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SOME RESULTS OF THE INVESTIGATION OF MHD GENERATORS WITH
HON-EQUILIBRIUM CONDUCTIVITY

V. S. Golubev, V. A. Gurashvili i
Institute of Atomic Energy im. I. V. Kurchatov, Moscow, USSR
/.l .
"We surveyed the results of the investigations of MHD

generators with non-equilibrium conductivicty, and also of the
- physical properties of non-equilibrium plasma typical for such
generators. The obtalned results make 1t possible to conduct
reliable valuable calculations of the MHD generators. ‘'We noticed
questions wnich require further investigations.

The purpose of the cycle of investigations descrlbed below
included the experimental realization of an {4HD generator with
non-gquilibrium conductivicvy with a noticeable output 0. flow
enthalpy in the form of electrical energy on the outer load. 7o 1

achleve thnis goal it was necessary to investigate in detail the
physical phenomena in the plasma of such an [TiD generator and
the factors wnich limit the effectiveness of the energy conversilon,
namely:

- the properties of the non-equilibrium plasma in an electric
field,

- the effect of the transverse magnetlic {leld on the stability ;

il Mt codhenasnits

and effective electrical conductivity of the plasma,
- the interaction of the gas flow with non-equilibrium plasma,
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- the change in the hydrodynamic and thermodynafic parameters
of the flow in the MHD channel -during strong interaction.

We will point out a,numbeb of physical problems of the MHD
generator with non-equilibrium plasma, which existed before the
extensive investigations of this question {1l].

1. The value of the factor of non-elastic losses of electron
ehergy was un<nown.

2. The reglon of applicabllity of the Saha equation to
determine the electron concentration ng required theoretical and
experimental substantiation.

3. Solutlions were required to the questions of the effective
values of conductivity of inhomogeneous plasma in the trznsverse
magnetic fleld and the Hall parameter, and also questions of the
realized values of the load coefficient.

4. There were a number of questions on the behavior of the
non-equilibrium plasma in the gas flow in the presence of &
rnagnetic field; these are, in particular, phenomena at the input
to the MHD channel and the hydrodynamics of flow stagnation.

5. Until now the basic guestion has been the maximum per-

centage of enthalpy which can be drawn from the flow on the outer
load.

The physical investigations, which should have glven the
answér to the questions enumerated above and led to the creation
of an efflcient MHD generator, were expanded at the beglanning of
the sixtles sinmultaneously in many laboratories throughout the
world. The sequence of studying the posed questions was similar
to thelr natural logical order:

1. The propertles of lcw-temperature non-equilibrium plasma
in an electrical discharge without a magnetic fleld: the balance
of energy of he electron and the other compcnents of the plasnma,
the conditions of lonization equilibrium, the current contraction
of the plasma, etc.

FTD-ID(RS)I-2490-75 2
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2. The non-equilibrium low-temperature plasma in intersecting
electric and magnetic fields, the instability of such a plasma
(ionization, acoustical, and others), the effective conductivity
and Hall parameter, the boundary effect on the instabllity of the
plasma and the geometry of the current course. . '

3. The non-equlllibrium plasma in & gas flow: the lonization
front and the-ionization wave, the stabllity of the plasma on the
front and the problem of the keep-alive electrode, the hydrodynamics
of the inhomogeneous plasma in the flow in the presence of a magnetic
field. _ ‘

4. The realization of a self-sustaining electrical discharge
dug to the movement of the gas across the magnetic fleld.

. 5. The realization of energy output on the ocuter load of the
MHD generator with a2 non-equilibrium plasma.

6. Realiéation of an MHD generator with effective conversion

of the thermal energy of the [low into electrical energy. .

In the future we wlll adhere to this sequence in the account
of the development of the lnvestigations.

Properties of the Non—equilibrium Plasma of a Gas Discharge.

We investigated the plasma without a magnetic fleld under
conditions corresponding to the parameters of the plasma of the
MHD generators:

concentration of neutral particles amlol?-lolgcm'3
concentration of césium atoms nS'\dO“-1016cm-'3
concentration of electrons ne~1013-1015cm'3
gas tenmperature Ta~1000-2000°x
electron temperature Tem2000-5000°K
current density Jnvl-10 A/cm2
electric fleld strength Env1-10 V/cnm

Theoretical and experimental works [1-3], devoted to these
investigations, lead to the following conclusions:

FTD-ID(RS)I-2490-75 3
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= In the case of a pilusma of alkaline metals there 1s foniza-

tion equilibrium (i.e., tie Saha formulz was applicable) in the N

electron zas-exclited atory ensemble, 1f the wvalue nP>nkp~1013-lOlu
-3 :

cl .

el

~ The baslc losses 1n emission correspond to the resonance .
transitions. The loss percentage in the resonance enission
compared witn the elastic losses is not great if n, >101u -3
n, >1018 -3

’
» while the ﬂin‘mun dimensions of the p;asma Inl em;
i.e.,d"\-l.
On the basis of these conclusions it is possible to calculate
all the parameters of the thermally non-equiliorium plasma with a.
magnetic field, using the equations of the balancg of the electron
energy, the gas energy and the Saha equation.

The Effect of a Transverse iasnetic Tield on the Properties of a .
Jon-equilibrium Plasma witn a currvent.

The newest and most significant results for rlasmna physics
were obtained during the investigation of the behavior of a
non-equilibrium plasma with a current in a magnetic fleld. The
tasic results Of these investizations lead to the accegtance of
the fact that under conditions of ar. MHD generator with a ron-

equilibrium plasma, the conductivity has an lonizing-turbulent
nature.

1. Abnormal resistance and the Hall parameter of an A

- inhomogeneous plasma. It was theoretically -shown in [U4- 7] that

in the presence of inhomogenelities of conductivitjff and relative

amplitude A= ((36/6’);,){/2 it 1s possible to write the following
expression for effective conductivities and the Hall parameter

Ko o LA R 102 M f

where ftCUsza, m =L one-uaimenslional inhomogeneities in the

form of flat layers, parallel to the lines of force of the




I TR R Sl - B e Yt A T i
~

magnetic fleld, and whose normal 13 inclined at angle @ to the
average current,

f=1, m=1/2 - two-dimensional inhcumogeneities with isotropic and
isometric distribucion of the "ups™ and "downs" of the conductiv-
ity, {s%i-_-, m = 2/3 -~ three-dimensional isotropic inhomo-
geneities.

"The knowledge of the value A(8) is possible only with the dis-
covery of the physical nature of the plasma inhomcgeneities. as
the nonlinear analysis of ionization instability and the numerous
experimental works show, when B31 universal relationships occur:

ﬁagtp-“-'-COHStﬂ-'[ (2)
Gagy = 2200 Save (3)

The results of various works [8-9] when ‘f""{>0{ as well as
when Q/T"i> i confirm (2-3); this i1s reflected in Fig. 1. These
rezlatinnships are also valid for practically visually homogeneous
plasma (4«u.l), which 1s probably connected with the presence of
small-scale inhomogeneities which require special experiments with
& high three-dimenslonal solution on very small scalzs (Lzll)"l cm)
to observe them. Az for relatlionships (1) they have not as yet
recelved convincing quantitative confirmation in the expeilments.

2. ionlzatlon Instapbility and Ionization Turbulence. Since
this excellent survey [11] 1is devoted to thils fundamental phenonenon
whica 1s first pointed out in [10], we will not go into detail
about thils problem but will only point out the new interezting
experimental data.

It 1s well known that even durlng complete ifonlzation of
the additive, when the lonizatlon instability actually does not
develop, the value of the effective Hall parameter 8 remains

3¢o
small. Speclal measurements [12] of the value 8 in plasma

%9’

with complete additive lonization within a wide range

il i e Lt O
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ne-ns-s-loll-lolucm'3, showed {Flg. 2) that B8
a decrease 1in ng. This fact makes 1¢ possible to assume that the
“saturation" of 83¢¢ was possibly caused by some microturbulence
of a kinetic nature, damped by zolllsfions of ions with neutrals

when the mean free psath beccmes less *“han the Debye radius {l.e.,

with small ne).

390 increases with

3. Acnustical Instability. The physical reason for thils
instability includes the bulld-up of 80233 vibratlions by fluc-
uations of the ponderomotive fTorce ]-xB [13]. The effect of
Joule heat release on this process was studied in [14]. The
experimental observation of the acoustical waves in the form of
layers perpandicular to the average current and moving at a rate

on the crder of sound ('\-2-105 cm/s) was reflected in [15]. The

interesting experimental results with respect to the build-up

of sonic vibrations by the fluctuations of Joule heat release
were given in [16], where, in the discharge of coaxlial geometry,
we succeeded in finding the threshold of sonic vibrations with

respect to 8 andjnys.

‘The Interaction of a Nonw-egquilibrium Plasma with a Gas Flow

The bhenomena which occur at thie input to the MHD channel
are of interest from the point of view of the problem of the
keep-alive elzctrode. Basically, these phenomena are connected
with the input relaxation of non-equilibrium conductivity,
converted under certain conditions to the lonizaticn wave. An
evaluation of the length of the input relaxation can be made from
the equation of electron energy balance at the input to the HHD

. channel. Thus, for example, for the case of turbulent conductivity

Ll:z 'a% en(%fﬁ) (4)
6

stk St

1
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wliere Ng gy = concentration of elecirons at the input,
I - donization peotential. .
Under real condition l,g.“'SvIO CM . Since the length of the

input relaxation depends. on mahy factors (poor eunission of elec-
trodes, scale of experiments, etc.), the keep-alive elccrrode
set-up ls expedlent even in the case of weak "detachment" Te/’I‘a
{17]. The phenomenon of the ionization wave was studied
theoretically [18] for the case of the transfer of energy by
electron thermal conduétivity. The speed of the ionization wéve
front in thils case 1s given by the expression:

v =(;)3/2ﬁ“ y '
o Te ;ﬁ; (5)
where m, — mass of the neutral. The absolute values 17?’,
measured in the experiments {19] without a gas f{low were
%5-102-5-103 em/s. The experiments with a gas flow [20] gave the
values 22p mlo“—s-lo“ ¢m/s, which can be explained cnly by the
gas dynamic-turbulent transfer of electron energy. The corre-
sponding mechanism of rate transfer of the lonization wave [21]

ls given by the expression:

~ T m '
2\/5 ie 3 : ‘)e (6)

where Dy = coefficient of turbulent diffusion, for real conditions
10" em?/s,
e " frequency of the electron collisions,
m, - mass of the electron.
Expression (6) gives the correct order of the vialue 22p . Thanks
mainly to the hydrodynamlc turbulence of the flow the work of the

keep-alive electrode 1is facilitated.

The Realization of the MHD Generator with lon-equilibrium
Conductivity

It is possible to point out the baslc operations with respect

A 7R 5 “‘ (. pk .
MM ,ﬁ'}.
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to the realization of the MHD generator. Work [22], in experiments

with disk channels, used a keep-alive electrode, having created a
plasma 3creen at the input to the channel (Fig. 3), which

continuously passed into the plasma of the genervstor. 1t was also
shown [20)} that the discharge in the channel exists because of the

Dl
force E"B , and not because of the scattered electrons, as a

result of whici tihe plasma ring created by the keep-allve electroge

existed in the channel significantly longer tl.an the operation
time of the kegp-alive electrode.

On the same set-up as was used in [20], we carried out
experiments with a linear channel [23], in which the specific..
electric capacity released in the outer load reached ~100 W/cmj.

.+t 18 necessary to note the operations carried out in the
shock tubes [24, 25] with disk and linear channels, in which the

~ effectiveness ¢f the energy corversion reached ~10%.

A large cycle of investigations was also satisfied in [17].

In th> axgeriments fn 205 a cerialn cycie o Livesilgallins
was completed, in which the supersonlic flow of an argon=-cesium
plasma was effectively stagnated. The experiments were conducted
on a sectioned Faraday MHD generator (Fig. 4) with a shock tube

(Pig. ©) as a source of the plasma. The MHD channel with Mach

2.5 did not have a keep-alive electrode; therefore, the experiments

were conducted with stagnation temperature T=5000-9000°K. 1he
stagnation pressure reached 20 atm (abs.), the magnetic field to

4 T, the concentration of cesium in the MHD channel to 1015 cm'3.
In these experiments significant conversion factors were attauined,
when T=7500°K - 20%, and when T=9000°K - 30%. During the experi-
ments we measured alil the determinant parameters of the plasma

and the MHD generator, including the distribution of the Mach num-
ber along the channel under load conditlons. Having confirmed the
basic representations on the nature of the conductivity ("turbu-
lent" law (;-£5'{ ), the presence of the developed ionization
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instability (Fig. 6) etec., these investigations detected two
experimental ‘facts, whose explanation requires additional in-
vestigations. '

First of all, there are abnormally large .values of the
factor of non-elastlc losses of electron-energy tf‘, which reached
50 in the experiments. A similar effect was observed in [27]. A
posslble explanation of the abnormally large value of d} is
the presence of a hypothetical microturbulent plasma. '

If ions participate in thls microturbulence, they quickly
retarn the neutral gas to the energy of its own vibrational
movement, derived from the energy.of the current electrical field
in the process of maintaining microturbulence. This leads to an
increase in the apparent factor of non-elastic losses of electron
energy and theilr collislons with gas.

Conslderation is given to the lack of a flow "stall™ with a
slgnificant output of energy (20-30%) in the outer load under
conditions of a relatively weak (70%) increase in the cross
section of the channel. The experimental determination of the
Mach number showed that the flow remains essentially supersonic,
i.e., the gas must be slightly heated or even cooled, in spite of
the significant volumetric heat releases. A possible explanation
for this paradox is the generatlon of strong acousticai vibratlons
with the input of the supersonic flow into the channel, ¥here the
flow passes to the three dimensional-inhomogeneocus zone of the
stagnation forces Jy-B and Jx'B' It 1is possible to show that for
waves running from the cathode wall to the anode wall, the
mechanism of amplification - force, l.e., because of the fluc-
tuations of the ponderomotive force JxB, whille for waves running
along the channel, the mechanism of amplification - heat, l.e.,
because of the fluctuatlons of heat release Jz/o. For the time
of the passage of the gas through the channel, the amplltude of
the accustical waves in the direction across the flow of the
channel from the evaluations can slightly increase, at the same

7
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time as the amplitude of the waves along the channel can appear

significant (AP/Pv{). If we assume that the significant part of
the Joule heat capacity 1s spent on the build-up of sonic vibra-
tions and is not transnmitted to the heating of the gas. then the
experimental distributirn of the Mach number along the channel

- can be explailned.

CONCLUSIONS

Thus, as a result, investigations lastiig more than ten
years on plasma phytlcs and the magnetic hydrodynamics of MHD
generators with non-equilibrium conductivity can confirm that
presently: .

- Calculations of the properties of a non-equilibrium plasma
in an electric field are reliable.

- Briefly, the basic physical processes in a non-equilibrium
plasma with a magnetlc field and an effective conductivity nature
are clear; a description 1s given of the work of the keep-alive
electrode and the various physical mechanlsms alfecting the
processes which occur at the input to the channel.

Nevertheless there are still a number of basic questions whichl
require further investigations.

- the physical mechanlsm of the "saturation™ of the Hall
parameter in a macroscoplc homogenecus plasma,

- the reason for the abnormally large factor of non-elastic
losses of electron energy, '

- the properties of the developed acoustical instabllity and-
the conditions for -its appearance in an MHD generator with strong
stagnation.

The entire investigation makes 1t possible, nevertheless, to
conduct reliable evaluations of the MHD generators with non-
equilibrium conductivity, 1If the interest in these programs is
maintalned.
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Fig. 2. Measured values of B_,, in different
experiments, when 8=10 and n,=ng .
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Plg. 3. Outer view of the plasma in an arc
keep-alive elzctrode of a disk channel.
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Fig. 4. MHD channel with a magnet.
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Fig. 6,

Hagp=frame.
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Quter view of the plasma in a channel of
the MHD-generator at T=7500°K, V=4 T. The time in-
terval between the frames - 100 us. Exposure - 2 us.




