /i only, here x, y are the

longitudinal and transversal special coordinates, r =y + 1, r, is the probe radius. Then in a one-

dimensional case the system of model equations looks like
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V- (n¥)-& V| 1, (V(Tn,)+ 2n.E)|=0,

E=-Vp,
V.(niV)—giV-[lui (V(Tini)—;(rnilg)} =0,

r’“i ren; {v —lvx} +(1+a—yj Y,
or bo2x r)2x (1)

(o =0, 1 for planar and cylindrical symmetry, correspondingly). The values of v,, v, are tabulated

from the Blausius problem solution . In case of a = 1 the value of v, is divided by r to conservate

the gas mass. The boundary conditions are:
Nie@=0,n,(0) =1 o) =p,,¢(x) =0 (2)

Assume 1y =x=1.

The problem (1), (2) has been solved at various conditions.

8 2. Results of computation

2.1 Steady plasma. Spherical probe.

The only small parameter is &, , it was varied in a wide range (10" < £, < 107%) for testing
the method of computation. Dimensionless profiles of electron and ion densities, the electric

potential are shows in Fig.1 for ¢, = 107, spatial electron and ion current density distribution and
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view of the voltage-current characteristic for this value of ¢, are shown in Fig.2. Here and below

Jipr, Jipr, Jic (Jepr, Jepr, , Je.) are the densities of currents of ions (electrons) due to diffusion
(indices “DF”), drift (indices “DR”), and convection (indices “C”); Fi is the electric field potential,
POT, is the potential of the probe relatively the plasma, TA is the ratio of T, /T;, Ni (Ne) are the
densities of ions (electrons). All the values are dimensionless, the values of Je are divided by

/5007 . The results are in a good agreement with the ambipolar diffusion formulae [4].
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Fig.1. Spatial electron and ion density distribution (upper figures), potential distribution (lower

figures) around probe in case of different value of probe potential.

¢,=10"¢ =1, ¢ =/500r
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Fig.2. Spatial electron and ion current density distribution in case of ¢ = -20, the probe voltage-
current characteristic and it’s components (from left to right). ¢, = 10% ¢ =1, g, =~/5007 .

2.2. Plasma flow. Cylindrical symmetry

The computations were carried out for «a=1 (cylindrical symmetry), at

Re=g¢

g, = «/ﬁgi. The plasma perturbation zone around an electric probe can be divided into
three main regions [4]. The space - charge region (Debye sheath) adjoins to a probe directly. In this
region it is impossible to neglect separation of charges, i.e. the solution of the Poisson equation is
necessary. The sheath width depends on the value of Debye radius ryq and also the value of applied
voltage.

The quasineutral layer is located further (diffusion region), in which charge separation is
small, the Poisson equation is superfluous, and charge transfer by ambipolar diffusion is essential.
The thickness of this region depends on the magnitude of electrical Reynold's number

Behind diffusion region there is the layer of quasineutral nonviscous flow (drift region) with
the thickness about a probe radius, in which drift of charge particles in electrical field is main
process of current collection.

Saturation mode.

The spatial profiles of parameters and the voltage-current characteristic for the classical [4] case of
small Debye layer (as compared to the diffusion layer), which corresponds to current saturation, is
shown in Fig.3-4. One can see that the voltage drop in the quasi-neutral zone amounts here to
30...50%. Note that earlier estimates [1] yielded a complete domination of the Debye layer drop

under these conditions (¢ Re >= 10 ® << 1).
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Fig.3. Spatial electron and ion density distribution around probe in case of different value of probe

potential. ¢ = 10 ™, Re = 10 2.

FI, POT, TA=-8.0 1.0
—— — FI|,POT,TA=-14.0 1.0
Fl, POT,, TA=-20.0 1.0

o

o

G
anns an tan|

-0.1

-0.15

-0.2

-0.3

-0.35

001 NI, POT,, TA=-8.0 1.0 001 NI, POT,, TA=-8.0 5.0
E NE, POT,,TA=-8.0 1.0 E NE, POT,,TA=-8.0 5.0
009F | — — NI, POT,TA=-14.0 1.0 009F | — — NI, POT, TA=-14.0 5.0
oosf| —— —— NE,POT,TA=-14.0 1.0 ooosf| —— —— NE,POT,TA=-14.0 5.0
F| ====- NI, POT,, TA=-20.0 1.0 F| ====- NI, POT,, TA=-20.0 5.0 s/
0007F | —mmmm NE, POT, TA=-20.0 1.0 L NE, POT,TA=-200 50 | /
0.006 f— 0.006 —
c 7 C
0.005 |- / 0.005 -
0.004 f— / 0.004 —
F V4 F
0.003 |- / /t/ 0.003 F
E .. F
0.002 / P 0.002
E A E
0.001 A e /./ 0.001
A A Y
01 1.001 1,0R02 1.003 1.004 01
1F 1
0.9 f— 0.9 —
0.8 f— 0.8 —
0.7 f— 0.7 —
o6 NI, POT,, TA=-8.0 1.0 06
E NE, POT, TA=-8.0 1.0 F
osE — — NI,POT,,TA=-14.0 1.0 05F NI, POT,,TA=-8.0 5.0
0af — — NE,POT,TA=-14.0 1.0 oak NE, POT,,TA=-8.0 5.0
F - NI, POT,,TA=-20.0 1.0 g — — NI, POT,TA=-14.0 5.0
R A NE, POT,, TA=-20.0 1.0 03fF — — NE, POT,, TA=-14.0 5.0
3 E NI, POT,, TA=-20.0 5.0
2F 02 NE, POT,,TA=-20.0 5.0
0.1F 01f
ot 1 A
1 11 12 13 14 15 16 17 18 19 2 R 125 15 175 3
R

R
1S}

EY1 )

a6t

Fl, POT, TA=-8.0 5.0
- — FI,POT,TA=-14.0 5.0
Fl, POT,, TA=-20.0 5.0

-18

20 I

0.2
0.15
0.1
0.05

-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
-0.35
-0.4
-0.45
-0.5
-0.55

e

o
>

Fig.4. Spatial potential distribution and probe characteristic. ¢ = 10 *°, Re = 10 2,



Intermediate mode.
In accord with [1,2], the plasma-probe interaction parameters must depend only on eRe?. However,
computations presented below have shown that this parameter is not the only one: modes with

different values of the ratio of the Debye and the diffusion probes a:g/g\/R_e appear to be
considerably different. Results of computations for two cases with different values of a (0.68 and
1.47) with the same ¢ Re? =100 (¢ =10"°, Re =10° and ¢ =10, Re =10%) are presented in fig. 5
and fig.6.
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Fig.5. Spatial electron and ion density distribution around probe in case of different value of probe
potential. ¢ =10 %, Re = 10°

The first case the Debye layer size amounts to 10% of the diffusion layer, i.e. the situation is close
to the current saturation mode, but the diffusion layer becomes shorter with voltage growth (due to
the growth of the Debye layer size), which gives a slowly rising voltage current characteristic at
saturation (Fig.6). Note that the probe current depend on t: at 7 =1 it is about twice as less than

that at 7 = 3.
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Fig.6. The probe voltage-current characteristic and it’s components in case of isothermal (TA=1)
and nonisothermal (TA=3) plasma. ¢ =10 °, Re = 10°

In the second case the sizes of the Debye and diffusion layers (Fig.7) are close to each other;

no quasi-neutral diffusion layer is formed. The main voltage drop corresponds to the Debye layer.
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Fig.7. Spatial electron and ion density, potential distribution around probe in case of different value
of probe potential. £ =10, Re =10°
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The ion probe current grows with growth of the probe voltage due to growth of the Debye
layer. Instead of saturation one can observe a fall of the voltage current characteristic slope for 3...5
times.

Note that from the viewpoint of the earlier analytical works [2,3] these two cases are the same.

4
Fig.8 shows the case of £ =10, Re :%, in which the diffusion layer is absent at all.

About a half of the total voltage falls in the unperturbed flow region, the current slope change is

much less than in the previous cases. The diagnostic problem is difficult to be solved here.
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Fig.8. Spatial electron and ion density, potential distribution and probe characteristic.
£=10"* Re=10"3

Thus, significant differences with the analytical estimates [1, 4] have been observed. E.g, the spatial
profiles of parameters and the voltage-current characteristic for the classical [1] case of small Debye
layer (as compared to the diffusion layer), which corresponds to current saturation, have shown that

the voltage drop in the quasi-neutral zone in case of flow plasma amounts here to 30...50%. Note

76



that earlier estimates [2] yielded a complete domination of the Debye layer drop under these
conditions. For intermediate values of ratios of Debye to diffusion sizes, a considerable impact of
the relative probe size is observed. Note that from the viewpoint of the earlier analytical works [2]

these two cases are the same.

§ 3. Comparison with experimental data

The previous computations corresponded to the longitudinal positioning of the probe, which
corresponds to the probe axis parallel to the flow velocity. Consider now the results of
computations on base of the model (1), (2) for longitudinal and transversal cylindrical probes under
conditions corresponding to the experiments with the pulsed plasmatrons (Fig. 9 - 15.).

_6

-
R/R,

Fig.9 Radial potential distribution around the longitudinal probe, V, for two values of the axial
coordinate L.
R=0.15mm, T=5000 K, N =4 10"" cm™, v=660 m/s, D; = 70 cm?/s, N; = 4 10" cm®, U=30 V
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Fig.10. Radial distributions of relative densities of ions (solid lines) and electrons (dashed lines)
around the longitudinal probe for two values of the axial coordinate L.
R=0.15mm, T=5000 K, N =4 10"" cm™, v=660 m/s, D; = 70 cm?/s, N;= 4 10" cm®, U=30 V
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Fig.11. Radial potential distribution around the transversal probe, V, for two values of the probe
potential: 1 - U=10V, 2-U=30V.
R =0.15mm, T =5000 K, N =4 10"" cm™, v=660 m/s, D; = 70 cm?/s, N; = 4 10** cm
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Fig.12. Radial distributions of relative densities of ions (solid lines) and electrons (dashed lines)
around the transversal probe for two values of the probe potential: 1 - U=10V, 2-U=30V.
R =0.15mm, T=5000 K, N =4 10"" cm™, v=660 m/s, D; = 70 cm?/s, N; = 4 10** cm
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Fig.13. The computed voltage-current characteristic of the transversal cylindrical probe
R=0.15mm, T=5000 K, N = 4 10"" cm™, v=660 m/s, D; = 70 cm?/s, N; = 4 10** cm"®
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Comparison of the computed and measured parameters (including the voltage-current
characteristics of the transversal cylindrical probe, and the computed and measured ion currents on
the longitudinal and transversal cylindrical probes over the probe length, Fig.14, shows a reasonable
correlation.

The last graph shows however that experimental ion currents for longitudinal and transversal
cylindrical probes deviate much less than the computed ones. It may result from the fact that in
experiments the truly longitudinal mode of the probe operation was not achieved: for so doing it
would be necessary to provide very low turbulence and a highly parallel flow. The mode became
closer to the transversal one at very low values of the angle between the probe axis and the flow.
Due to these peculiarities, the longitudinal probes seem to be less applicable for the diagnostic

purposes.

I, MA
[N
1

3!

Fig.14. Comparison of the computed (lines) and measured (points with lines) ion currents on the
longitudinal (1) and transversal (2) cylindrical probes over the probe length.
Rpr = 0.15 mm, T=5000 K, N = 4 10" cm™®, v=660 m/s, D; = 70 cm%s, N;=4 10" cm™, U = 30V.

8 4. Electron part of probe characteristic

The ion branch of the computed voltage current characteristics can be wrong because of
deviations from the self-similarity of the longitudinal dependences of the concentrations. In future
studies it can prove to be better to consider a model, in which the longitudinal dependences of the

concentrations are neglected, and the longitudinal dependence of the flow velocity is accounted for.
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The electron branches of the voltage current characteristics have been studied with use of
the model. Characteristic results are presented in Figs.15 - 20. The main positive ion was supposed
to be HsO" with the mobility at the atmospheric pressure being p; = 8 10* m?/(V s), the electron
mobility was taken to be 0,4 m%/(V s)), Ty =3000 K, Te = 3000 K.
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Fig.15. The spatial profiles of electric potential around probe
Te/T =1, Ne = 1015 m_3
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Fig.16. The spatial profiles of electric potential around probe.
T/T=1Ne=10"m"
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Fig.17. The spatial profiles of ion and electron densities around probe.
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Fig.18. The spatial profiles of ion and electron densities around probe.
Te/T =1, N 1016 m-3
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Fig.19. The spatial profiles of electron probe current at different probe potentials.
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Fig.20. The spatial profiles of electron probe current at different probe potentials.
Te/T :1, ne = 1016 m-3 .

83



One can conclude that under the conditions characteristic for the flame plasmas the voltage current
characteristics are primarily defined by the electron drift in the plasma region. Note that the same
conclusion has been worked out for these regimes as a result of the analytical studies for the

transversal probes (see above).
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CHAPTERYY.
METHODS OF THE DETECTION OF THE IGNITION PROCESS
AND MEASUREMENTS OF PLASMA PARAMETERS
OF A DISCHARGES IN A SUPERSONIC FLOW

8 1. Spectroscopic method of the detection of the ignition process

1.1 Spectroscopic temporary measurement of relative intensities of active radicals in
plasma of pulsed transversal discharge in a supersonic propane-air flow

Analysis of the radiation spectra of the transversal discharge in the supersonic air-
propane mixture flows has shown that the atomic components (O, H, N), active radicals (CN,
CH, OH) and molecules (C,, N;) were observed in condition at which the ignition take place.

The temporary measurements of relative intensities of various components were

investigated for definition of the fact of ignition. Experiment was put as follows.
The measurements were performed in pulse mode of discharge. Quartz tube was used as
combustor section of channel (see Chapter I, Fig.1.2 ). The temporal intensity of spectral lines or
molecular bands were measurement by photoelectron amplifier at the large distances z = 30 cm
(from the electrodes downstream. Such value of z exceeds the discharge length. Radiation signal
propagates after electric breakdown of interelectrode gap practically instantly over the quartz
tube, which carry out a role of optical ligthguide. The flow if there was an ignition, carries away
a zone of burning. Intensity of weakened discharge radiation signal is closed to intensity of
plasma of a flame. It allows in one measurement registering evolution of radiation of the plasma
of the discharge chosen components and if there was an ignition, plasmas of a flame. Time
evolution of a component which intensity of radiation is small in the discharge and is great in a
flame, will allow defining the fact of ignition.

The temporary measurements of the luminescence of above mentioned components have
shown that the evolution of radiation of components at the distances z = 30 cm from the
electrodes downstream has been different. Luminescence of atomic components and CN (A =
380 nm) has been observed for the discharge in supersonic airflow without propane. With
addition of the propane the intensities of atomic components and CN varied.

So, a violet system of CN bands is present in the discharge radiation both of the air and

air - propane mixture. The band (0,0) of this system at A = 3883 A is the brightest. Waveforms of
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intensity of this band (Fig 5.1) show that the intensity of the band rises with the rise of pulse
duration in the case of the discharge in air-propane mixture.
Breakdown l
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Fig.5.1 Waveforms of luminescence of CN (L = 3883 A) in plasma of the pulsed
transversal discharge in air + propane supersonic flow. Py =4 atm, p =200 Torr.
-t=160ps, I *40A, 1 -t=210ps, | ®25A,2-1t=290 pus, | =20 A.
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Fig.5.2. Waveforms of luminescence of CN (A = 3883 A) in plasma of the pulsed
transversal discharge in air and air+propane supersonic flow.
1 —air, T =400 us, 2 —air+propane, t = 150 us, Pp =4 atm, p = 200 Torr, | = 27 A
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This rise is observed even at decreasing of the discharge current. At the same time the
band intensity in air is noticeably smaller than the band intensity for air-propane mixture even at

long current duration and high values of current | ~ 40 — 30 A (Fig. 5.2).

Pulse duration

Vi

Fig.5.3. Waveforms of luminescence of plasma (4315 A, CN) in plasma of the
pulsed transversal discharge in the supersonic flow in the air-propane mixture.
Po=4atm, p =200 Torr, | =20 A, t =270 ps, Z= 25 cm. Scale factor: 250 us/div.

However, the radiation in all the cases drops to zero rather quickly (at typical time of
about 50 ps) after shut downing of the discharge pulse. As result CN radiation cannot be
detected at distances of z = 20 — 30 cm from the electrodes downstream (Fig.5.3). The
corresponding moment was shown by arrowed line on Fig.5.3. It means that CN radicals does
not make any considerable input namely to the flame radiation.

The band of active radicals CH ( A = 431,5 nm) have proved to be the most convenient
for detection of air-propane mixture ignition.

Typical waveforms of plasma luminescence A = 431,5nm in the pulsed transversal
discharge in supersonic flow are presented in Fig.5.4. Experiments were carried out in cases of
air, propane and air-propane mixture for different pulse duration at the following fixed
parameters: the receiver pressure po = 4 atm, the chamber pressure p = 200 Torr, the discharge
current 1 = 8 A, the inter-electrode separation L = 15 mm , the axial coordinate z = 25 cm
downstream the electrodes.

In case of airflow (curve 3, pulse duration T =200 us), propane-flow (curve 6, pulse

duration t =300 us), or propane-air flow with short pulse duration (curve 4, t =100 us) the
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intensities of plasma radiation were very small. The increase of pulse duration is higher than
some critical size (curves 5, t =150 us and 2, t = 200 ps) results in a dramatic growth of the
plasma radiation. These jump of plasma radiation appearance we connect with the fact of the

ignition realization.

Breakdown l
[ I L I T |L| T T ] I I T |l |||||||||| i
B i A, 200 pis & Propane, 300 ps
4 }WW
: : Air+propane, 100 ps
I '\'E' T ;f : ; ] Air+propane, 150 ps
; : AR S ; : ]
popre ez iyttt A propane, 200 s
. bia

Fig. 5.4. Waveforms of plasma luminescence (4315 A, CH) in the pulsed transversal discharge in
the supersonic flow in the air, propane and the air-propane mixture.

Po=4atm, p =200 Torr, | =8 A.  Axial coordinate Z= 25 cm. Scale factor: 100 us/div.

Thus, the evolution of luminescence of CH can be used to testify the fact of ignition of a

propane-air supersonic flow by pulse electric discharge.

1.2 Temporary measurement of relative intensities of active radicals

in plasma jet, injected in a supersonic propane-air flow

Analysis of the radiation spectra in plasmadynamic discharge in supersonic air and air-
propane mixture flow has been made. This analysis has shown that rich spectra were observed, in
which the atomic components (O, H, N), active radicals (CN, CH, OH), molecules (C,, N,) and
other components were presented.

The temporary measurements of the luminescence radiation of components, observed in

plasma of hydrocarbon flame (CH and C;) have been produced to indicate the burning of
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propane-air mixture. Experiments were carried out in cases of air and air-propane mixture at the

following fixed parameters: the receiver pressure Py = 4 atm, the chamber pressure p = 200 Torr,

the discharge capacity C = 50 pF. The discharge voltages were varied from 2.75 kV up 4.5 kV.
Breakdown i

Fig. 5.5. Waveforms of luminescence of plasma ((1=5165,2 A, C,) at injection of
plasmadynamic jet into supersonic propane-air flow. U=2,75 kV.
Po =4 atm, p = 200 Torr, stoichiometric propane-air ratio.z= 32 cm, scale factor: 100 us/div.
Blue curve — airflow, red curve — air+propane mixture flow.

Fig. 5.6 Waveforms of a luminescence of plasma (A1=5165,2 A, C,) at injection of
plasmadynamic jet into supersonic air and propane-air flow. U=3,5 kV.
Po =4 atm, p = 200 Torr, stoichiometric propane-air ratio.
x= 32 cm, scale factor: 100 us/div.
Blue curve — airflow, red curve — air + propane flow.

These measurements have been made at the distances x = 30 cm from the plasma

generator downstream, at the moment t >> ¢, where 7 - the energy input pulse duration. Typical
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value of 7 was about 60 —70 ps. During this time (on pulse stage) very high intensity of plasma
luminescence was registered in all cases (see Fig.5.5 - 5.7).

The luminescence of C, (A=516 nm) has been observed for the discharge in supersonic
airflow without propane and for the discharge in supersonic propane-air mixture flow (Fig.5.5).
The similar picture was observed for CH radical (A = 431 nm). Thus, the luminescence of CH
radicals was observed not only in a propane-air flow, but also in supersonic airflow as opposed
to a case of pulse transversal discharge. An addition of the propane to result in changes the
values of the intensities of C,and CH.

The difference between the intensity of luminescence of C, (A = 516 nm) in supersonic
airflow and air + propane mixture flow was observed at high values of input energy only
(compare Fig.5.5 and Fig.5.6).

However, the luminescence of CH (A = 431 nm) was change at all values of input energy
(Fig.5.7).

Breakdown l

Fig. 5.7. The comparison of the waveforms of a luminescence of plasma (A=4315 A, CH)
at injection of plasmadynamic jet into supersonic air and propane-air flow at two different
discharge voltages (U=2,75 kV u 3,5 xV).

Po =4 atm, p = 200 Torr, x= 32 cm, scale factor: 250 ps/div.
Blue curves: air, red curves: air + propane

Thus, the intensities of a band of active radical CH ( A=431,5 nm ) was more convenient

for detection of air-propane mixture ignition.
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§ 2. Probe temporary measurements

If the length of transversal discharge along a flow is limited to some value, the zone of
burning continuously drifts a flow. Therefore for definition of the fact of ignition it is necessary
to divide in space the discharge plasma from the flame plasma, i.e. to execute measurements on
distance, exceeding the length of the discharge.

Experiment was put as follows. Measurements were carried out into flame produced by
transversal pulse electric discharge in supersonic propane-air flow at Mach number M = 2. The
propane mass fraction was about the stoichiometric one. Regime of single pulse with pulse
duration T = 200 — 300 us was used. The length of discharge L along the flow at this duration is
equal to L = vz <18 cm (see Chapter Y1). The probe was located at axial coordinate z = 32 cm
downstream the electrodes. The single cylindrical probe with a diameter of 1 mm and length of
10 mm was positioned in the aerodynamic channel end. Basic electrode was a metal grid 1mm x

1 mm, executed from wire 0.3 mm.

B-3 ;.-Lm-—_._u. .am-.-m;l_._i'_ﬁ_-.\lx_._._. - ; oA o I

B> s anre _._(H.:w.

=Ty

Fig.5.8. Waveforms of the probe currents demonstrating the fact of supersonic propane — air
mixture flow ignition by the pulsed transversal discharge. T = 300 us. Po = 3 atm, p = 200 torr.
Probe bias U = £100 V is for electron and ion current, respectively, R, = 1 kOm, probe position
z~32cm.

Curves: 2 — the discharge current pulse, 5 — electron probe current in air flow, 6,7 —electron and
ion probe currents in air-propane mixture flow at igniting value of discharge current (I ~ 20 A),
respectively.

Three layers of metal grid were used to increase the surface of basic electrode. This
electrode was placed on distance of 3 cm from a probe downwards on a stream. A bias voltage

U(t)=const was applied between a probe and a basic electrode. Change of polarity of bias
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allowed registering either electron, or ion probe current. The voltage proportional to probe
current I(t) was measured on resistance Ry, = 1 kOm .

Typical waveforms of the probe currents were shown on Fig. 5.8. Signals of probe
current were not detected in the cases of airflow, propane and air — propane mixture flow at
discharge current below the ignition threshold.

These signals appearance we connect with the fact of the ignition realization. However,
the value of ion probe current is very small: | ~ 10 uA. Results presented in Fig.5.8 showed that
a single probe method is more useful for detection of the ignition process since the electron part
of the probe characteristic is more sensitive.

Thus, experimentally was shown that the fact of ignition and combustion of propane-air
mixture supersonic flow may be tested by joint application of two methods: a) investigation of
CH radicals band, 4 = 431.5 nm, luminescence evolution and b) investigation of the single

electric probe currents evolution.

§ 3. The measurements of gas and vibrational temperatures

Radiation spectra of plasma of discharges in supersonic airflow at minimal full pressures
Py~ 10° Pa and ambient pressures p < 10* Pa are close to spectra of discharge in steady air under
same pressures p < 10* TTa. Under this condition the atomic components (O, H, N), active
radicals (CN, CH, OH) and molecules (C,, N>) are observed.

However the lines of the rotational structure of the second positive system of N, are
dominated in wavelengths range 370 — 390 nm. (Fig.5.9) and radiation of this system is used for
measurements of gas temperature of air plasma of discharges in supersonic flow.

The gas temperature was identified with rotation temperature of the basic state Xlzg+.
Rotation temperature has been measured over relative intensities of lines of the rotational
structure of the band (0;2) of the second positive system of N, (the transition C3r, — Bsng , A=

380,5 nm) (Fig.5.10.);
0,89- In(lidi) = C - j*- (*+1)/Tr.

where ljx - intensity of a rotation structure spectral line Iy, that corresponds to a transition
between I-th and k-th states, j” is a total molecular moment of momentum, i — is a quantum
mechanical coefficient of intensity, C is a constant. Here one can take v’ to be a constant (the

corresponding error ~0.5% is negligible), The rotation constant for upper state at radiation
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transition B’ = 1.826 is close to the rotation constant B” = 2.01 for the basic state X'Z,". As

result rotation temperature Tr = T4 B“/B " is close to gas temperature.
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Fig.5.9 The radiation spectrum of the plasma of the discharge in supersonic airflow at A = 370-
390 nm. p = 5,3 10° Pa, Py = 10° Pa, M~ 2, Dy =10 mm, | =2.5 A, z=1 cm.
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Fig.5.10. The radiation spectrum of the second positive system of N, of the plasma of the
discharge in supersonic airflow.

p=5,310%Pa, Py=10°Pa, M~ 2, Dy =10 mm, | =2.5A,z=1cm.
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However the intensities of lines of the rotational structure of the second positive system
of N, , which is used for measurements of gas (rotational) temperature of air plasma, falls at
growth of full pressure very sharp. Radiation spectra of plasma of pulse-periodic discharge at
pressure P; = 2 10° Pa was shown in Fig.5.11. It’s seems that radiation intensities of the
molecular bands of CN dominate in wave lengths range 365 — 395 nm. The relative value of the
molecular bands the second positive system of N2 ( (0,2) A =380.5 um, (1,3) 4 =375.5 um, (2,4)
A = 371.0 um), and first negative system N, (0,0) A = 391.4 um were very small. As result,
plasma temperature at P, > 10° Pa has to evaluate by the relative intensities of the molecular
bands of CN (0,0) u (1,1) with quantum wavelengths A=388.3 u 387.2 nm. This temperature is
vibrational temperature. CN temperature data were considered at high values of full pressure as
the upper limit of gas temperature.
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Fig.5.11 The radiation spectrum of the plasma of the discharge in supersonic airflow at A = 365-
395 nm.
p=1,310"Pa, Py=210°Pa, M~ 2, D =12 mm, | ~ 20 A, =600 ps, f =10 'y, z=1cm
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Gas temperature as a function of full pressure for fixed discharge current is presented in the
Fig.5.12. Measurements were performed in the pulsed discharge at pulse duration 480 ps in the
current generator mode. The jet off-design power was n = 2. The radiation was detected from a
region at a distance z = 2 cm from electrodes down a flow. Generally speaking, data obtained in
the result of CN molecular bands relative intensities analysis at Po > 1 atm reflect an excitation
temperature — the discharge vibrational temperature of molecules. It is easy to see that there is
the excess of the temperature value determined by CN over the temperature value obtained by
rotational temperature of the second positive N, system. It is naturally to expect that this
difference has to decrease with increasing of pressure, so one can consider the temperature
values found by CN to be the upper limit for the gas temperature. Then from the data presented
in Fig.5.12 follows that the averaged value of the upper limit of the gaseous temperature at Po = 4
atm is smaller than that at Po= 1 atm.

Thus the temperature has a tendency to decrease when a density of gas flowing out of a
nozzle increases (i.e. in the case of full pressure increasing) in difference to its dependence in

motionless air.

®CN
5000 - O N,
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:“ .
P 20004
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Fig.5.12. Gas temperature as a function of full pressure.
M=2n=p/p=2 1=8A, r=480 us,L=12 cm,z=2cm.
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Fig.5.13. Gas temperature as a function of discharge current in plasma of the transversal
discharge in supersonic airflow. M =2, p =200 Torr, z=1cm.

o-Po=1atm,p=40torr; e-Po=4atm.

Temperature drop is observed at full pressure increasing from Py =1 atm to Py =4 atm at all
currents (Fig.5.13).

In general we have to conclude that experimentally obtained gas temperature absolute values
at high currents reach several thousands degrees though they stay smaller than the value of the
electron temperature Te ~ 10* K, calculated for these conditions.

So plasmas in conditions under the investigation is nonequilibrium one, it is insufficient to
know the gas temperature value for determining of its conductivity, and direct measurements of

the electron concentration are necessary.
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8§ 4. Probe measurements of plasma density

4.1. Double probe characteristics in plasma of igniting discharges

4.1.1 Plasma jet injected into a supersonic flow

The voltage bias U(t) was applied between two probes to measure the I-V probe
characteristic. This bias changed linearly from a minimal voltage of —30 V to a maximal voltage
of +30 V during 10 ps. Typical waveforms of a double probe current i(t) with the corresponding
probe bias in plasma jets injected into a supersonic propane-air flow are demonstrated in
Fig.5.14.
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Fig.5.14 Waveforms of the double probe current (upper curve) and bias voltage (lower curve) at
an injection of the plasmadynamic jet into supersonic propane — air mixture flow.

I-V probe characteristic was determined with the help of developed program. The set of probe
characteristics constructed on a base of these data is represented in Fig.5.15.
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Fig.5.15 Double probe I — V characteristics at the plasmadynamic jet injection to the
supersonic propane- air flow. Po=4 atm, p =300 Torr. U =4,25kV, C =50 pF.
Symmetric double probe: & 0.3 mm, L =10 mm. z =32 cm.

It is visible, that ion parts of the double probe characteristics trend to a saturation. The probe
characteristic fluctuates during the measurement period. This fact may be connected with the
plasma density variations in the supersonic flow. The value of these variations can reach 50%.
The comparison of the measured characteristic of a double probe and of an ionic part of
the characteristic simulated according Chapter I'Y for conditions of experiment is submitted on
Fig.5.16. It is visible, that both qualitative and the quantitative consent between calculation and

experiment is observed.

2,0
1,54
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RY;
Fig.5.16. Comparison of measured (e) and calculated (— ) I-V probes characteristics of

transversal double probes in pulse plasma jet, injected in a supersonic airflow.

Experiment conditions: M = 2, p = 100 Torr, Pp = 2 atm, C =50 uF, U=2.5kV, z =22 cm.
Double probe ©0.3 x14 mm, distance between probes D = 4 mm.

Simulation conditions: R=0.15 mm, Te = T = To = 5000 K, Ni = 4 10 cm®, v= 660 m/s, D; = 70
cme/c.
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Difference of absolute values of currents does not exceed 70 %. This result is good as this
mistake includes also mistakes of definition of density of gas, electron and ion temperatures,
mobility of ions.

Comparison of characteristics of double transversal and longitudinal probes was carried
out. These results are submitted on Fig.5.17. It is visible, that values of ion saturation current on
longitudinal probe are lower than values of a current of a transversal probe under the same
conditions. This result will completely be coordinated to the results of numerical simulation
submitted in Chapter IY.

However application of longitudinal probes in supersonic flows does not result in simplification

of the description of ion collection by a probe.
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Fig.5.17. I-V probe characteristics of transversal (1) and longitudinal (2) double probes in pulse
plasma jet, injected in a supersonic airflow.

M =2,p=100 Torr, P =2 atm, C=50 uF, U=25kV,z=22cm.
Double probe 0.3 x14 mm, distance between the probes D =4 mm.

4.1.2 Pulse and DC discharge in supersonic flow.

The application of only the double probes is possible in the case of the transversal electric
discharges in the supersonic flow. Two typical double probe voltage - current characteristics in
the airflow plasma are represented in Fig.5.18.

Little differences in double probe characteristics take place at an addition of propane to the
supersonic airflow.

One can see that ion parts of the probe characteristics are close to those of the pulsed jet. Modes

of the probe operation in the plasma parameter range of igniting discharges are the intermediate
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ones from the analytical approach point of view. Results of our computer simulations (Chapter
1Y) are applicable in this case.
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Fig.5.18. The double probe voltage - current characteristic in the plasma of the pulse transversal
discharge in the supersonic airflow.

Cylindrical probe: & = 0.3 mm, axial position z =4 cm. Po = 1 atm, p = 40 Torr, t=300 ps.

Gas temperature achieves values more than 1000 K in conditions of igniting discharges
(see Fig. 5.12-5.13 and Chapter VI), therefore at flow Mach number M = 2 a mode of probe

operation is subsonic as a rule. Numerical simulation shows, that in conditions of experiments
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the mode of saturation with a nonzero inclination of the characteristic is realized. Therefore for a
determination of ion density the model of an ion saturation current for subsonic flow can be
applied.

The review of the works devoted to a mode of ion saturation current, is executed within
the framework of the project 1867p []. Results of numerical simulation (Chapter 1Y) show that
take into account the difference between ion and electron temperature of plasmas.

In the frameworks of a simple model [I1.16] analogous to [I.7] one can show that the
dimensionless densities of electron j. and ion saturation currents j. on a cylindrical and spherical
probe are equal:

. el
c=A+77)—|,_
Je =( T)6r|_1

Here r - dimensionless radial coordinate in terms of probe radius R, =z = T./T_. The model
assumes the constancy of temperatures through the field of flow.
The numerical calculations are conducted in []. The relation for dimensionless current i is

convenient to present as the dependence on an electrical Reynolds number:
i =058 (1+ 10 Re % (1)
The dimensional current on a full surface of a cylinder is equal
|=2meN,D.Li )

With the account mistakes of definition of density of gas, electron and ion the mistake of

concentration can be estimated in size about 100 %.

4.2 Single probe characteristics in plasma

4.2.1 Plasma jet injected into a supersonic flow

In the case of plasma jets with a shot time of energy input sufficient for ignition
supersonic propane-air mixture flow both double and single probes can be used for investigations
of plasmas in a flow in contrast to the case of pulsed and DC transversal discharges where only
double probes are appropriate.

The single cylindrical probe was positioned in the aerodynamic channel end. Basic
electrode was a metal grid Imm x 1 mm, executed from wire 0.3 mm. Three layers of metal

grid were used to increase the surface of basic electrode. This electrode was placed on distance
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of 3 cm from a probe downwards on a stream. Typical waveforms of a single probe current with
the corresponding probe bias in plasma jets injected into a supersonic propane-air flow on
interval of time 640 us - 710 us after breakdown are demonstrated in Fig.5.19. The probe

characteristics constructed on a base of these data is represented in Fig.5.20.
u(t)
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Fig.5.19 Waveforms of the bias voltage (upper curve) and single probe current (lower curve) at
an injection of the plasmadynamic jet into supersonic propane — air mixture flow.
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Fig.5.20. I-V probe characteristics of single transversal probe in pulse plasma jet, injected in a
supersonic airflow. Py =1 atm, p =50 torr, U = 4.25 kV.

Cylindrical probe: @ = 0.3 mm x 15 mm, axial position z = 32 cm.

I-V characteristic of single probe is more sensitive to fluctuations of parameters of
plasma, than | =V characteristic of a double probe. It is visible on Fig 5.19, that peak values
probe current vary in an examined interval a little. Therefore during measurement characteristic,
equal 10 ps, properties of propane-air plasma do not vary. It guarantees correct measurement | —
V characteristic of a probe.

One can see that the electron part of probe characteristic is close to the linear function.
So, the type of measured probe characteristics is close to those of the characteristics, which take
place under the pulse plasma jet injection to steady air [1,2]. Since the plasma temperature is
high, then the flow around the probe mode is the subsonic one, analogous to the jet outflow to
the steady air [1,2]. Such probe operation modes in collision high-density plasma flows have
been studied primarily analytically under the conditions of significant influence of the Debye

layer on a basis of the asymptotic analysis in a totality of extreme cases [3].

4.2.2 Plasma of flame ignited by the pulse transversal discharge
in the supersonic propane-air flow.

Experiment was performed analogy to experiments described in § 2 of this Chapter, only

instead of constant probe bias the variable bias was used. The typical single probe voltage -
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current characteristics in the propane-air flame plasma in the supersonic propane-air flow is
presented in Fig.5.21.

The values of the ion probe current is about the ones in the propane- burning Meker
burner, the absolute value of the ion probe current is small (~pA).

Plasma density in propane — air mixture flame produced in a Meker burner at atmospheric
pressure (according to [4 ]) was equal to ne~10° - 10™° em™®. The main ion was H 3O * [4].

In the case of the supersonic flow the signal/noisy ratio can be low. As the result, the it is

more convenient to use the electron part of probe characteristic, i.e. the positively biased probe,
which collects much higher electron currents due to the higher mobility of electrons.
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Fig.5.21. The single probe voltage - current characteristic in the propane-air flame plasma in the
supersonic propane-air flow.

Cylindrical transversal probe: & = 1 mm x 10 mm, axial position z = 32 cm. P = 3 atm, p = 200
torr.
The supersonic propane-air flow has been ignited by transversal pulse discharge.

The dimensionless parameters of probe characteristic under these assumptions in our
conditions are:
e Electric Reynolds number Re,=uR/D; =~ 200,
o e=(rp/rp )’~ 10
The type of probe characteristic is determined according to theoretical analysis (see [ 5])
the value of product of ¢ by Re?. In this case & Re>>>1, then the main part of probe voltage drops

in the zone of unperturbed flow and I-V characteristic has to tend to linear.
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The type of experimental characteristics is close to the type of theoretical characteristics. The

evaluation of plasma density shows that the magnitude of n; is about 10%° cm.
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CHAPTER YI.

PLASMA PARAMETERS OF IGNITING DISCHARGES
IN SUPERSONIC FLOW

8 1. Parameters of electrode discharges in supersonic airflow

1.1 The longitudinal discharge in the supersonic gas flow

The circuit with an additional electrode was used for creation of the longitudinal
discharge [1]. High-voltage electrode of the discharge and grounded additional electrode were
placed in a plane, perpendicular supersonic flow, on a distance about 10 mm. Second grounded
electrode of the discharge was placed along a flow on a distance L about 3 — 15 cm.

Typical waveforms of the discharge voltage U, the current of initial perpendicular
discharge (between perpendicular electrodes) | {rans and one of longitudinal discharge | jong are
shown in Fig.6.1. After the breakdown between a high-voltage electrode of the discharge and
grounded additional electrode the plasma discharge channel of a pulsed discharge is sweeping
down by a flow with a speed equal to that of the flow; as a consequence its length grows
continuously up to closure of longitudinal discharge gap. Up to this moment the discharge
voltage of initial transversal discharge U growth proportional to its length, | tans = const, | jong
=0. After the switchover to longitudinal discharge U ~ const, | ans =0, | jong =COnst. According

to results of [1], the small oscillations of longitudinal discharge voltage are observed.

Breakdown  Switch over

I long

I trans

Fig.6.1. Waveforms of the voltage on the discharge U, the current between perpendicular
electrodes | yans and the current between longitudinal electrodes I jong .
Po =4 atm, p =200 Torr, =800 ps, L =10 cm.
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Appearance of longitudinal discharge in supersonic airflow is shown in Fig.6.2.

Supersonic
l propane-air flow

<«— Lower
electrode

Fig.6.2. Photo of longitudinal discharge in supersonic air-propane flow
Po =4 atm, p =200 Torr, z= 800 ps, L =10 cm.

Thus, two distinctions between this longitudinal discharge from longitudinal discharge,
investigated in [1] take place:
e The pulse mode with long time duration has been used

e The discharge in aerodynamic canal but free jet has been investigated.

1.2 The transversal discharge in the supersonic gas flow

Integral topology of transverse to flow DC discharge’ luminescence (during an exposure
time of a second’s hundredth part) is well known: thin channels are extending along a flow
behind discharge’s electrodes. Their brightness considerably exceeds those of their bridging
region, so the discharge channel seems to be unconnected.

This picture is typical both for small and hypersonic Mach numbers of wind tunnels and
jets (Fig.6.3). Change to a pulse discharge with varying pulse duration z does not lead to
changing of an integral luminescence topology (now during a pulse), but it changes only a
discharge’s extension along a flow. The latter at first linearly increases with a flow velocity, then
it slows down and comes to a value close to those of the constant current case at the given
gasdynamic flow’s properties. Hence, it is evident that transverse discharge’s plasma is drifted
by a flow, however, a way of the current connection and factors limiting discharge extension

along a flow stay unclear.
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a) b)

Fig.6.3. DC transversal discharges in supersonic airflows.
a) air jet, M = 2; b) wind tunnel, M = 6.

Mechanism of a current connection

At the same time the pulse mode, with relatively not complicated way of high discharge
current generating, allows to apply a super speed photo detection method and to trace a discharge
development in details. Such a panoramic picture of a transversal pulse discharge developing in a
supersonic jet from a breakdown moment till the moment of quasi-stationary structure’s creation
is presented in Fig.6.4. A flow is directed top-down. We used a photo detector with a two rows
insert in a mode of per-frame photography, duration of a frame was 16 or 32 us. During a
development the discharge goes away behind an illuminator. In Fig. 6.4 this moment

corresponds to ~ 256 us, maximal observed size is limited by ~13 cm.

| Y ¥

32 mC

N

Fig.6.4. Dynamic of transversal discharge in a supersonic airflow.
Po=2atm, p =100 Torr, M = 2. Discharge current | =20 A.
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From the point of view of the discharge propagation in space results of the super speed
photo detection show that inputting of transport processes (ambipolar diffusion, thermal
conductivity and drift) outside of near electrode regions is negligibly small. That is why a
velocity of the discharge propagation and its configuration are set by corresponding flow’s
characteristics.

So the discharge with applied transversal field can not be stationary in principle since a

part of the positive column is always perpendicular to a flow and is constantly drifted by it.

Instability’s mechanism

Propagating discharge process along a flow can not be infinite and it breaks at some
moment. Fig.6.4 illustrates this phenomenon. Discharge’s extension sharply decreases and then
the current’s channel begins to be drifted out by a flow. The moment of the sharp decrease of the
discharge’s length is undoubtedly conditioned by the breakdown between the anode and the
cathode streams. We managed to fix this directly at high speeds of the photography.

In Fig.6.5 one can see the going out (extincting) part of the discharge’s channel. The
breakdown in this case of strongly under expanded jet takes place near the Mach disk. One can
see that a new, a shorter way of a current leads to a quick going out of a plasma glow in the
remained discharge part. Later the discharge channel starts to drift by the flow again and the

whole process repeats.

: U/(J
TR

Fig.6.5 Secondary breakdown between the anode and cathode parts of discharge.
Po=4atm, p =100 Torr, M =2, 1 =30 A. Interval between photos 16 ps.
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Quantitatively the process of the discharge developing in time is most simply illustrated
by the typical voltage waveforms at the discharge’s electrodes. Such waveforms with the current

waveforms are represented in Fig.6.6.

Voltage

Current

Fig.6.6. Waveforms of pulse discharge voltage and current.
Po=1atm, p=45Torr,L=6 mm, =200 ps. Scale factors: | — 1 A/div, U — 1 kV/div.

Increasing of the discharge extension along a flow is accompanied by a monotonous and
close to the linear voltage increasing at electrodes. After a definite time from the discharge’s
start this increasing breaks by the voltage sharp drop corresponding to the breakdown between
the anode and the cathode streams. Position of the breakdown plain along a flow with respect to
the electrodes determines the residual voltage drop at the discharge. Later the process repeats and

the discharge turns to a vibrating mode.

Electric field in pulse transversal discharge

Continuous increasing of the discharge channel’s length reveals that the discharge is
unstable even in an idealized case of discharge feeding from the generator of current | = lo. So in
the classical discharge AVC, U(l)- dependence, to each current value there will correspond a
number values of potential difference between electrodes corresponding to definite time
moments. That is why from the physical point of view there is a sense in an electric field
dependence of current E(I), but not U(l) dependence. Results of floating potential measurements
and of direct measuring of E by two floating probes, which signals came to the entrance of a
differential amplifier have shown that the electric field strength changes in time rather slowly not
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only in the anode but in the cathode discharge’s part as well. An average field value <E> (over a
whole discharge’s length) can be determined also from the waveforms of the voltage at the
discharge (Fig.4.5), since AU/& = <E> v . Essentially that in so doing a sum of near electrode
potential drops is automatically excluded. In contrast to measurements of [1], current’s generator

acts as a source for discharge feeding.
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Fig.6.6a. An electric field versus current in the pulsed transversal discharge in a supersonic
airflow. M=2, 7=200ps,n=p /p=2.

Data obtained by this way for the transversal discharge with respect to a discharge
current in the three orders of magnitude range are presented in Fig.6.6. They are presented for
fixed values of full pressure Py, since the pressure in the nearest (supersonic) jet’s region, where
the discharge burns, is determined by a pressure at a nozzle’s cut but not by a pressure in a
chamber.

It is easy to see that found dependencies E(I) are the falling ones, and the electric field in
a region of respectively small currents reaches values close to 1 kV/cm, then is quickly and
strongly drops with the current’s rise, almost for about an order of magnitude, and then changes
weakly. A transition region from one mode to another corresponds to currents of 1 ~1 A and
with pressure in a jet it moves to the side of high currents.

In an absence of a flow a current motion trough a gas is accompanied by a constriction.
As usual a connection between a current and a field is close to the power dependence | ~E "™, in
case of small currents, i.e. weakly constricted glow discharge, m = 1, and | ~ E™. Value of m
rises with current’s rise. It reaches m = 3, and | ~E™ in case of big currents typical for arcs. Data
presentation in a double logarithmic scale show that the power dependence with m = 2 + 0,2

corresponds to small currents in the region of quick field’s drop. Value m ~ 3 corresponds to big
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currents. So this discharge in typical for plasma aerodynamic experiments can be classified as

intermediate between the strongly constricted and the burning arc discharge.
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Fig. 6.6b. The discharge current versus an electric field in the pulsed transversal discharge in a
supersonic airflow (the same experimental data, as Fig. 6.6a).
M=2 7=200pus,n=p /p=2.

Character of E(I) dependence is connected not only with temperature changing and
respectively with a conductivity changing, but with a size of a current conducting region. Results

of luminescent discharge channel measurements and of its hot region are represented in Fig.6.7.
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Fig.6.7. Pulse transversal discharge channels diameter versus current in supersonic airflow.
M =2, 7=200 us, Po =2 atm, p =100 Torr.
Curve 1 — photography with a blue filter (CC-8), curve 2 — photography without a filter.
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One can see that the channel’s diameter rises with the current according to a law d ~ E®°.
A diameter of the hot region in this case is by ~1,5-2 times less than those of the luminescent
region.

It was shown earlier [1] and confirmed now that the neutral particle temperature is slowly
decreasing along a airflow. Thus, we can operate the mean gas temperature of main part of
discharge. The correlation between this mean gas temperature and discharge current is shown in
Fig.6.8.
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Fig.6.8 a. Mean gas temperature as a function of discharge current
Po=latm,p=40torr, M=2,L=12mm,z=1cm.

One can easily see that the temperature in linear scale rises quickly at small currents (in
the glow discharge mode) up to T=2000 K value and then its rise slows down. Such a behavior is

practically opposite to the behavior of an electric field with a current.
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Fig.6.8 b. Mean gas temperature as a function of discharge current (the same data)
Po=latm,p=40torr, M=2,L=12mm,z=1cm.
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It is typical that temperature - current dependence has a direct power law (see Fig.6.8 b).
T ~ 1 in studied range of parameters.

Temperature drop is observed at full pressure increasing from Py =1 atm to Py =4 atm at
all currents (compare Fig.6.8a and Fig.6.9) though this difference is insignificant at small
currents.
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Fig.6.9. Mean gas temperature as a function of discharge current
Po=4atm, p =200 torr, M =2, 7=480 ps,L=12mm,z=2cm.
Temperature measurements have been performed on relative intensities of CN bands.

In general we have to conclude that experimentally obtained gas temperature absolute
values at high currents reach several thousands degrees though they stay smaller than the value
of the electron temperature T ~ 10 K , calculated for these conditions. So plasmas in conditions
under the investigation is nonequilibrium one, it is insufficient to know the gas temperature value
for determining of its conductivity, and direct measurements of the electron concentration are
necessary.

Results of measurements show, that electron densities in the anode and the cathode
discharge regions differ nor more than by 2 times and they decrease nor more than by 2 — 3 along
the channel length. This drop is caused evidently by an expansion of the discharge channel along
an axial coordinate. So for the determined range z one can use an average concentration value.
Determined charged particle concentration — discharge current dependence is shown at Fig. 6.10.
Measurements were made at z = 3 cm with a help of automatized scheme with optical separation

[1].
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In Fig. 6.10 a one can see data obtained both by the probe method and based on Stark
effect. At that the concentration values were determined from the data about the ion current. In
analysis were considered two mechanisms of ion reaching the probe: one of them was connected
with diffusion and another with the drift. It is easy to see that calculation results in the case of
small currents (corresponding to high electric fields in the plasma) at drift mechanism

supposition correspond more to Stark effect measurements than calculations at diffusion
mechanism supposition.

01 - : |

Fig.6.10 a. Plasma density versus discharge current.
Po =1 atm, p =40 Torr, z=3 cm.

O — diffusion @ 0,2 mm , ® —diffusion @ 0,3 mm V¥ —drift @ 0,5 mm, Stark

One can see that the concentration quickly increases at small currents and then its rise
slows down. The same data expressed in double logarithmic scale, see Fig. 4.10 b, show that the

concentration behavior can be described by the power dependence:

\ 1273 1 <1 A
' 12 1 >1A

115



10 -
og
" . e8®7
v
gg @ T W
= 1
0,1-+— LR | T
0.1 1 10
LA

Fig.6.10 b. Plasma density versus discharge current.
Po=1atm, p =40 Torr, z=3 cm

O — diffusion @ 0,2 mm, ® —diffusion @ 0,3 mm, ¢ - drift @ 0,5mm, V¥ —Stark.

§ 2. Parameters of electrode ignition discharge

In supersonic propane-air flows

The investigation of the transversal discharge in supersonic propane-air flow was
performed in case of scheme of test channel, showed in Fig.1.2 — 1.3 of Chapter I. Typical view

of the ignition process of the air-propane mixture with the help of pulsed-periodic discharge in
the supersonic channel was shown in Fig.6.11.

The main measurements of plasma parameters were performed under the chamber

pressure p = 200 — 300 torr, total pressure Py = 2 atm, stagnation temperature T, =300 K . Under
these conditions the propane mass fraction was about the stoichiometric one.

A single pulse mode was used. The discharge current varied from 2 up to 40 A, the
duration of the input energy pulse varied from 50 up to 1000 ps.
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Fig.6.11. The supersonic propane-air flow ignition by transversal pulse-periodic discharge.
The pulse duration =200 pus, the pulse repetition rate f = 10 Hz, discharge current 1 = 20 A.

The comparison of electric fields in plasmas of pulsed transversal discharges in supersonic flows

of the air and the air-propane mixture are presented in Fig.6.12.

E, Vicm

Air + propane

Fig.6.12. Comparison of the values of electric field in plasmas of the pulsed transversal
discharge in the supersonic flow in the air and in the air-propane mixture.
Po =4 atm, p =200 torr, M = 2. =1 ms, Dy = 15 mm.

e —air , m — air+propane (stoichiometric ratio).
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One can see that the addition of propane up to stoichiometric ratio has no influence on the
value of the discharge electric field. As a result, data measured in a discharge in a supersonic
airflow may be used for the corresponding discharge in an air-propane supersonic flow.

Discharge plasma temperature value in air — propane mixture supersonic flow is
significantly higher (see Fig.6.13) than those in the supersonic airflow at the same full pressure,
where it does not exceed 2000 K (see Fig.6.9). Undoubtedly that such considerable temperature
jump (with respect to air plasmas) can be explained only by the fact of propane — air mixture
ignition. One can see that the plasma temperature is achieved the value about 3500 K at z >3 cm

and slowly decreasing along a flow.
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Fig.6.13. Temperature distribution in plasma of pulse-periodic longitudinal discharge in
supersonic propane-air flow along the axis of flow.
p=200Torr,Pp=4atm,M~2,L=10cm, 7=480 pus, | =8 A.

The range of parameters of the pulsed transversal electric discharge, in which the ignition
of the propane-air mixture flow is observed, is shown in Fig.6.14. It seems that there is an
electric power density threshold of combustion. Under the condition of our experiment (Py = 4
atm, p = 200 Torr, M = 2) this threshold is equal to about 0.5 kW/cm, at smaller electric power
density the combustion is not observed.

The growth of electric power density results in reduction of the pulse duration. The

m

dependence between the electric power density and the pulse duration is close to | E ~z 7,
where m =~ —1.

Under the higher level of electric power density, shock wave generation is observed.
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Fig.6.14. Threshold electric power in the plasma of the pulsed transversal discharge in

the supersonic air-propane flow over the pulse duration

Po=4atm, p =200 Torr, M = 2.

The value of zis proportional to a discharge size along a flow (see 8§2) in studied range of
parameters , it means that approximately constant value of energy inputted to a discharge W tnresh

~ (1U7) wmresh COrresponds to an ignition boundary. Experimental results in these coordinates are

presented in Fig. 6.15.
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Fig.6.15. Threshold ignition energy value of supersonic propane-air mixture flow by a
longitudinal and transversal discharges with respect to pulse duration. A point at t = 300 us
corresponds to the longitudinal discharge. Py = 4 atm, p = 200 Torr, M = 2.
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One can see that a value of energy inputted to a discharge, which determines an ignition
threshold, is weakly dependent on pulse duration, and in essence it determines the ignition. If it
is so, then at constant value of a discharge current | and pulse duration  there has to be a
discharge length (determining U and Winresh as well), below which the ignition will not occur.

The longitudinal discharge allows varying a discharge gap length at constant pulse
duration. Typical waveforms of CH radiation at different discharge lengths are presented in Fig.
6.16. One can see that the ignition does not occur at decreasing of the discharge length below
some definite value. Boundary value of energy inputted to a longitudinal discharge is shown in
Fig. 6.15. It is close to the energy value necessary for ignition caused by the transversal

discharge.

L=4 cm

6cm

10 cm

Fig.6.16. The influence of length of longitudinal discharge on ignition of supersonic propane-air
flow. p =200 Torr, Pp =4 atm, M= 2,1 =6 A, t = 300 ps.

Waveforms of CH radiation at different discharge length L: L = 4 cm (curve 3), L = 6 cm (curve
1), L =10 cm (curve 2). Curve 4 is the waveform of discharge current pulse.

8 3. Macroscopic parameters of a plasmadynamic discharge in a supersonic

air and propane - airflows
Series of experiments have been carried out for plasma jet generated by a pulsed
plasmatron to investigate mode generation. Plasma jet was injected into steady air. An external
electrical discharge parameters were measured by a low-inductance voltage divisor (the
discharge gap voltage over time) and the Rogowsky belt (the discharge electric current over

time). The signals were registered by a memory oscilloscope.
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Waveforms of the discharge voltage and electric current for a 50-uF capacity are typical
for plasmadynamic discharges (Fig.6.17). The first current half-period is 28 ps long, and the
second lasts for 40 us. The maximal electric current Inax is 12 kA, the discharge voltage Umay iS
up to 3.2 kV. Under conditions of our experiments, these values varied in the ranges of I = 10
+ 20 KA, Unax =2+ 4 kV.

Fig.6.17. Typical view of discharge voltage and electric current waveforms.

The oscilloscope traces can also yield the discharge electric power over time, as well as

the energy input into the plasma (Fig.6.18 a,b ).
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Fig.6.18. An electric power (a) and energy input into the plasma (b) versus time.
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Such computations have shown that the main part of energy is supplied during the first

two half-periods, i.e. during 65-70 us. Note that, according to optical and probe measurements,

the total lifetime of the discharge plasma before its decay is 400-600 ps.

A high-speed photo camera was applied for studying spatial and temporal characteristics

Fig.6.19 A typical dynamics of
the plasma jet in steady air. The
exposition time of a frame was
16 ps.

of the plasma jets generated by the plasmatron. The exposition
time of a frame was 16 ps (the mirror rotation frequency was
15000 revolutions per minute).

Preliminary experiments have been carried out for plasma flows
into the steady atmosphere. For so doing, the plasma generators
had been fixed in a gas/vacuum chamber with a possibility of a
broad range air pressure variation. Structures similar to those
studied in [1] have been observed. A peculiarity of these
discharges is a low (1.4...2.3) ratio of the internal diameter of the
carrier (1) and the external diameter of the rod electrode (4) in a
comparison with values (3...5) characteristic for “classical” MPC
(magnetoplasma compressor) discharges.

Frames of Fig.6.19 show typical dynamics of the plasma jet
under conditions, which provide formation of plasma jets close to
the classical magnetoplasma compressor (MPC) jets. One can see
the cumulative phase of the discharge with further formation of the
plasma jet. Analogous high speed photographs have yielded the
plasma jet length and the speed of jet propagation over time for

various discharge conditions.

Fig. 6.20 shows plasma size evolution. One can see that during the first phase the speed

of plasma jet propagation is high, but then the plasma length stabilizes. Maximal length of

plasma jets after the main energy input period achieves 50...90 mm.

An analysis of such graphs shows that during the first half-period of the electric current

the speed of plasma jet propagation is as high as 1...3 km/s. During the second half-period is

much lower (500...800 m/s). After that the speed drops to values less than 100 m/s.

122



100 — 80
80 ’,/»/‘ 60 e

’/
60 / £ 10 ”/

20

,mm

0 16 32 48 64 80 96
t, mks t, mks
Puc. 6.20a. Plasma jet length over time. Puc. 6.20b. Plasma jet length over time.
C =100 uF, U=3.5kV, p =200 Torr. C=50uF,U=35kV,p =300 Torr.

The next series of experiments was bound with studies of ignition by the pulsed
plasmatron. In these experiments the plasmatron was fixed in the newly developed discharge
chamber (see Ch.1) so that it’s muzzle was 2 mm apart from the gas flow channel, and the angle
between the axes of the plasmatron and the channel was 135°. The capacity C was as a rule 50
uF, the initial voltage of the capacitor was (2.5 - 4) kV. Under these conditions the plasma jet

dynamics is analogous to the classical MPC discharge jet dynamics.

T * 0 ’

Fig.6.21. Photo frames of plasma jet injected into propane-air flow.
C=50puF, U=3kV,p =300 Torr, P, = 3 atm.

Typical photo frames are shown in Fig.6.21. Series of such frames yield plasma jet length
over time. Unfortunately, excess exposition in the plasma jet radiation makes it difficult to
determine the jet size during the cumulative stage; before and after this stage, the plasma jet
boundary is well seen.

Fig. 6.22 shows typical dependencies of the plasma jet length over time as
deduced from the photo frames. One can see that during the cumulative stage the speed of
plasma jet propagation in a supersonic gas flow (0.9...1.5 km/s) practically coincides with that in
a steady gas. Later, when the plasma leaves the discharge chamber, its speed approaches the
speed of the supersonic gas flow (500...650 m/s).
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Plasma jet length over time for a discharge Plasma jet length over time for a discharge
in the channel with airflow. in the channel with a flow of a combustible
C=50puF, U=45kV,p =300 Torr, P, = propane-air mixture.
3 atm. C=50uF, U=45kV,p =300 Torr, Py, =
vi =1.6 km/s, v = 0.7 km/s, 3 atm.

Vi =2 km/s, vi = 0.7 km/s,

Note that during the first, cumulative phase, when the plasma jet propagation speed is
high, a gas dynamical blockage of the supersonic gas flow is possible, which can result in its
partial or full stopping. During next stages the gas flow recovers. Such a gas dynamical
blockage, according to the probe measurements, can result in formation of two sequent plasma

volumes, which travel down the quartz channel with the gas flow.

8 4. Plasma density of a plasmadynamic discharge in a supersonic air

and propane — air mixture flows

Three pairs of &0.3 mm molybdenum probes were sealed into the tube, the first of them
was 12 cm from the electrodes, the rest were positioned with a 10-cm separation from each
other. The fourth & 1 mm probe was positioned in the channel end.

Temporary dependencies of the plasma jet length and distributions of charged particles
density along the channel can be determined with use of probes with a fixed bias voltage.

The comparison of the plasma jet length over time deduced from the probe signals and
deduced from the photo frames are shown in Fig. 6.23. One can see that the speed of plasma jet
propagation in a supersonic gas flow deduced from the probe signals is closed to that deduced
from the photo frames despite of a variation of full and ambient pressures. Absolute value of
initial speed of jet is defined mainly the value of discharge energy content, whereas the value of

final speed is close to speed of a flow.
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Fig.6.23. Plasma jet length over time for a discharge in the channel with airflow.
o - high speed photo measurements, C =50 uF, U = 3.0 kV, p =300 Torr, Py = 3 atm.
e - probe measurements, C =50 uF, U =3.0 kV, p =100 Torr, Py = 2 atm.

Axial distribution of the maximal value of probe current is shown on Fig.6.24. One can

see that this distribution is described by power dependence with an exponentn ~ - 2.2 .
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Fig.6.24. Axial distribution of the maximal value of probe current.
C=50pF, U=25kV, p =100 Torr, Py = 2 atm. Transversal probe &0.3mm * 14mm.
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The model of an ion saturation current for subsonic flow can be applied for a
determination of ion density n;. It is possible to believe, that electron temperature is closed to ion

temperature. In this case the formula, approximating the results of calculations is [2]:
i = 0,43 Re, %% (1),

where i is dimensionless ion saturation current, Re - electric Reynolds number Re.=uR/D;. The

transition to a dimensional current I; is carried out by the relation:

li=4 zeniDi L | (2),
where Djis ion diffusion coefficient, L is probe length.
The value of D;is proportional to neutral particle density. For check of the formula (2) we have
carried out measurements of probe ion saturation current at various values of full pressure. These

results are shown in Fig.6.25a, b. One can see that ion probe current is inversely proportional to

neutral particle density according to formula (2).
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Fig.6.25a. Probe current in plasma jet, injected into supersonic flow, versus full pressure.
C=50puF, U=35kV,p =100 Torr, z =22 cm. Transversal probe &1mm x 10mm.
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Fig.6.25b. The same data in new axes | xPg , Po.

The results of evaluation of plasma density under the formulas (1) — (2) in case of
Fig.6.24 are shown in Fig.6.26. One can see, that the magnitude of n; at axial distances z ~ 10 -
30 cm are about 10* - 10" cm™ accordingly in typical cases of experiments (pressure p is about
100 -300 Torr, U =2.5-4 kV, C =50 puF)
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Fig.6.26. Axial distribution of the maximal values of plasma jet density, injected into
supersonic airflow. C =50 uF, U =2.5kV, p =100 Torr, Po= 2 atm.

The results of measurements of | — V characteristics of double probe at injection of
plasmadynamic jet into propane-air supersonic flow were shown that the addition of propane
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changes the double probe characteristics slightly. Plasma jet with a small values of input energy
time is allowed us to apply not only double but single probes in contrast to case of pulse
transversal discharge. A single probe method application is more useful in this case, as electron
part of probe characteristic is more sensitive.

Thus the influence of propane addition to air has been performed in single probe mode.

Probe measurements have been performed at the voltage bias U(t) which change linearly
from a minimal voltage of —30 V to a maximal voltage of +30 V during 10 ps. The waveforms of
a single probe current i(t) allow to not only to measure characteristics of a probe, but also to
describe temporary evolution of plasma density. This evolution is described by evolution of
amplitude of probe current.

The measurements were carried out in a regime of single pulse with a voltage of the
generator being equal to 4.25 kV. The values of the pressure in the chamber, the pressure in the
receiver of the compressor were varied. The influence of variation of these parameters on the
temporary dependence of probe current in the x = 32 cm cross section of the channel is shown in
Fig.6.27—6.30.

Change of chamber pressure in 2 times result in relatively small change of probe current
(Fig.6.27). However increase of the pressure in the receiver of the compressor result in
proportional decrease of electron current as well as it was observed in case of an air jet
(Fig.6.28).

50 Torr

100 Torr

Puc.6.27. The influence of variation of the pressure in the chamber on the temporary
dependence of ion and electron probe current at injection of plasmadynamic jet into supersonic
airflow.

Po = 2arm, U = 4,25 kV, C =50 pF.
Single probe & 0.3 mm, L = 10 MM, X = 32 CMm.
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Fig.6.28. The influence of variation of the pressure in the receiver of the compressor on
the temporary dependence of ion and electron probe current at injection of plasmadynamic jet
into supersonic airflow.

Polp=2,U=425KkV,C=50pF.

Propane addition to airflow has resulted in change of small value in the signal of electron
probe current in case of small pressure p = 100 Torr (Fig.6.29). However at more high values of

pressure the growth as values of probe current as duration of current were observed (Fig.6.30).

Air+propane

Air

Fig.6.29. The comparison of temporary dependence of ion and electron probe current at
injection of plasmadynamic jet into supersonic air and propane-air flows at low chamber
pressure.
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Po = 2 atm, p = 100 Torr. U = 4,25 kV, C = 50 pF.

Air+propane

Air

Fig.6.30. The comparison of temporary dependence of ion and electron probe current at
injection of plasmadynamic jet into supersonic air and propane-air flows at high chamber
pressure.

p =200 topp, Po=4 atm . U =4,25 kV, C =50 uF.
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CHAPTER YII.
SIMULATION OF AN IGNITION DISCHARGE IN A SUPERSONIC
PROPANE-AIR MIXTURE FLOW

8 1. Heat source model of the discharge

In supersonic air-propane mixture flow

The heat source model of gas discharge [1,2] was employed for description of propane-air
supersonic flow ignition. The laminar flow was described by Navier-Stokes equations with

additional source term in energy equation.

Heat supply power distribution in source is given by Gauss law

oh = Cn (2)exp(~(r/ B (2))?),
where z is distance from the source origin coinciding with cathode, r is distance from source

axes, fn(z)and cp(z)is specified functions of z. Function cy,(z) is defined in terms of total

heat supply Py, (z) in cross-section z = const.
o0
P (2) = 27 [ @prdr

0
For short initial region z, <z <1z, modeling cathode region it is given P,(z)=PF; and

Ph(2) = B In other discharge region zy <z <zq4e Values of these functions are specified as
Ph(z)=P; and p(z)=apz+by . Parameters a, and by, are defined from conditions

L(Zce) = Be. P(zZe) = Pe, Where z, and f, are specified parameters.

The gas-phase models

For description of propane-air mixture ignition and burning were used three thermally

equilibrium gas-phase models
e global model, including 5 species (C3Hg, O2, N2, H,O, and CO,) and single global
reaction ;
e quasi-global model, including 11 species (C3Hg, O2, No, H,O, CO,, H,0,, CO,

H,, OH, O, H ), one global reaction, and detailed reactions (Table 1 a,b);
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e model with detailed reactions mechanism, including 30 species (CsHg ,0, H, O, Ny, Hy,
CO, OH, H,0, HO,, H,0,, HCO, CO,, CH, CH,, CH3, CH4, C,H, CyH,, CoHs, CoHy,
C2H5, CzHe, C3H5, C3H6, C3H7i, C3H7n, CHZO, CHon, CH30H ) and 70 chemical

reactions (Table 2 a, b).

Global reaction mechanism [3]
Single global reaction: C3Hg + 50, = 3 CO, + 4 H,0O

reaction rate: @ = Aexp(—E /T)[C3Hg]*[0,]” molicm®s , [] — mole fraction, mol/cm®

A=1.0x10" E=15100K, o =0.1, p=1.65

Quasi-global reaction mechanism [3]
Global reaction: C3Hg + 1.50, = 3 CO + 4 Hy,

reaction rate: @ = Aexp(—E /T)[C3Hg]*[0,]” molicm®s , [] — mole fraction, mol/cm®

A=1.5x10" E=15100K, o =0.1, p=1.65

Elementary dissociation-recombination reactions

Reverse rate constants k, = AT " exp(-E /T), cm®/mol®s

Tablela
Reaction E.K A n
02 + M & O +0 + M 0. 4.70e15 | -0.28
H2Z0O + M < OH + H + M 0. 9.26e13 | 1.
H2 + M < H + H + M 0. 7.50el2 | 1.
OH + M & O + H + M 0. 2.00e12 | 1.
CO2 + M & CO + O + M| 2063. |5.90e15 | 0.
HO2 + M &« H + 02 + M| -500. | 1.65e15| 0.
HO2 + M < O + OH + M 0. 1.00e17 | 0.
H202 + M < OH + OH + M| -2510.|9.10e14 | 0.
Elementary exchange reactions
Reverse rate constants k, = AT "exp(-E/T), cm®mols
Table1lb
Reaction A n E, K
H + 02 = OH + O 1.30e13 | O. 0.
@) + H2 = OH + H 7.33e12 | 0. 3670.
H + H20 = OH + H2 |21913| 0. 2590.
@) + H20 = OH + OH |5.75e12 | 0. 394,
02 + OH = O + HO2 | 5.00e13 | 0. 500.
OH + OH = H + HO2 | 2.50e14 | 0. 1000.
H2 + 02 = H + HO2 | 2.50e13 | 0. 350.
H20 + 02 = OH + HO2 | 5.00e13 | 0. 500.
H202 + 02 = HO2 + HO2|1.00e13| O. 500.
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HO2 + H2 = H202 + H 1.70e12 | 0. 1887.
H20 + HO2 = H202 + OH |1.00e13| O. 900.
Co2 + H = CO + OH |[150e07 | 1.3| -400.
Co2 + O = CO + 02 |[3.14el11| 0. | 18900.
CO2 + OH = CO + HO2 | 150e14 | 0. | 11902.
Detailed reaction mechanism [4]
Elementary dissociation-recombination reactions
Reverse rate constants k, = AT " exp(-E /T), cm®/mol?s
Table 2 a

Reaction E, K A n
02 < 0 + O 0. 2.9el7 | -1.
H20 < OH + H 0. 2.2e22 | -2.
H2 < H + H 0. 1.8e13 | -1.
OH < 0 + H 0. 1.0e16 | O.
CO2 < CO + O 2060. | 5.9e15 | 0.
HO2 < H + 02 0. 2.3e18 | -0.8
HO2 < OH + O 0. 1.0e17 | O.
H202 < OH + OH 0. 3.25e22 | -2.0
HCO < CO + H 0. 1.1e15 0.
CH4 < CH3 + H 0. 2.5ell 1.0
CH20 & HCO + H 0. 4,715 | 0.
C2H4 < C2H2 + H2 0. 1.9e16 | 0.
C2H5 « C2H4 + H 0. 6.3e13 | 0.
C2H6 < CH3 + CH3 |O. 3.6e13 | 0.
C3H6 < C2H3 + CH3 |O0. 3.5e10 | 0.
C3H7I ~ C2H4 + CH3 | 0. 1.0el1 0.
C3H/N « C2H4 + CH3 |O0. 1.6el1 | 0.
C3H’/N « C3H6 + H 0. 2.9el14 0.
C3H8 < CH3 + C2H5 | 0. 2.0el17 |-1.8
C3H8 < C3H7n + H 0. 3.6el3 | 0.
C3H8 < C3H7i + H 0. 2.4el13 | 0.
CH20H & CH20 + H 0. 1.4e14 | 0.
Elementary exchange reactions
Reverse rate constants k, = AT " exp(-E/T), cm®mol's
Table2 b

Reaction A n E.K

OH + O = H + 02 |2.00el4 | 0. 8455,
OH + H =0 + H2 |5.06e04 | 2.67 | 3160.
H20 + H = H2 + OH | 1.00e08 | 1.60 | 1661.
@) + H20 = OH + OH | 1.50e09 | 1.14 50.
OH + OH = HO2 + H 1.50e14 | 0.0 503.
H2 + 02 = HO2 + H 2.50e13 | 0.0 348.
H20 + 02 = HO2 + OH |6.00e13|0.0 0.
H20 + O = HO2 + H 3.00e13 | 0.0 866.
OH + 02 = HO2 + O 1.80e13 | 0.0 | -204.
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H202 + 02 = HO2 + HO2 | 2.50ell | 0.0 | -624.
H20 + OH = H202 + H 1.00e13 | 0.0 | 1802.
H20 + HO2 = H202 + OH [540el12 0.0 503.
CO2 + H = CO + OH [4.40e06 |15 | -372.
HCO + O = CH + 02 |3.00e13 0.0 0.
HCO + CO = CO2 + CH [3.40e12 | 0.0 348.
CoO + H2 = HCO + H 2.00e14 | 0.0 0.
CoO + H20 = HCO + OH |1.00e14 | 0.0 0.
CO + HO2 = HCO + 02 ]3.00e12 | 0.0 0.
CH + H2 = CH2 + H 8.40e09 | 1.5 169.
HCO + H2 = CH20 + H 2.50e13 | 0.0 | 2008.
HCO + OH = CH20 + O 3.50e13 | 0.0 | 2008.
HCO + H20 = CH20 + OH | 3.00e13 | 0.0 604.
CH2 + H2 = CHS + H 1.80e14 | 0.0 | 7574.
CH20 + H = CHS3 + O 7.00e13 | 0.0 0.
CH20 + OH = CHS + 02 [3.40el11 | 0.0 | 4499
CH3 + H2 = CH4 + H 2.20e04 | 3.0 | 43909.
CH3 + OH = CH4 + O 1.20e07 | 2.1 | 3835.
CH3 + H20 = CH4 + OH |1.60e06 |21 |1238.
C2H2 + H = C2H + H2 [1.10el13 | 0.0 | 1443.
CH2 + CO = C2H2 + O 4.10e08 | 1.5 854.
C2H + H20 = C2H2 + OH |1.10el13|0.0 | 3522.
C2H2 + H2 = C2H3 + H 3.00e13 | 0.0 0.
C2H2 + HO2 = C2H3 + 02 [540el1)|0.0 0.
C2H3 + H2 = C2H4 + H 1.50e14 | 0.0 | 5133.
C2H3 + H20 = C2H4 + OH |3.00e13 | 0.0 | 1515.
CH3 + CH3 = C2H5 + H 3.00e13 | 0.0 0.
C2H4 + HO2 = C2H5 + 02 |2.00el2|0.0 |2513.
C2H5 + H2 = C2H6 + H 5.40e02 | 3.5 | 2621.
C2H5 + OH = C2H6 + O 3.00e07 | 2.0 | 2573.
C2H5 + H20 = C2H6 + OH ]6.30e06 | 2.0 325.
C3H5 + H2 = C3H6 + H 5.00e12 | 0.0 765.
C3H6 + HO2 = C3H71 + 02 [1.00e12 | 0.0 | 2513.
C3H/n + H2 = C3HS8 + H 1.30e14 | 0.0 | 4881.
C3H7i + H2 = C3H8 + H 1.00e14 | 0.0 | 4196.
C3H/n + OH = C3HS8 + O 3.00e13 | 0.0 | 2942.
C3H7i + OH = C3H8 + O 2.60e13 | 0.0 | 2248.
C3H/n + H20 = C3HS8 + OH |3.70e12 | 0.0 829.
C3H7i + H20 = C3H8 + OH |2.80el2 | 0.0 433.
CH20 + H2 = CH20H + H 3.00e13 | 0.0 0.
CH20 + HO2 = CH20H + 02 [1.00e13 0.0 |3619.
CH20H + H2 = CH3OH + H 4.00e13 [ 0.0 | 3066.
CH20H + H20 = CH3OH + OH |1.00el13|0.0 853.
C3H8 + 02 = C3H7n + HO2|5.50e05 |15 0.
C3H8 + 02 = C3H7i + HO2|3.00e09 | 0.5 0.
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Numerical method

Numerical integration of the governing equations was performed by TVD type difference
scheme of second order accuracy. The spatial discretization of equations was made by using a
finite volume technique with a central formulation over structured meshes. The inviscid fluxes
through cells interfaces are calculated using exact Riemann problem solution defined by
interfacial values of parameters in the adjoining cells. These values were calculated by limited
one-dimensional extrapolation of primitive variables from cells centers to cells sides. Viscous
fluxes through sides of cells were determined by the space centered difference formulas.
Difference equations are solved with implicit two-layer iterative procedure. The flow field
parameters were computed due Gauss-Seidel line relaxation numerical technique on every
iteration.

Computation space domain was limited by boundaries: 0<z<14cm, 0<r<2cm
accordingly experiment conditions. The non-uniform structured grid with number cells of
300x75 was used. The cells are condensed in heat source origin region in axial direction and near

axis in radial direction.

82. Results of simulation of ignition of supersonic propane-air mixture flow by

electric discharge

The presented results are computed for experimental condition which took place at
research of process of ignition by longitudinal and transversal discharges:

total pressure Py = 4 atm, total temperature To = 300K, Mach number M = 2 and
stochiometric composition of fuel mixture.

Comparison of the results received for all models considered above, was carried out.
Comparison of model with quasi-global reaction mechanism and model with detailed reactions
mechanism has shown, that difference of results is insignificant. The results received with the
help of model with detailed reactions mechanism further are submitted.

In all cases it is supposed that z,, = 0.1 cm, z, = 0.2 cm, z, = 12cm. The effects of

the heat source power, geometry and time expansion type on the ignition process were studied.

The values of varied parameters are listed in Table 2

Table 2.
Case | z4o,cm Be.cm | facm | P wicm | Pg,wicm
11 14 0.01 0.15 125 50
1.2 14 0.01 0.15 237.5 55
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1.3 14 0.01 0.15 150 60

2.1 14 0.02 0.15 500 50

2.2 14 0.02 0.15 550 55

2.3 14 0.02 0.15 600 60
3 0.01 0.15

Predicted distributions of temperature along axis are shown on Fig. 1. The distance Z on
figures is measured from heat source origin. The temperature distributions in non-reacting gas

flow with same heat supply are shown by dotted lines.

4000 —

= —
—_— -

—_—e—— — —

P,=50 W/cm

Fig.7.1. Gas temperature axial distributions in supersonic propane-air flow at some values of
heat supply powers per unit length. Ls = 14 cm. Cathode region radius £ =0.2 mm.
Dotted lines describe distributions in a non-reacting flow and continuous lines - reacting gas

flow.

One can see that the temperature of non-reacting flow does not differ from a case when
reactions of burning are possible. Sharp jump of temperature takes place only at a great distance
(=10 cm) and undoubtedly testifies to ignition of a flow. Results of calculations of propane mole
fraction axial distributions (Fig.7.2) and especially CH mole fraction axial distributions (Fig.7.3)

show also the fact of ignition. The increase of heat supply power results in faster ignition of a
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flow, and characteristic length (time) of ignition corresponds to a given value of power. Also
calculations show, that at reduction of power up to some critical value (~40 W/cm) ignition has

no place even at the maximal length of a source.

0.04

Fig.7.2. Propane mole fraction axial distributions in supersonic propane-air flow.
Ls =14 cm. £ =0.2 mm.

0.0008 —
i P. = 60 W/cm
0.0006 —
4 55 W/cm
T
© 0.0004 —
>
. 50 W/cm
0.0002 —
O I I I I \I I I I I I I I I I

Z,cm

Fig.7.3. CH mole fraction axial distributions in supersonic propane-air flow at some values of
heat supply powers per unit length. Ls = 14 cm, 4 =0.2 mm.
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Thus, in the consequence with experimental data there is the threshold value of heat
supply power determining ignition. The value of a threshold in experiment is equal to about 500
W/cm of electric power. Computed value of the threshold of supply power enclosed in heating of
gas, is equal to about 10 % from this value. 10 % heat to electric power ratio does not contradict
the available data. It means that it is impossible to ignore the thermal mechanism of ignition of

propane — air mixture flow completely.

Burning of a flow takes place also in a radial direction. Ignition occurs on an axis of a
thermal source (since the temperature on an axis is maximal) and is accompanied by expansion

of burned down propane zone with growth z (Fig. 7.4).

0.05 —
0.04 —
0.03 —
z
b ]
=< z=4cm 6 cm 8l 10[12[14
0.02 —
0.01 —
O 1 | 1 | 1 | T ] T |
0] 0.04 0.08 0.12 0.16 0.2

r, cm

Fig.7.4 Propane mole fraction radial distributions in supersonic propane-air flow at some
distances along flow.
Ls =14 cm, Ps = 60 W/cm. £ = 0.2 mm.

Influence of extent of a heat source along a flow on axial distribution of parameters is
shown on Fig. 7.5 — 7.8. It is visible, that the axial temperature, if ignition has taken place, in
case of even short (Ls = 3 cm) thermal source exceeds value of temperature for a non-reacting

flow.
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Fig.7.5. Gas temperature axial distributions in supersonic propane-air flow at some values of
heat source expansion.

Dotted lines describe distributions in a non-reacting flow and continuous lines - reacting gas
flow. The heat supply power per unit length Ps = 60 W/cm, £ =0.1 mm

Fig.7.6. O, mole fraction axial distributions in supersonic propane-air flow at some values of
heat supply length. Ps = 60 W/cm, £ =0.2 mm.
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Fig.7.7. CO, mole fraction axial distributions in supersonic propane-air flow at some values of
heat supply length. Ps = 60 W/cm, £ =0.2 mm.

0.08

0.02

Fig.7.7. CO, mole fraction axial distributions in supersonic propane-air flow at some values of
heat supply length. Ps = 60 W/cm, £ =0.2 mm.
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CONCLUSION

The complex of probe and spectroscopic methods which allow to determine parameters of
discharge plasma of a fuel-air mixture, fact of ignition of propane - air mixture in a supersonic

flows and parameters of flame plasma has been developed in the current project.

For these purposes an experimental installation has been created, which provided a supersonic
(M = 2) air and propane-air mixture flow at the static pressure range 50 - 300 Torr with pulse-

periodic transversal and longitudinal discharges and pulsed plasma jets.

The main efforts were required for application of the probe method for diagnostics of discharges
in supersonic flows. Modes of probe-plasma interaction are numerous, and for a great part of
them there exists no sufficient theory, which would make it possible to bind probe signals with
plasma properties. For the purposes of diagnostics, it is necessary to develop fast algorithms of

computation of voltage-current characteristics.

A certain further progress in covering the region of parameters of interest for plasma

aerodynamic applications has been achieved.

A new analytical model for drift, diffusion and intermediate modes of probe operation in high-
speed flows of dense weakly ionized plasma is suggested. It takes into account the effect of the
second wire of the double probe and the leakage of the electron current. The model is valid for
an arbitrary angle between the discharge field and the flow velocity. A comparison of analytical

and experimental voltage-current characteristics is presented.

Another new analytical model for the modes, in which the probe current is limited by processes
in the Debye double layer and in the ion drift region, has been developed for the characteristic
high-speed flows of flame plasmas. The resulting voltage-current characteristics do not
contradict with experimental data.

In further efforts, these two models, in the principle, could be combined into one, which would
be capable of covering a wide range of plasma flow parameters, including the drift, diffusion and
Debye double layer modes. For applicability of this model for diagnostics, a special fast image

recognition algorithm could be developed.
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Peculiarities of diagnostics of air-fuel mixtures have been considered. The results of
computations on base of this model correspond with data of a detailed 2D numerical simulation

and experimental voltage-current characteristics.

This 2D numerical model needs to be further improved to be able to account for the Debye
layers; however, a large and lasting effort in fundamentals of applied mathematics is required for

so doing.

The results of computations for air-fuel mixtures point on a necessity to investigate what kind of
positive ions prevails in a plasma under investigation, for small quantities of components with

low ionization potentials can affect the diagnostics.

A new numerical model based on a detailed 1D simulation of electron and ion fluids is
developed. Results concerning the Debye and diffusion layers and the intermediate modes for
dense weakly ionized gas flows (including the flows of pulsed discharge plasmas and flames) are
presented. These results are in a reasonable agreement with the new experimental data, but they
differ considerably from the earlier analytical works available from the literature. This model

needs improvements for broadening the region of parameters where it is reliable.

The longitudinal positioning of probes has proved to be less advantageous than the transversal

one.

Thus, to provide plasma diagnostics for the wide range of parameters characteristic for plasma
aerodynamic applications, a considerably simple, but comprehensive analytical model is wanted.
A prototype of such a model can be derived from the analytical models of the presented work. A
considerable work of checking the model reliability for different combinations of parameters is
required, for which purpose new numerical studies are necessary, as well as new experiments.
The newly created numerical models could be used for such verification after certain

modifications.

The new type of the probe measurement device fundamentally improving the temporary
resolution was developed. The opportunity of circuit operation in immediate vicinity to
investigated object was shown experimentally. Thus the time resolution of circuit will be defined
by components.
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I-V probe characteristics in discharge plasma and combustion plasma in the supersonic air and
air-propane mixture were measured. The measurement time of characteristics was equal to no
more than 10 us. The theoretical researches have allowed to substantiate techniques of definition

of ion density in discharge plasma and electron density in flame plasma in supersonic flows.

The method of gas temperature measurement was adapted to experimental conditions. The
intensities of lines of the rotational structure of the second positive system of N, which has been
used for measurements of gas (rotational) temperature of air plasma, falls at growth of full
pressure Py > 1 atm very sharp. Especially it is true in case of air-propane plasmas. As result,
plasma temperature has to be evaluated over the relative intensities of the molecular bands of
CN.

Mechanism of sustention and the values of microscopic parameters of transversal electric

discharge in supersonic air and propane-air flows were investigated.

Checking technique of ignition and combustion of propane- air mixture in supersonic flows was
suggested. Experimentally was shown that the fact of ignition and combustion of propane-air
mixture supersonic flow may be tested by joint application of two methods: a) investigation of
CH radicals band, 4 = 431.5 nm, luminescence evolution and b) investigation of the single
electric probe currents evolution. The scope of this technique apparently is not limited to a case
of a propane-air mixture, but can be distributed on other hydrocarbons-air mixtures.

The range of parameters of the pulsed transversal electric discharge, in which the ignition of the
propane-air mixture flow is observed, is determined. It is experimentally shown, that there are
the thresholds of ignition determined by electric power, extent of the discharge along a flow.
Comparison of experimental results with results of numerical simulation of ignition of propane-
air mixture flow by electric discharge shows, that it is impossible to ignore the thermal

mechanism of ignition of propane — air mixture flow completely.

All types of discharges can be used for an ignition of propane-air mixture supersonic flow (in the
case of the electrode discharges the threshold current has to be I > 1 A, the plasma density has to
be N > 10" cm™ in the case of plasma jets). The density of recombining plasma of the jet and the
density of discharge plasmas are the values of the same order of the magnitude at times of

hundreds of us. However, plasma jets injected into flows conserve high values of plasma density
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at long distances from the plasma source in contrast to the longitudinal and transversal
discharges. So the ignition range of plasma jets is much higher than of electric gas discharges but

it is achieved due to higher energy inputs.
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