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mThe characteristics of plasmas of hydrogen, helium, and argon, rotating_ in
crossed fields of up to 80 kV/mand 0.8 T under a pulsed discharge in the stage of
acceleration at powers ranging from2 to 8 MW and in the stage of electric energy
generation with a power of up to 60 MW, as well as in the regime of self-excited
oscillations, are investigated experimentatly. The electron concentration reaches
5 x 102! m—>. The energy balance taking into account the heat flux to insulators

. is obtained, and a scheme of heat and mass transfer and magnetohydrodynamic
processes in the case of self-excited oscillations is examined. The results can be
used in the design and optimization of chemical plasma vortex devices, plasma
centrifuges, and magnetohydrodynamic capacitors.
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INTRODUCTION

Devices with rotating innized gases have been studied to de-
velop an efficient plasma chemical apparatus ensuring sepa-
ration of the products obtained, a plasma centrifuge for iso-
tope separation, and magnetohydrodynamic (MHD) capaci-
tor with regulated capacity [1, 2]. Experiments made on pulsed
installations have revealed the following features of ionized
gases rotating in crossed electric and magnetic fields [1]:

1. There are “‘plasma clectrodes™ along certain magnetic
lines.

2. The anguiar velocity of a plasma is constant along each
‘magnetic fine.

3. The plisma rotation velocity does not exceed some critical
value near insulators. :

4. The magnetic field in a plasma expands and its strength
decreases. :

5. A fully ionized plasma without inhomogeneities of the
spoke type is magnetohydrodynamically stable.

6. Particles are separated by mass. .

7. The kinctic cnergy of a plasma is converted to a pulse of
electric vnergy when the electrodes are short-circuited.

In this paper we offer new experimental information about
jonized gases rotating in pulsed crossed fields. We describe
the energy talance of such a gas, including the values of the
heat flux to ‘nsulitors, and indicate which processes of heat
and mass trensfe- and MHD processes occur when the ex-
perimentaily observed parameters undergo self-excited oscil-
lations.

i

EXPI_ER;_MENTAL ARRANGEMENT

The discharge chamber-(Fig. 1) of the experimental installa-
tion consists of @ steel cylinder 15 cm in radius provided with
b g i .
evacuation pipes and quartz flanges. Inside the chamber are
two cathode tods of aluminum or molybdenum 2 cm in ra-
dius: two-steel anode Tings, connected with the cylinder shell;
and two end quartz insulators separated by 54 cm. The main
plasma region, 0.01 m? in volume, with a yadial electric field
to 80-140 kV/m, is bounded by “‘plasma electrodes’ along the
magnetic lines touching the electrode rods and rings. The ratio
of the average radii in the central plane anq? near the insulators
is ro/ru = 1.9. Four magnets in the formy of coils, to which
power is supplied from 2 capacitor battery, create an external
magnetic field directed along the chamber axis with induction
Bo =04-0.8T in the center and three times that value near
the insulators. The discharge chamber was gvacuated to a pres-
sure of 10~3 Pa, The working gas (hydrogen, helium, argon)
is supplied by means of an electrodynamic-valve whose piston
pushes out a portion of gas to the chamber as a current pulse
arises in the coils of the valve. The pulsedigas pressure in the

" chamber was measured by means of a pressure gauge accord-

ing to the procedure described in Ref. 3, The gas pressure
before a discharge; po, ranged from 2 to 15 Pa.

First, using ignitron Ig4, the magnets were powered from
the battery C4 with a capacity of 18,000 pF and a voltage
of up to 5 kV, and the current in the magnets increased dur-
ing 2 ms. Simultaneously, the capacitor C3 was discharged to
the pulse valve coils, and a portion of the working gas was
supplied to the chamber. After the entire chamber was filled
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Figure 1. Experimental layout.

with the gas (over 1-2 ms), the pressure fell off exponen-
tially with a time constant Qf 15-20 ms. When the voltage
of battery C4 reversed its polarity, the currents in the mag-
nets began to circulate through diodes D, and subsequently
they decreased exponentially with a time constant of 20 ms.
When the magnetic induction was maximum, the gas in the
chamber was ionized by means of ignitron Igl from battery
C1 with a capacity of 200 uF and a voltage of up to 5 kV.
After 100-200 us, using ignitron Ig2, the main battery C2,
with a capacity of 600 uF and a voltage of up to 10 kV, was
discharged over a time of up to 500 us. By switching on igni-
tron Ig5, the plasma acceleration conditions were changed to
those of energy generation with a pulse of induction current of

the opposite direction over a time of about 10 ps, over which -

the rotation of the plasma was stopped by the electromagnetic
forces.

MEASUREMENTS

In the course of these experiments, electrical, probe, and spec-
troscopic measurements of a complex of parameters in the
various regions and at various stages of discharge have been
made. The radial and azimuthal currents, voltage, and the pro-
files of the potential and of the induced magnetic field in the
plasma were measured by using Rogowski coils (see Fig. 1),
dividers, electrical probes, and magnetic probes, respectively,
with the data recorded by memory oscillographs. From the os-
cillograms of voltage and discharge current obtained under the
conditions of energy generation, the charge and the electric en-
ergy taken out of the plasma, as well as the equivalent capacity
and average plasma mass density, were found. For diagnostic
purposes, the cathode was made in the form of ring-shaped
sections 0.4 cm wide with insulating disks of 0.3 cm each, the
currents in each section being measured using the Rogowski
coils.

During the spectroscopic measurements, the plasma radia-
tion along the chord or axis of the chamber entered a spectro-
graph with a grating of 2400 marks/mm (a dispersion of 0. 13
am/mm). Using a dissector of a spectrum recorder, MRS-1,
the contours of the spectral line under study were obtained at
various moments of discharge (the contour scanning time 1-10
1s). The study of the lines during discharge was controlled by
means of photomultipliers. The electron concentration was de-
termined from the Stark haif-width of the H, line (to helium
and argon, 0.1% of hydrogen was added). The clectron tem-
perature was found from the relative intensity of the lines due
to argon of &licon ions (due to the erosion of the insulators)

and also the Hg and H, lines. The ion temperature was de-
termined from the Doppler half-width of lines with the simple
Zeeman effect [Ar 11 480.6 nm, etc.], the = and o compo-
nents of which were isolated by using a Polaroid. The Doppler
half-width of a component was found by taking into account
the width due to the apparatus, which, according to the data
obtained with a heliurm-neon laser, did not exceed 10% of the
component half-width. The magnetic induction in the plasma
was determined from the distance between the ¢ components
of a line. The azimuthal ion velocity was found from the dou-
ble Doppler shift of the line contours as the radiation went
out in two opposite directions along the chord normal to the
chamber axis.

EXPERIMENTAL ERROR

The resolving power of the instrument made possible the de-
termination of the minimum shift of a spectral line equal to
0.005 nm, corresponding to an error of 1.5 km/s in ion veloc-
ity. The number of experimental runs was enough to preclude
the random error exceeding the systematic error. The relative
error of ion velocity determination was within 15-20%. The
relative errors of the spectroscopic measurements of the elec-
tron concentration and the magnetic field in the plasma were
within the same. limits. The relative errors in the measured
values were as follows: electron temperature and ion temper-
ature, 20-30%; currents and voltages, 5-10%; potential and
induced magnetic field, 10-20%; equivalent capacity of the
plasma, density of the generated electric energy, and heat flux
to insulators, all within 25-35%.

These errors can be regarded as tolerable if one bears in
mind the complexity, diversity, and very short duration of the
processes involved, the large number and considerable vari-
ability of the parameters measured, and the fact that the errors
do not exceed those of most experiments done with a rotating
plasma [1]. The reliability of the results has been confirmed
not only by the error determination but also by the allowable
spread of the data obtained in numerous repeated runs and in
measuring by different methods, as well as by obtaining all
known features of a rotating plasma listed in the Introduction.

ELECTRICAL CHARACTERISTICS

Typical oscillograms of the voltage and radial current in the
plasma in the case when the power is supplied by a single
battery through a resistor are shown in Fig. 2, and those ob-
tained in the case of power supplied by two batteries through
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Figure 2. Oscillograms of voltage u and current { of discharge in
argon at the various values of magnetic field By, capacitor voltage
Uy, and initial pressure Po.
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Figure 3. Oscillograms of discharge voltage U and currents in
cathode sections ix for hydrogen at two values of magnetic field
By, (@) By =042 T; (b) Bo =065 T.

an inductance coil are presented in Fig. 3. Under the plasma
acceleration conditions, the discharge power reached 2-8 MW
at a radial current up to 2-5 kA. From Fig. 4g one can no-
tice that the experimentat values of the discharge voltage U
in the quasi-stationary phase of plasma acceleration coincide
with the values calculated by means of the formula [1]

U = evBo(ry — r)ro/ru (1)

where v, is the critical velocity, ve = (2E; /m)'/?, m and E;
being the mass and ionization energy of an atom; Bp is the
external magnetic field in the center; r2 and r, are the radii of
the *“‘plasma electrodes” in the central plane; ro and ry are
the average radii of the plasma in the central plane and near
the insulators; and ¢ = 1 for hydrogen and helium, € = 3
for argon. Assuming U = (v,)Bo(r2 — ) for the measured
U values in hydrogen, we obtain the average plasma velocity
(v,) = 80 kmi/s in the central plane and 50 km/s near the
insulators. ;

Under the conditions of electric energy generation with in-
duced reverse current of up to 20 kA and a power of up
to 60 MW, an electric energy output of 200-300 J was ob-
tained from the rotating plasma. The experimental values of
the generated electric energy W and the equivalent capacity
C of the rotating plasma (an MHD capacitor) turned out to
be directly and inversely proportional, respectively, to the
magnetic field By (see Fig. 4b). To the measured values of
C there correspond the average values of ion concentration
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Figure 4. Discharge voltage [/, heat flux to insulators g, gener-
ated energy Wy . and equivalent capacity C for the various gascs
as a function of magnetic field By. (Note: Straight lines indicate
calculatidns according to Eq. (1) with different €)
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(n;) = (2-5) x 10°', (0.5-1) X 10?', and (0.4-D)x 107" m™
for hydrogen, helium, and argon, respectively, which have
been found by the formula 1]

(n;) = CB3(ry —ro)* [Vmi (2)

where C is the equivalent capacity of a rotating plasma, ¥ is
the volume of the main region of the plasma, and is the
ion mass. The above values of (n;) correspond to the values
of energy W near its maximum and are directly proportional
to the field Bo. When the working gas pressure po before
a discharge was considerably lower or higher than the value
corresponding to these values of (n;), the generated energy
W decreased (see Fig. 2, po = 15, 5, and 3 Pa).

RESULTS OF PROBING MEASUREMENTS

Using electrical probes in the region of the *‘plasma anode,”
the potential oscillations with a frequency of 0.1-1 MHz and
an amplitude up to 10-30'V, which arose as the plasma was ro-
tating, were recorded. In the nonrotating plasma at B > 0 (af-
ter electric power generation), and ata discharge with Bq =0,
no potential oscillations were observed. As the plasma rotated
faster and faster, the radial profile of the potential in the cen-
tral plane (at z = 0), and therefore the “plasma anode,”” were
displaced toward the periphery by Ar; = 0.2-0.8 cm (Fig.
5a). According to Lehnert [1], such a shift corresponds to the
following ratio of centrifugal pressure to rpagnetic pressure:

(r2 —ry)pv’ Ary
=2 ¥ —4—= =0.09-0.35
Bc " f'ng ra

where p is the plasma mass density, v, is fhe rotation veloc-
ity, and po is the permeability of vacuum. From Fig. Sa it
can be seen that in the peripheral region at r > 9-10 cm the
floating potential ¢, exceeds the potential ‘of the anode rings
and that of the shell, 4. The experimental values @y — Q.
which reach 40-60 V, are due to the Faraday component of
the radial electric field v, B. Both the results of our calcu-
lations and the measured values of the speed of propagation
of signals between two probes displaced azimuthally suggest
that the plasma velocity v, in the peripheral region should be
rather high. The above speeds were equal to 27, 15, and 6.5
km/s at r = 8, 9, and 10 cm, respectively, at 300 us after the
onset of a discharge in hydrogen and with Bg = 0.56 T. In
the region r<7.5 cm, no electrical probe measurements were
made because the character of the discharges was different
there.
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Figure 3. Experimental profiles of (a) floating potential @ (r) —
4 in the central plane (z = 0) and (b) induced magnetic field
Bg — B(z) on the axis (r = 0) for hydrogen at various moments
t of discharge.
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Figure 6. Experimental temporal dependences of (a) discharge
current i, azimuthal current i,, silicon ion radiation intensity J
and (b) electron concentration 1, and electron temperature T.
for hydrogen at Bg = 0.56 T.

From oscillograms obtained with magnetic probes, the in-
duced magnetic field B — By due to the flow of the azimuthal
current in the plasma was measured. As the current in the
plasma disappeared and the plasma stopped rotating (after
some electric energy Wwas generated), the induced magnetic
field also vanished. In the peripheral region, magnetic field
oscillations in the plasma with an amplitude up 0 0.05 T and
a frequency between 0.1 and 1 MHz were observed; there
were no magnetic field oscillations at r = 0. The measure-
ments along the radius for the case of the maximum change in
magnetic field when a discharge occurs in hydrogen yield the
following ratios of the magnetic field value in the plasma to
that of the external field, B/Bo = 0381, 0.86, 1.0, and 1.1 at
r=0,7.5,9,and 11 cm, respectively. The induced magnetic
field profiles along the chamber axis at r = 0, which were
measured at various moments of a discharge in hydrogen at
By =042T, are illustrated in Fig. 5b. The expcn'mcntal dis-
tribution of B — Bo = f(2) in the regime of quasi-stationary
plasma rotation agrees with the calculated magnetic field pro-
file due to an azimuthal current of 14 kA in the main region of
the plasma. According to the oscillograms, the total azimuthal
current in the discharge chamber increased as the plasma was
accelerated up to 13-18 kA, and it fell off to zero when the
plasma stopped rotating (Fig. 6a, i,)-

MEASUREMENTS WITH A SECTIONALIZED
CATHODE

From the current oscillograms in the various sections of the
cathode (Fig. 3a), it can be seen that the discharge started
at the center of the discharge chamber (as the value of the
current i3 from the half containing the main plasma region is
large). As the plasma was accelerated, current i3 practically
disappeared, while currents i; and iy from the layers near the
insulator increased, so that under the quasi-stationary con-
ditions the current densities on the cathode sections became
jr = ja» < Ja (Fig. 7a). Such a discharge-current distribution

(b)

Figure 7. Experimental dependency (@) of current density ji on
cathode scctions upon magnetic field By and () of plasma mass
density p upon distance from insulator (zy) for hydrogen.

with an increased current density near the insulators is the
distinguishing feature of a Hartmann flow, whose properties
are acquired by a vortex plasma flow in crossed fields E, and
B,.In the experiment, as the magnetic field Bo increased, the
current density ji (near the insulator) grew and the value of
J3 decreased. To the experimemal values of currents i1, i,
and i and the current densities j1, j2, and j3 under the quasi-
stationary discharge conditions in hydrogen at By =042 T,
there correspond the average densities of the radial current in
the plasma (j,) = 900 47200 and 450 150 kA/m? at dis-
tances z; = 0-0.55 and 0.55-1.25 cm from the insulator and
(=12 KA/m? in the main plasma region, which is in
accord with the calculated profile of j-(2) 41-

With the sectionalized cathode, a rotating plasma displays
the properties of parallel capacitors with Ck. Vi, and pi val-
ues corresponding to the kth section and to Eq. (2), where
pi is the mass density of the kth section of the plasma:
pr = {mini)x. The values of C) necessary for determining
pi were found from the current and voltage oscillograms for
the kth section taken under the electric energy generation con-
ditions (see Fig. 3a). Plasma mass densities versus distance
from the insulator are plotted in Fig. 7b. The high densities
near the insulator are caused by its érosion.

For a discharge in hydrogen in the case of quartz insulators,

_magnetic field Bo = 0.65 T, and discharge voltage U = 3 kV

(t = 250 ps from onset), the phase of the steady acceleration
of the plasma suddenly changed to new conditions character-
ized by sawtooth oscillations of the voltage (from U to ~0)
and the current in the main region (with brief reversals of
current direction) with a period of about 50 ps (see Fig. 3b).
The emergence of these self-oscillations was significantly af-
fected by the insulator material but not by the electrode mate-
rial. For cathodes made of molybdenum, aluminum, copper,
and steel, the obtained discharge characteristics were practi-
cally the same. If, however, organic glass was used instead of
quartz as the insulator material, this resulted in a decrease in
the voltage observed just before the self-oscillations by a factor
of 2-3. Under the conditions of self-oscillation, the intensity
of the spectral line due to silicon ions ingreased dramatically,
suggesting enhanced erosion of the quartz insulator. '

RESULTS OF SPECTROSCOPIC MEASUREMENTS

In the experiment, the line spectrum due to the jons Ar il and
Ar I1I (working gas) and also to those of Si 1L, Si 111, Si IV,
and O 1I (resulting from the erosion of quartz) was mainly
observed, thus testifying to a strong {onization of the plasma
{see J, Fig. 6a). The measurements show that the electron
concentration in the central plane at I = 7 em is a factor of

1.5 or more as high as that at the axis. When the electric

energy generation and plasma rotation. ¢ame to an end, the
electron concentration values at r = 0 apd 7 cm became equal
over a time of about 150 ps (see M., Fig. 6b). The results
of the spectroscopic measurements of electron concentration
are within the range of concentration values obtained from the
current and voltage oscillograms under the energy generation
conditions.

The clectron temperature was 2.3 eV (see Te, Fig. 6b,
where the z = 26 cm curve is obtained from the lines due to
Si 11 505.6 and 385.6 nm in the vicinity of the insulator and the
z =0 curve is obtained from the lines due to Si IV 411.6 and
4721.2 nm in the main region). According to Boldyrev et al (51,
the temperature of the ions of Ar Il and Ar 111 (the working



gas) was 7-12 eV and 13-15 eV, respectively, the temperature
of the ions of Si Il and Silll ata discharge in hydrogen having
approximately the same values. The magnetic induction values
found from the distances between the o components of the
lines coincide with the magnetic probe data.

For a discharge in argon at a pressure po = 4-5 Pa and
magnetic field Bo = 0.7 T, the azimuthal velocity of the ions
of Ar II and Ar III in the central plane equaled 18-22 km/s
and 23-27 km/s, respectively. At a constant angular velocity
of the plasma along the magnetic line, the plasma rotation
velocity near the insulator is ro/ru times as low and is equal
to (1.1-1.6)v, where ve = 8.7 km/s is the critical velocity
for argon. At the above-mentioned values of py and By in the
central plane, the ratio of the kinetic energy of the azimuthal
motion of Ar II and Ar III ions to their temperature was
found to be m;v% /2T; = 7-9 and 8-10, respectively [5]. For
a discharge in hydrogen, the azimuthal velocities of the jons
of Si I, Silll, and Si IV resulting from quartz erosion ranged
from 10 to 40 km/s. As the magnetic field decreased and the
initial gas pressure increased, the ion velocities decreased.

ENERGY BALANCE

In order to establish the principal channels of distribution of
the electric energy produced and the features of the process of
heat transfer, as well as to determine the fraction of the heat
flow rate due to the electric power supplied to the boundary
layer to the insulator, we have calculated the components of
the energy balance, the scheme of which is presented in Fig.
8. In the main volume of the plasma and in the two boundary
layers near the insulators, this balance obeys Ohm’s gener-
alized law multiplied by the current density, the equation of
motion multiplied by the velocity, and the energy equation.
These equations can be written in the form [1, 6]

JIU=N4+D, K.=Np+Ns-Ny,
H,+K,=IU+Ny;—Q 3)

where TU is the electric power supplied to the plasma;
Na4,Ny,N, are the work done per second by the Ampere
forces, pressure, and viscosity, respectively; Nz is the work
done by the viscous stress on the surface of the boundary sep-
arating the main and end boundary regions; K, and H, are
the transfer rates of kinetic energy and enthalpy through the
boundary between the regions (these rates are due to the sec-
ondary circulation of the plasma in the meridian plane of the
channel); D is the Joule dissipation; Q is the heat flow rate
from the region under consideration; and

:2
I_av,
v a

N :/v{f xB)dV, D=
V

N,,:—fvdiv&dlf’
v

N,, = C OnaVa dS, H =}g (pu + pw,dS
1z fszﬂ’: L) T s

where ¢ is the viscous stress tensor; o the conductivity, p the
mass density, p the pressure, and u the specific internal energy
of the plasma; and j is the current density.

The energy balance in each region of the channel (the main
region and the boundary regions) is also described by the fol-
lowing fofmulas for the enthalpy transfer rate £, the viscous
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dissipation @, and the energy equation in a second form (1,
6]:

H,=U +Np—N,,  ®@=N;+Ng,
U,=-N,+D+®-0Q 4

where U, is the internal energy transfer rate through the
boundary between the regions, and N, is the work done by
the expanding plasma:

N, :/pdivvdV.
vV

For the heat flow rate Q from each region and for the heat
flow rate Q,, flowing to the walls of the respective channel
region (anode, cathode, insulator, and chamber shell), we can
write

0 =0« +Q, =Qw + 0z +Qn
Ow = Q4 +0k +Qin +Q (3)

where Q., Q,, Quz, Qvz 2T the convection and radiation heat
flow rates from the region under consideration and the heat .
flow rates through the boundary between the regions.

The initial electric powers of the balance IoU and IxU,
supplied to the main region and to the boundary regions under
quasi-stationary discharge conditions, were measured by us-
ing the oscillograms taken for the individual cathode sections
(see Fig. 3a). The values of the balance constituents, indicated
in the scheme of Fig. 8, were tentatively estimated from the
measured values of the radial and azimuthal currents, electron
concentration and temperature, ion temperature and velocity,
the profiles of the potential and the velocity near the “‘plasma
anode,” and the plasma mass density in the boundary layer
given above. We also took into account the velocity current
density profiles obtained from Ref. 4. The calculations were
made using the formulas for the absolute or relative values
of the balance components, making use of the classical trans-
fer coefficients (1] and confirming that the individual balance
relations (3)-(5) hold in each region of the channel.

a) main volume b) boundary layers a)f¥ bIMw
LU, LU 1.4 5.0
N 1.1 2.4
D 0.3 2.6
¥ -0.2 0.1
¥ -0.3 0.2
F: -0.1 0.1
. -0.3 0.3
He -0.4 0.4
W 1.0 2.4
Wpz 0.5 -0.5
. 1.5 1.9
Q 2.4 4.0
Qe 1.6 3.9
Qv 0.8 0.1
Qez 0.4 -0.4
Quz 0.2 -0.2
Qw 1.8 4.6
gy 0.2 0.0
Qe 0. 0.2
Qn 0.0 4.3
Q 1.5 0.

Figure 8. Scheme of the energy balance and values for its compo-
nents (tabulated on the right, in MW) (a) in the main plasma vol-
ume and (b) in the two boundary layers for hydrogen at By = 042
T



573 V. N. Kharchenko et al

Table 1. Conditions for Insulators in Two Plasma Installations

MHD Pulsed
Parameter U-25 [7] (Fig. 1)
Main plasma volume V(m?) 2.8 0.01
Generated power P (MW) 12 - 60
Magnetic field B (T) 2 2
Electric field E (kV/m) 2 140
Plasma velocity v (km/s) 1 50
Heat flux ¢ (MW/m?) 2 500

Hatfrg MW

RATE OF HEAT FLOW TO INSULATORS

The measured electric power supplied in the main and bound-
ary regions under the quasi~stalinnary conditions at Bg = 0.42
T in hydrogen was 1.4 and 5.0 MW, that is, 22 and 78% of the
total electric discharge power of 6.4 MW. According to the
balance data (see Fig. 8), the rate of heat flow into the walls of
the two end-face insulators amounted to 4.3 MW, that is, 86%
of the power in the boundary layers In U- The relatively small
value of the total energy transfer rate through the boundary
between the regions (14% of IuU) made it possible to find,
from the measured electric power in the boundary layer, the
average heat flux to the insulator, 4, using the relation

q '-——RIHU/ZS (6)

where [#/2 =11 + I, is the current strength in two cathode
sections near one insulator (and in the boundary layer) in the
quasi-stationary acceleration phase (see Fig. 3a), U is the
voltage, S is the area of the working surface of the insulator,
and a is the fraction of the electric power in the. boundary
layer that eventually goes to the insulator. @ = 0.86 for the
above paramieters and lies within 0.8-0.9 for other discharge
parameters.

The results of this indirect measurement of the heat flux to
insulators are illustrated in Fig. 44. The values of g turned
out to be proportional to the magnetic field Bo; at By =0.70
T, ¢ = 500, 200, and 400 MW/m? for hydrogen, helium, and
argon, respectively.

Table 1 compares thermal and electrical loads on the insu-
lators in a stationary MHD installation (designated u-25) (7
and in the pulsed installation being considered. :

Because of such extreme loads in the present discharge, the
strong spectral lines due to Si I, Si 111, Si IV, and O 11 (re-
sulting from the erosion of insulators), as well as sawtooth
oscillations of voltage and current (caused by electrical break-
downs of the insulator, the material of which significantly af-
fected the parameters of the transition to oscillations) were
observed.

HEAT AND MASS TRANSFER AND MHD
PROCESSES IN THE CASE OF
SELF-EXCITED OSCILLATIONS

The above-mentioned peculiarities and parameters of a rotat-
ing plasma, the thermal and electrical loads on insulators, and
also the character of the oscillograms (sce Fig. 3b) correspond
to the following scheme of interrelated processes of heat and
mass wansfer and of magnctohydrudynamics in the present
discharge in the case of self-excited parameter oscillations [8].

As the plasma rotation velocity increascs under the acceler-
ation conditions, the voltage between the electrodes, the frac-
tion of the discharge current near the insulators, the heat flux to
the insulators, and the temperature, surface conductivity, and
erosion rate of the insulators all increase. The erosion products
diffuse, assisted by the ionization processcs, into the rotating
plasma, thereby changing its parameters. In a high electric
field E of about 100 kV/m, on the heated insulators with a
surface conductivity &6 of more than 0.05 S (in the stationary
MHD installation U-25,06 =075 [7D), there arises a surface
source of heat with a heat flux gs = odE? = 500 MW/m?,
which, together with the heat flux @ from the plasma, heats up
each insulator until an electrical breakdown occurs in one of
them. As the breakdown takes place, the plasma acceleration
conditions change 0 those of electric energy generation with
the reverse induction current. The reversed electromagnetic
forces rapidly stop the plasma rotation, and the voltage, the
heat flux to the insulators, and their temperature and surface
conductivity all drastically decrease. The dielectric properties
of the insulator in which the breakdown occurred are then
restored, which signifies the beginning of the next cycle of
plasma acceleration, with the above processes again occur-
ring. - )

A mathematical model of these interdependent nonstation-
ary processes was developed in Ref. 8, and the calculated
self-excited oscillations dependence of voltage upon time has
been confirmed by the experimental oscillogram.

PRACTICAL SIGNIFICANCE

The results obtained and the comparison with the stationary
MHD installation U-25 indicate that it is expedient to sim-
ulate heat and mass transfer and magnelohydrodynamic and
other processes taking place in stationary plasma chemical
vortex installations and plasma centrifuges by using the de-
veloped pulsed installation. This would make relevant studies
both rapid and economical over a wide range of parameters,
including conditions of overload and emergency.

The data presented here correspond to parametets of vortex-
plasma devices at the specific power of discharge in the range
200-800 MW/m*. The measured high values of the ratio
mv, [2T; = 7-10 indicate that these devices are highly ef-
fective in separating products ot isotopes.

The established dependencies also represent characteristics
of a magnetohydrodynamic vortex-plasma capacitor intended
to provide intense electric energy pulses upon plasma acceler-
ation. The specific energy of such a capacitor (pet kilogram
of working gas) is quite high, up to 3 % 10° J/kg. The recom-
mended working gases are hydrogen and argon.

The results show how the thermal stability and electrical
strength of the end-face insulators limit the discharge pa-
rameters in the above-mentioned technological and power-
producing rotating plasma devices. For these devices, a new
stage of discharge— that of self-excited oscillations leading to
periodic breakdowns of an insulator followed by restoration
of its electrical strength— has been established.

CONCLUSIONS
The characteristics of hydrogen, helium, and argon plasmas

rotating as a result of a pulsed discharge in crossed fields up to
80 kV/m and 0.8 T have been studied experimentally. In the



stage of plasma acceleration at powers between 2 and 8 MW,
the electron concentration and temperature reached 5 x 10%!
m-3 and 2-3 eV, the temperature of the Ar II and Ar 111
ions and the azimuthal velocity of these ions were 7-15 eV
and 18-27 km/s, and the induced magnetic field and azimuthal
current were as high as 0.06 T and 18 kA. With increasing
distance from the insulator toward the main plasma region,
the radial current density dropped from 900 to 7 kA/m?, the
floating potential outside the “plasma anode” exceeding the
anode potential by 40-60 V. When the electrodes were short-
circuited, the electric energy output reached 200-300 J at a
power of 60 MW. A new stage of discharge, characterized by
sawtooth self-excited oscillations of voitage and other param-
eters, has been described.

The energy balance in the main and boundary plasma re-
gions was obtained. The thermal and electrical loads on the
quartz insulators reached 500 MW/m? and 140 kV/m, respec-
tively. A scheme for the heat and mass transfer and magneto-
hydrodynamic processes in the case of self-excited parameter
oscillations was discussed.

The results presented here can be used to develop and op-
timize efficient plasma-vortex chemical devices, plasma cen-
trifuges, and MHD capacitors.

NOMENCLATURE

coefficient, dimensionless
magnetic induction, T
equivalent capacity of a rotating plasma, F
Joule dissipation, W
electric field strength, V/m
enthalpy transfer rate, W
electric current strength in the quasi-stationary
phase, A
electric current strength, A
jelectric current density, A/m?
kinetic energy transfer rate, W
atomic nass, kg
power due to a force, W
particle concentration, m™3
generated electric power, w
pressure, Pa
heat flow rate, W
heat flux density, W/m?
radial coordinate or average radius, m
area, m’
particle temperature, eV
time, s
internal energy transfer rate, Eq. (4), W
voltage between the electrodes in the quasi-
stationary phase, Eq. (1), v
voltage between the electrodes, V
volume of the main region, m’
velocity, m/s
W generated electric energy, ]
z longitudinal coordinate, m

Greek Symbols

3. centrifugal to magnetic pressure ratin, dimen-
sionless

—~ T mOOW=e

CO a4t 0w M 2 R -

c m R
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coefficient, dimensionless
permeability of vacuum, H/m
mass density, kg/m’

plasma conductivity, S/m
insulator surface conductivity, S
viscous dissipation, W

clectric potential, V

-
o m

€ & >an

Subscripts
Ampere forces; anode
critical
electron
floating
boundary layers
ion
insulator
cathode
pressure
radial component
shell
wall
bou.ndary between main and end-face boundary
regions
main region
convective
radiative
viscous force
azimuthal component
plasma cathode
plasma anode
sections of cathode and parts of plasma
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