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Magnetohydrodynamics Generator with Plasma Layers
as Power Source Aboard a Hypersonic Airplane

Vadim S. Slavin,* Valery M. Gavrilov, Nikolay I. Zelinsky,T and Alexandr R. Bozhkov'
Krasnoyarsk State Technical University, 660074, Krasnoyarsk, Russia

The application of a magnetohydrodynamic (MHD) generator as a power source on a hypersonic airplane is
analyzed. A new type of an MHD generator is considered, using nonuniform gas-plasma flows, where production
of plasma pistons (T-layers) is realized by special provoking of an overheating instability. This process is initiated in
cold air, transforming the Kinetic energy of the incoming airflow directly into electric energy without further heat
addition or seed injection. Calculations show that, in flight at M = 7 and at an altitude of 30 km, the rate of power
transformation will be approximately 30 %, the optimal value of magnetic field being B = 0.3 T. An experiment to
investigate the stability of a plasma piston interacting with the air stream and magnetic field has been carried out.
A shock tube facility was used to create conditions corresponding to those of an MHD generator on a hypersonic
airplane. A plasma layer was established within the MHD channel (~ 1.5 m length), and its parameters agreed
with calculations based on a piston model. A nonstationary quasi-one-dimensional computing program was used
to simulate the experimental conditions. Because of energy expenses on gasdynamic dilatation and ionization
of air and radiation, heat input into a discharge is nearly twice as large as the internal energy of the working

medium.

Nomenclature

= cross section of channel

width of electrodes

magnetic induction

capacity

electromotive force

electric field

total specific energy of gas

height of magnetohydrodynamics(MHD) channel
current in load

current density in plasma

load factor

inductance of load

mach number

mach number at inlet of MHD channel
static pressure

stagnation pressure of isentropy flow

static pressure at inlet of MHD channel
energy discharge in plasma by joule heating
energy extraction from plasma with radiation losses
electric charge of capacity

power of specific radiation losses
resistance of load

resistance of plasma

flux of radiation energy

static temperature

stagnation temperature of isentropy flow
static temperature at inlet of MHD channel
time of process

velocity of gas flow

voltage on capacity

electric power of MHD generator

= coordinatealong the MHD channel
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AP = overfall of pressure on the T-layer

AV = near-electrode voltage drop

) = thickness of T-layer along x direction

& = internal specific energy of gas

ep = totalinternal energy of T-layer

& = coefficient of radiation emitted by a semisphere
plasma volume

0 = mass density

o = conductivity of plasma

o, = Stefan-Boltzman’s constant

Introduction

MAGNETOHYDRODYNAMICS (MHD) generator using a

uniform flow of combustionproductsas a working medium has
anumberof problemsforopen cycle MHD programs. These features
are low electric conductivity of gas with alkali seed at a temperature
of T~ 3000 K, which becomes lower with the expansion of gas in
the channel and the requirement for strong magnetic fields, which
leads to the necessity of superconductivemagnetic systems.

Application of a nonuniform working medium, where different
temperature zones will be generated, resolves some of these prob-
lems. Separation of working functions between flow zones with
different temperatures will occur here. The main part of a working
medium in the nonconductive sections of the flow expands adi-
abatically, pushing electric conductive clots in a cross magnetic
field; their enthalpy minus joule dissipation is released in the hot
clots being converted into electric energy. A smaller part of the
working medium is contained in electric conductive layers through
which all of the electric current flows and which play the role of
plasma armature in an electric power MHD generator. At sufficient
current density, the plasma current layers assume a self-sustained
mode. As a result, high MHD process efficiency can be obtained
even though the mass average temperature of the whole flow is
low.

The one-dimensional analysis' showed that the temperature for
thermal stabilization of plasma in the current layers is about 10* K.
Under such conditions, high electric conductivityis achieved with-
outalkaliseed. These calculationsshowed thatitis possibleto ensure
an effective generator process at sufficiently low values of magnetic
fields and to use the impulse nature of the electric current on the
load for direct generation of alternating electric current.



20 SLAVIN ET AL.

Investigationsof MHD processesin nonuniformgas-plasmaflows
were begunin the middle of the 1960s (Ref. 2). The pioneerworksre-
vealed the possibilityof operatingan MHD generator with a nonuni-
form working medium and, on the basis of linear analysis of the
development of instability on the separation surface of the gas and
plasma, showed that the instability would destroy the current lay-
ers structure. In many respects, due to these results, interest in the
application of nonuniform flows has been lost for almost 30 years,
and investigationsof one of the possible types of nonuniform flows,
the so-called gas-plasma flows with T-layers, were continued only
in Russia.

The discovery of the T-layer as a physical phenomenon® was
made as a result of numerical simulation of the process with strong
MHD interaction of plasma flow with a magnetic field. Essentially,
the T-layer is a nonlinear phase of development of the overheating
instability where the temperature nonuniformity creates an electric
conductivity channel for the Faraday current. The T-layer is stabi-
lized at ~10* K by the radiation losses. The spontaneous creation
of the T-layer was revealed in an experiment' and was proved in a
numerical simulation of this experiment? Because the experiment
had not revealed any effects of instability of the gas and plasma sep-
aration surface, it was decided to investigate the possibility of the
creation of an MHD generator with nonuniform gas-plasma flow
based on the T-layer phenomenon$ However, as further numeri-
cal simulation’ showed, there appeared great difficulties in using
the T-layer concept to create a high-power (more than 200 MW)
open cycle generator. One of the difficulties was the very high ra-
diation losses from plasma of combustion products, which cause
all of the current in the MHD channel to be collected in a single
current layer. In this case, powerful shock waves inevitably arise,
sufficiently decreasing isentropic efficiency. The second difficulty
was that the current layer thickness does not exceed 3-5 cm, which
makes doubtful the possibility of overlapping the cross section of a
real MHD generator with such a thin plasma piston.

This result led to another solution? the essence of which is in
using large-size temperature nonuniformities in a flow containing
alkali seed.

Nevertheless, one can point out two fields of application where
the MHD-generator with unseeded current layers might work ef-
ficiently. The first is an MHD generator on a hypersonic airplane,
whichtransformspartofthe kineticenergy of the airflow into electric
energy.'!? The second application is a closed-cycle MHD genera-
tor operating with nonequilibriumcurrentlayersin anoble gas flow.
The idea of MHD generator with nonequilibriumcurrent layers has
been investigated in the work,!! where possible types of instabili-
ties in nonuniform and nonequilibrium argon plasma are analyzed.
The possibility of organization of stratificated flow is shown and
the concept of an MHD generator with a Faraday-type channel is
formed.

The aim of this work is the analysis of the possibility of creating
the first type of MHD generator, that is, an electric power generator
on a hypersonic airplane. The T-layer MHD generator experiment
was carried out to access the use of unseeded air as the working
medium. Additional computer simulations were carried out to help
understand the test results.

Airborne MHD Generator for a Hypersonic Airplane

The main problem of application of MHD generators onboard an
airplane is the bulky and heavy magnetic systems. The traditional
MHD method of energy conversion deals with very low efficient
electric conductivity of a uniform flow of a working medium. To
adjust this drawback according to the formula for specific power of
an MHD generator

w=0cK(1 - K)u>B? (1)

it is necessary to increase the magnetic field. The required value
(B ~4T) is realized with superconductingelectromagnets, whose
weight and size characteristics are not suitable for airplane condi-
tions.

In an MHD generator with T-layers, a nonuniform flow is formed
where T-layers occupy no more than 10% of the MHD channel
volume. Plasma electric conductivity in these current layers are in
excess of 10° S/m, and under these conditions the average electric
conductivity of the whole nonuniform flow is considerably higher
than that for a uniform flow case. Therefore, it is possible to lower
the magnetic field to <1 T, which can be realized by means of
permanent magnets.

An MHD generator on a hypersonic airplane converting the ki-
netic energy of the air stream into electric energy will not have
very strict requirements on the isentropic efficiency of the process.
Hence, one can reduce the load factor and maximize the specific
power in the MHD channel, that is, to work with K =0.5. Lower-
ing the load factor K lead to increasing joule heating. It allows us to
support the T-layer at a lower MHD interaction. Thus, the negative
effect from the strong shock waves can be decreased. Finally, work-
ing with air and not with combustion products reduces radiation
losses that change the structure of the T-layer. It becomes thicker
and accordingly more stable. Thus, it should be acknowledged that
the conclusion that an MHD generator with T-layers for work in
an open cycle is useless’ has proven to be wrong for hypersonic
airplane conditions. It will probably turn out to be the most efficient
facility as an airborne source of electric energy.

Consider an unsteady one-dimensionalprocessin the MHD chan-
nel shown in Fig. 1. Here an inputdevice accomplishes deceleration
of the airflow from My, =7 to M ~ 3. The decelerated flow en-
ters into a rectangular channel with short electrode inserts in the
narrowest part connected to the external system of the periodic im-
pulse discharge. The discharge forms a plasmoid in the airflow that
is picked up by the flow and injected into the MHD channel with
the cross magnetic field. The electrode walls of the channel are
segmented. The first pair of electrodes is a short circuit, and the
load on the following ones is selected so that it satisfies the con-
dition K = E, (u X B) =0.5. A short-circuit section is required for
the productionof a T-layer structure from a plasmoid, which means
that there are two balances, force balance

AP:B/jdx 2)
8

and energy balance
j2/0 = divS, 3)

performed on this T-layer.

The system of impulse discharge works at a set frequency and
transforms the airflow into a stratified structure where the T-layers
interact with each other through gasdynamic disturbances. Extreme
disturbances can break down the condition of balances (2) and (3)
for the following T-layers resulting in their disintegration and the
lack of formation of a periodic structure. The aim of this numeri-
cal simulation is the demonstration of a generator mode where the
efficiently working periodic structure of T-layers is being formed.

Fig. 1 Hypersonic plane MHD generator concept scheme: 1) oncom-
ing air stagnating input device; 2) plasma clots initiating section elec-
trode; 3) T-layer forming section electrode; 4) working section elec-
trodes; 5) permanent magnet element; 6) initiating section periodical
impulse discharge supplying system; 7) alternating current load sup-
plying adjustment interface; and 8) plasma clots (T-layers).
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Table1 Parameters of the simulated
airborne MHD generator

Parameter Value
Static pressure in oncoming flow 10° Pa
Outside air temperature 240K
Flight speed 2135 m/s
Pressure in channel throat (M, = 3) 1.13 x 10° Pa
Temperature in channel throat 925K
Air speed in channel throat 1796 m/s
Throat cross section 57 x 107* m?
Electrodes width 0.1m
Channel height in the throat 0.057m
Channel height at the exit 1m
Plasmoid initial temperature 7x 103K
Plasmoid initial thickness 0.05m
MHD channel length 6 m
Load factor 0.5

Assume that the flight is performed at an altitude of 30 km at a
velocity of Mp;e, =7 and that flow deceleration to My =3 occurs
isentropically. The flow and MHD generator parameters are given
in Table 1. The value of the magnetic field should be selected to find
the optimal mode.

Mathematical Model

The processis described by the system of quasi-one-dimensioml
MHD equations:

3pA  dpuA
R @)
ot 0x
dpuAd  3[(pu®+ P)A] 9A
— P—— —jBA 5
ot + 0x 0x J )
dpeA  dpul(e+ P/p)A] .
=+ =L %{m = (JE—q)A ©)

where e = ¢ +u?/2 is the complete gas energy.

For the current density and the electric field, the following equa-
tions are used:

j=0(E—uB), E=KuB @)

Equation system (4-6) is complemented by thermodynamic rela-
tionships for pressure P(p, ¢) and temperature 7' (p, €) given in
the tables of Ref. 12 and electric conductivity dependence on T,
P —o (T, P) (Ref. 13). Volume radiation losses for air can be esti-
mated by a model of a volume radiator

& (P, T,x —xp)
2(x —xy)

%=%J{ iAALAL ”} ®)
2(x, — x)

where o, =5.67 x 107 W/m? - K*; x; < x < x,, where x; and x, are
distances from the calculated point up to the upstream and down-
stream boundaries of a T-layer, correspondingly;and ¢, (P, T, [) is
emission ability of hemispheric isothermal volume with radius [
(Ref. 14). Relationship (8) was compared with a more detailed
calculation'’ for a nonisothermal layer of air plasma. In a wide
range of changes, P, T, and [ deviation did not exceed 50%.

The boundary conditions of the problem are determined by its
formulation: At the MHD channelinlet (cross sectionx = 0) steady-
state conditionswith the parameters P, = 1.13 x 103 Pa, T, = 925K,
and uy= 1796 m/s are set. At the channel exit (x =6 m) the flow
has a pulsating nature, but still remains supersonic, which enables
the prescription of conditions df/dx = 0. Steady isentropic flow is
the initial condition of the problem.

For the numerical solution of the equation set (4-6), a two-step
difference Lax-Vendroff scheme is used, modified by means of the
local dissipation method.'®
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Fig. 2 Nonuniform gas-plasma flow velocity, pressure and tempera-
ture distributions. The curves correspond to the moment after estab-
lishing the periodical mode.
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Fig. 3 The MHD channel magnetic field distribution. The field is cre-
ated by the permanent magnet system.

Simulation Results

Figure 2 shows the distributionof velocity, pressure, and temper-
ature in the MHD generator channel at one of the moments of the
steady-state periodic process. Steady distribution of the magnetic
field (shown in Fig. 3) corresponds to the given mode. At this mo-
ment of time, there are five current layers [see relationship 7 (x)]
in the MHD generator channel, and their maximum temperature
reaches 12 x 10° K. The current layers actively interact with the
flow, which results in the appearance of shock waves and expansion
waves. These waves can be identified on the curves P (x) and u(x),
the gradient zones with dP /dx > 0 corresponding to the fronts of
shock waves, and the zones with dP/dx < 0 being current layers
where pressure drop is balanced by electrodynamic force.

The development of T-layers includes the following two stages.

The first stage is the pick up of the temperature disturbance setin
the inlet of MHD channel. In the unseeded airflow at the initial tem-
peratureabout 7000 K, the disturbancehas low electric conductivity
and is moved by the flow practically without force interaction. How-
ever, in the short-circuitsection of the channel, the joule heating of
the plasma exceeds the cooling one because of the flow expansion.
Then the mechanism of overheatinginstability turns on; after which
a plasma clot develops like an explosion. Pressure in a T-layer does
not have time to level off and, as seen on the graph P(x) for cur-
rent layer turned out in the cross-sectionx = 1 m, the pressure peak
corresponds to the thermal spike. The temperature of the T-layer at
that time reaches 12 x 10* K and its further elevation is decelerated
by radiation energy losses.

The second is the working stage. The T-layer is thermally sta-
bilized by radiation losses, and its temperature does not rise. The
pressure peak decays and the pressure gradientbalancesthe electro-
dynamic force. At this stage the flow influences on a T-layer as on
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a plasma piston. The part of this work is released in the load, and
the remaining part maintains the self-support mode of the T-layer;
it manifests itself as joule dissipation.

As the T-layer travels along the channel, the gas pressure is per-
manently dropping, and hence, the power of the radiation losses
is also dropping. Limitation of undesirable temperature increase is
attained by decreasing the magnetic field along the channel. The
efficient periodic mode, which is operating with five current lay-
ers in the working section of the MHD channel, is supported by a
magnetic field with an average value of (B) = 0.3 T. Such a field is
easily created by permanent magnets.

Inthe numericalsimulationprocess, the electricpower of an MHD
generator was determined as W =3 MW in the periodic mode. Ex-
penses for the generator’s own needs, that is, for initiating current
layers, are Wy, =0.5 MW in this mode. This is net expenditure,
ignoring losses that in real discharge systems could make the expen-
diture approximately above 50% higher. However, even in this case
there remains a considerable store of useful power, which makes
the idea of the MHD generator with T-layers attractive for the given
application.

Experimental Investigation of T-Layer
in the Airflow on a MHD Shock Tube

In the preceding section the results of a mathematical simulation
of the processes in nonuniform gas-plasma airflow in the chan-
nel of the MHD generator operating onboard a hypersonic airplane
were presented. A one-dimensionalmodel was used, assuming one
can maintain the quality of a piston structure of current layers but,
as it was noted in the Introduction, it is just that which gives rise
to doubt. At the boundary of the conducting and nonconducting
mediums, wavelike disturbances can appear under the influence of
electodynamic force. They arise in the form of cold jets. Develop-
ment of this instability, known as the Rayleigh-Taylor instability,
can lead to the decay of the currentlayer into separate current chan-
nels flowing around with the gas flow. If the basic mechanism of
energy losses for a uniform plasma piston are radiative, then for a
T-layer decayed into separate arcs, convective heat exchange with
carrier gas flow will prevail. The change of energy balance of an
electric arc results in the change of its volt-ampere characteristic
that for a T-layer, which is the arc itself supported by the source with
the constant electromotive force (uBh), will lead to its extinction.

A typical time of development of the linear phase of Rayleigh-
Taylor instability can be estimated by using the relationship from
Ref. 17:

12, =n*= jB/(p8) ~ 10° s72

from where it follows that Tz _ 7 ~ 107* s.

Here j =10° A/m?, B=1T, p =0.1 kg/m®, and § = 0.1 m were
taken as typical parameters. Correlation of this time with the work-
ing time of a T-layer in the MHD channel shows the inevitability
of the development of instability. However, we should consider an
extremely simplified approach, applied in linear analysis, that ig-
nores both real turbulent viscosity and heat conduction. The gra-
dient character of the boundary between the gas and plasma and
the compressibility of the gas working medium are also neglected.
Mathematical simulation considering all of these factors appears to
be very complicated, and so to answer the question of the stabil-
ity of a piston structure of a T-layer, it is desirable to carry out an
experimental investigation.

An experimental facility'® was used which comprised a shock
tube, supersonicnozzle, MHD channel,and vacuumtank. The shock
tube is capable of achieving quasi-stationary outflow of air with
a duration of about 2 x 10~* s and with stagnation parameters of
Pg=0.8 MPa and Ts =2500 K. The forming of the plasmoid oc-
curs in the nozzle part of the channel. For this purpose, the divergent
walls of the nozzle are made as continuous electrodes to which a
battery of capacitorsis connected. Electrodes of the working section
of the MHD channel are separated from the nozzle electrodes by a
dielectriclining. The dielectric walls of the nozzle and the working
section are made of glass-reinforced plastic with optical windows
that are used to observe the T-layer development. The basic dimen-

sions of the MHD channel are the following: critical cross section
of the nozzle, 4 x 1.6 cm?; working section of the MHD channel
(constantcross section), 4 x 8 cm?; nozzle length, 0.4 m; and length
of the working section of the MHD channel, 2 m.

An external magnetic field in the volume of the MHD channel
is created by Helmholtz turns, on which a condenser battery dis-
charges. The half-cycle of a discharge was 2 x 1072 s that enabled
us to consider the magnetic field as a constant, during the T-layer
motion along the MHD channel. The magnetic field value ranged
from O to 2 T on various runs.

The process of shock start at the nozzle and the flow structure in
it were investigated with the help of an interferometer-shadowgragh
working together with a high-speed cine camera. The shock start
time determined by the shadowgraph was 2 x 10™* s. After the
passage of the system start wave-contact surface-secondary wave,
steady flow is set in the initiation section. The Mach number mea-
surement at the MHD channel inlet was conducted using the shad-
owgraph picture of the flow over a half-wedge. The Mach number
measured 5 cm upstream of the MHD channel inlet was M =2.87.

The capacitor bank, connected to the initiation section through
a spark gap, was initially charged to 5 kV. The capacity of C =
300 F was supplying a half-cycle discharge time ~0.75 x 10~ s.
The spark-gap ignition was synchronized with pressure detector
signals responding to the initiation of wave input. This approach
enabled the start of the initial phase of a discharge in rarefied air
(Py=2%kPa, T =300K) for which breakdown voltage <5 kV. After
passing through a discharge zone, the shock wave involved an elec-
troconductiveslab into the gas flow and the following, the basic part
of a discharge passed in the flow of air just behind a shock wave.
Discharge current ranged up to 20 kA, and estimating the power
contributioninto plasma according to the intensity of the discharge
currentin the modes of the shortcircuitand the dischargein the noz-
zle,one can concludethat 10-15% of the initial energy of a capacitor
bank was released in the plasma during the first two half-cycles. For
forming a localized plasmoid, current cutoff after the second half-
cycle was envisaged. Figure 4 shows a number of successive frames
of discharge development in supersonic flow from which one can
see that the initiation system forms a local plasma clot.

Fig. 4 Fast filming frame sequence of plasma clot discharge evolution
in the initiating section.
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To analyze the process in the working part of the MHD chan-
nel measurement of the total current flowing through a T-layer, the
voltage across the electrodes of the MHD channel and the distribu-
tion of currentdensity in the T-layer was envisaged. Current density
was measured by current detectors, which are in fact coaxial ohmic
shunts collecting current from a small section (3 x 40 mm?), the
latter one being insulated from the next electrode wall. Detectors
of current density are located in five cross sections of the MHD
channel with a stepsize of 250 mm.

Working the MHD channel in the generator mode in this installa-
tion is impossiblebecause of the lack of alkali seed. Here the electric
conductivity of cold near-electrodelayers is actually equal to zero.
Electric contact of electrodes with the plasma nucleus of a T-layer
is accomplished through a system of microarcs, the junction points
of which are fixed relative to the surface of electrodes, and while
the T-layeris moving along the channel, the microarcs appear on its
forefrontand then die outon the back front. Such a descriptionof the
electrode processes is validated experimentally. After each startup
of the experiment,initially cleared surfacesof the electrodesare cov-
ered with a net of pointwise spots, where both the cathode and anode
are sized approximately equal. The parameters of a microarc and its
voltage drop are determined by the conditions of heat exchange of
the arc channel with the airflow in the boundary layer. Therefore,
electrode voltage drop will appear to be constantand not dependent
on the current in the T-layer, which determines only the number of
microarcs. The magnetic field creates a decelerating force that must
be balanced by aerodynamic resistance. An angle between the flow
velocity vector in the boundary layer and the arc axis increases with
an increase of the magnetic field, and as a result, the normal com-
ponentof the stream velocity increases, boosting heat exchange and
the voltage drop on a microarc. The experiment proved that the total
voltage drop between the cathode and anode depends on a mag-
netic field and forms about 200-300 V. At the same time the emf
in the MHD channel, where flow velocity u ~ 1 km/s, B~ 1 T, and
h =8 x 1072 m, is approximately 80 V. To remedy this, the bank of
capacitors initially charged up to 500 V was connected to the elec-
trodes of the MHD channel. A plasmoid closed the MHD channel
electrodes, and the capacitors started to discharge. The value and
direction of discharge current was set to correspond to the T-layer
currentunder the generatormode conditions. This approach enables
the compensationof near-electrode voltage drop and the realization
of the MHD process correspondingto a generator mode.

In Fig. 5 one can see dependencies of current and voltage on time
for modes B =0 (Fig. 5a) and B=1 T (Fig. 5b). In these modes,
the configurations of the current layers were substantially different.
For B =0, a current layer was actually an unmodifield plasmoid
(8 ~ 15 cm) formed in the initiation section; for B =1 T, the MHD
process of deceleration that results in substantial compression and
the virtual thickness of a T-layer did not exceed 5 cm under these
conditions. These experimental data were obtained in the course
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Fig. 5 MHD channel electrodes current and voltage oscillograms
(solid curves correspond to experimental data, dotted lines correspond
to simulation results); a-mode with B = 0; b-mode with B=1T.
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Fig. 6 Oscillogram: a) current density pick-up signal; b) obtained as
a simulation result.

of processing the oscillograms from current density detectors that
had fixed the shorting moment of a T-layer on a detector electrode
and the time of its passage through the given cross section of the
MHD channel. By comparing signals of various detectors one can
determine the velocity of the T-layer motion, which is 1.4 km/s for
B=0and1km/sforB=1T.

These experimental data do not give any idea on the nature of
interaction of a T-layer with the flow. Has the piston structure
preserved its integrity or disintegrated into separate arc channels?
However, it can be compared with the mathematical simulation of
the same experimental mode. In this case, the numerical model
of the process includes all of the effects of the external circuit,
near-electrode voltage drop, and plasma processes within the one-
dimensional piston description.!® The results of the numerical sim-
ulation are shown by dotted lines in Fig. 5. Good correspondence
between the experiment and the calculation considering the piston
model suggests that, in this experiment, we deal with the uniform
plasma piston whose structure has not manifested any instability
effects. This is also proved by the correlation of experimental os-
cillograms current density detectors (Fig. 6a) and their calculated
analogs determined in the correspondingcross sections of the chan-
nel (Fig. 6b).

Mathematical Simulation of Plasmoid
Initiation in the Airflow Experiment

In the preceding experiment, an impulse discharge of a capacitor
bank was used to initiate a plasmoid whose parameters were suf-
ficient for subsequent pickup in the magnetic field and formation
of a T-layer from it. However, because plasmoid parameters were
not determined experimentally, it was unknown how useful the dis-
charge energy had been spent, that is, whether one could receive a
pickup with less energy expenditure.

This section describes the results of numerical simulation of a
discharge process. The important factor of the experiment is the
initial phase of discharge in the gas ahead of a shock wave. To
model this phase, the calculation dealt with solving the problem
of the shock wave input through a slot nozzle into the expansion
channel from a shock tube. The solution was carried out in quasi-
one-dimensional codes, and as seen in Fig. 7, it was necessary to
ensure a continuoustransitionin numerical count through a channel
section with the sharp change of a cross section. In the numerical
model, transition from a subsonic mode after the reflected shock
wave to a supersonic one in the section of the nozzle throat was
represented as a mathematical break, where relationships for steady
isentropic flow are executed.

The result of the mathematical simulation of the initiation of the
shock in the nozzle is given in Fig. 8. Distributions of velocity and
pressure are given for a number of successive moments of time,
which enables the detection of the dynamics of the formation a
shock wave deceleration in the nozzle following the start shock
wave. Calculation results agree well with the experimental data,
disagreement in all parameters not exceeding 10%.

Simulation of the initiation process of a plasmoid was carried
out in the following way.?® In rarefied air ahead of the start shock
wave, when it is 90 mm from the nozzle throat (it corresponds to
the conditions of the experiment), background electric conductiv-
ity oy is designated. This constant value was selected about 1 S/m
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Fig. 7 T-layer initiating exper-
iment scheme in the air flow.
Pulse MHD channel is switched
on by the shock tube. The P(x)
curve shows pressure distribu-
tion at the supersonic starting
stage.
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Fig. 8 The simulation result of supersonic nozzle shock starting pro-
cess. Velocity and pressure distribution is given for three sequential
moments.

and added to the equilibrium electric conductivity o (P, T'), which
in a developed discharge had the value >10° S/m. Thus, a small
increase of the conductivity did not influence the MHD interaction,
but did enable the start of the discharge process of the condenser
bank connectedto the electrodesof the initiation section. The initial
voltage across the battery Vo =5 x 10° V createsa sufficient current
density in the air before the shock wave to warm it up and switch on
thermal ionization. This process is taking place directly ahead of a
shock wave because the maximum intensity of electric field existsin
the nozzle channel with divergentelectrodes. Further warming with
the overheating instability mechanism switched on is going on just
behind the shock wave front. There is localization of the discharge
in a fixed part of the airflow.

For simulation of the discharge process both in the initiation sec-
tion and in the working channel, equations of MHD [Egs. (4-6)]
and equations of electric engineering circuits of initiation systems
and the load in the MHD channel were simultaneously solved. Both
of these circuits are capacitance, inductance, and resistance con-
nected in series, which, according to the experiment, had the fol-
lowing values in calculation: For the initiationsystem C; = 300 uF,
L, =025x107H, R, =5x10"2Q,and V, =5 x 10? V. For the
MHD channel load C, =5500 uF, L,=3x 107> H, R, =0.5 x
1072 ©, and V;, =500 V.

There was practically no special ohmic resistance in these cir-
cuits. R, =0.5 x 1072 Q is the resistance of conducting wires, and
R, =5 x 1072 Q is the efficient resistance of an arc spark gap used
as a key in the initiation circuit.

Equations describing the electric process of a discharge can be
given as follows:
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Fig. 9 Temperature and pressure distribution in the flow carrying the
electric discharge. For comparison broken lines correspond to the dis-
chargeless mode.

where

R, = 24 N
,,_aahx

is the resistance of T-layer and
E=R,a /(ouB) dx
B

is the efficientemf acting in the plasma of the T-layer. Having solved
Eqgs. (9) and (10) and determined values I and ¢, we used them for
finding the intensity of the electric field in the channel:

_ ar _4
E(x) = <1R+Ldt + AV C)/h(x) (11)

which allows us to find the distribution of current density j =
o (E —uB). Knowing j and E, one can solve the equation system
(4-6) again and find o (x) and u(x) for the ensuing time moment.

In the problem of initiation of discharge, it was assumed that
B =0and AV =0 (where the value AV is negligible as compared
to the voltage across the electrodes). The calculated result of the
distributionof pressure and temperaturein the flow behind the front
of the start shock wave is shown in Fig. 9. At the same time, cor-
responding distributions in the mode without a discharge are given
for comparison (by the broken line). It is seen that a localized plas-
moid has formed with isobar distribution of pressure. The traces of
gasdynamic dilatation in the form of two waves of compression are
present left and right of the temperature peak.

The time dynamics of the temperature change in the discharge for
four modes where oy takes the values o) = 0.4, o =0.5, o¢ =0.7,
and 0, =2 S/m is given in Fig. 10. It is seen that a decrease of
oy results in the delay of the explosive process of heating, but the
maximum temperature is attained in all of the modes practically
at the same temperature (15 17) x 10 K, and after that plasma
cooling begins.

The initiation system of a plasmoid should convert the heat re-
leasedin a dischargeinto internal plasma energy, thatis, into its tem-
perature, with the highest efficiency. However, in plasma parasitic
processes are taking place: radiation energy losses and expansion
work being done at gasdynamic dilatation of an explosively heated
plasmoid. To analyze these factors, the following characteristics
were determined.
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Fig. 11 Energetic discharge characteristics: Q;-Joule dissipation en-
ergy; Og-radiation losses energy; ep-plasma internal energy.

Joule dissipation energy:

Q;(t) =/ I*R, dt

fo

Radiation energy losses:

Qr<r)=//qrAdxdr
1 vYs

Change of internal energy of a plasmoid:

&p = /a(t, x)p(t,x)Adx — /a(t =0,x)p(=0,x)Adx
B

8

Figure 11 shows these characteristics for the mode with oy =
2 S/m. In the process of discharge one can distinguish four stages:

1) In the AB section (Fig. 11), on the curve Q(t), slow heatingin
the mode similar to an isobar is proceeding. The differencebetween
Q; and ¢, is caused by the difference between ¢, and c,.

2) In the BC section (Fig. 11), the overheating instability mecha-
nism has switched on, which resultedin a very quick warming up of
plasma. The mode is similar to an isochore mode so that the curves
Q; and ¢, practically coincide. Cessation of the growth of Q; and
&, 1s due to current decrease in the oscillatory circuitin the second
quarter of the first half-cycle.

3)Inthe CD section (Fig. 11), aquick warming up in the preceding
phase has formed a pressure peak in the discharge zone. This phase
is characterizedby the gasdynamicexpansionof the discharge zone.
The processis similar to the adiabatic one; €, is decreasingbecause
the internal energy is consumed for doing expansion work. In this
phase, the plasma temperature is the highest, and it is here that the
powerful radiation energy losses occur, which accounts for up to
50% of the unbalance between Q; and ¢,,.

4) In the DE section (Fig. 11), the energy put into the plasma is
given off mainly in the first half-cycleof the discharge.In this phase,
heating up has already ceased, but processes of gasdynamic expan-
sion and radiation cooling are proceeding, though with decreasing
intensities, which results in a continuous drop of ¢,.

Table 2 Data correlation

Parameter Calculation Experiment

Peak amplitude of the discharge current, kA 34 35
Current layer thickness at the nozzle output,cm 8 10
Plasmoid velocity, km/s 1.35 14
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Fig. 12 T-layer forming process dynamics showed by temporal depen-
dencies I(¢) and Tax (#). There are three modes different in the load pa-
rameters: 1) there is a charge capacitor in the load; 2) pure ohmic load,
electrode voltage drop AV = 0; 3) pure ohmic load, electrode voltage
drop AV =300V.

The data from the calculation and the experiment are given in
Table 2; their correlation enables us to draw a conclusion on the
adequacy of the mathematical model to a real process.

The created mathematical model also enabled the study of the
dynamics of the process in the final stage, when the gas flow brings
a plasmoid into the MHD channel. In the calculation the electrode
voltagedrop was designatedas aconstant AV =300V, and the value
of the magnetic field was selected according to the experiment as
B =1T. The resultis given in Fig. 12 in the form of relationships
1(t) and T}« (?), which reflect all stages of initiation and the work-
ing process in the MHD channel. The continuous curve for Ty (1)
correspondsto the load circuit with a charged capacitor. The broken
lines indicate the mode with pure ohmic resistance of the load (up-
per AV =0, lower AV =300 V). The current in the plasma, at the
discharge of the load capacitor, has the peak value of 2800 A, which
is somewhat lower than the experimental value (1,,, =3000 A).

Thus, in the course of numerical simulation we were able to show
the applicability of a piston model for the description of the T-layer,
which gave results in accordance with the experiment, within the
limits of its accuracy.

Conclusions

A new concept of the application of the MHD generator with
the T-layers as a source of electric energy on a hypersonic airplane,
converting kinetic energy of the air stream into electric energy, has
been formulated.

The one-dimensional mathematical simulation showed that an
unseeded nonuniform gas-plasma flow where plasmoids (T-layers)
set up a high efficient electric conductivity at a low mass average
air temperature can convert up to 30% of the kinetic energy into
electric energy in the course of the MHD interaction.

An MHD generator with T-layers as an airborne generator will
work efficiently at low values of magnetic field. The optimum value
is close to the value B ~ 0.3 T, which is easily realized by a perma-
nent magnet.
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The experiment with a shock tube/MHD facility allowed us to
show the method of initiation of the T-layer in a supersonic airflow.
In addition, the stability of the piston structure of the plasma layer
has been shown in the course of interacting with gas flow and a
magnetic field. Experimental results are in good agreement with the
calculationparameters of the T-layer derived from the piston model.

Mathematical simulation of the experimental process of a dis-
charge in the airflow behind the shock wave has shown that, in the
course of the initiation process of the T-layer, up to 50% of the input
plasmathermal energy is lost because of gasdynamic expansionand
radiation losses. The generator will be an efficient device if losses
at the initiation of a T-layer do not exceed 50%.
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