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Performance of a Faraday Rare Gas Alkali MHD Generator
G. BREDERLOW,* K. J. WITTE,* AND H. ZiNKOt

Max-Planck-lnstitutfur Plasmaphysik, Garching, F.R. Germany

The performance of the IPP rare gas alkali MHD generator was theoretically and experimentally investigated.
The open-circuit Faraday voltage, the short-circuit Hall voltage, and the load characteristic were measured at
different segmentation ratios s/h and various magnetic field strengths. Furthermore, the current streamline pattern
in the generator duct was determined from the equipotential lines measured by means of a movable probe. From
these measurements it could be concluded that the generator is practically free of any leakage currents and internal
plasma short-circuits. This conclusion was further supported by the reasonably good agreement between theory and
experiment regarding the current voltage characteristic of the generator. In the calculation allowance was made
for the influence of ionization instabilities, segmentation effects, and voltage drops at the electrode, but
mechanisms producing leakage currents or internal plasma short-circuits were not considered.

1. Introduction

IN rare gas alkali MHD generators the electron density and
hence the electrical conductivity attain equilibrium in accor-

dance with the electron temperature elevation. This "non-
equilibrium ionization" in conjunction with the fact that the
electron temperature elevation in the generator may show strong
local variations and occurs in a medium flowing at high velocity
through the generator duct gives rise to a number of complica-
tions which are not so pronounced in the case of an equilibrium
generator or not even present there. The most important ones
are: elongation of the current paths due to relaxation and con-
vection effects particularly pronounced at the generator entrance,
inhomogeneities in the current density distribution produced by
the electrode configuration, axial leakage currents and ionization
instabilities. All of these phenomena impair the performance of
the generator. It is therefore necessary to investigate them, and
if possible, lessen their influence.

The performance of "nonequilibrium" MHD generators has
already been investigated in a variety of test rigs. It was possible
to achieve high power densities and electron temperature eleva-
tions in short-time MHD generator systems1'2 with operating
times of up to a few milliseconds. The test rigs working in
continuous operation3'4 involved technical problems which
prevented the theoretically predicted power output from being
attained. Better, but still not quite the ideal values of the power
density and electron temperature elevation were obtained in the
"blow-down facilities."5"7 Whereas this deviation is accounted
for in Ref. 5 by assuming external leakages strictly associated
with the duct technology, it is ascribed in Refs. 6 and 7 to the
presence of highly conducting layers along the electrode walls
which impair the generator performance.

This paper reports investigations on a generator working in
continuous operation. These were concerned not only with the
measurement of the Faraday voltage across the duct, the Hall
voltage between the electrodes, and the current flowing through
one electrode pair, but also with the local distributions of the
various plasma parameters, viz., the potential and current density
distributions, the velocity profile, and the electron and gas
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temperatures. The dependence of the current-voltage charac-
teristics and the power density on individual generator para-
meters was determined. Furthermore, the most favorable possible
electrode configuration was chosen, effective preionization was
performed, and leakage currents were suppressed in an attempt
to achieve optimum conditions.

2. Experimental Conditions and Apparatus
The measurements are made in a potassium-seeded argon

plasma under controlled conditions of purity, temperature, and
composition. The gas temperature is up to 2000°K, the seed
concentration 0.14%, and the gas pressure about 1.3 bar. The
maximum mean flow velocity obtained in the generator duct
with 20 x 30 mm2 cross section is 425 mps, (M — 0.52) at a flow
rate of 80 g argon/sec.

In the test rig, designed as a closed loop, the gas is heated
by a 200 kw arc heater and mixed with the potassium vapor
in the mixing chamber. The mixture then flows through the
MHD generator to a heat exchanger, where it is cooled down.
The potassium is then removed by a glass-wool filter and the
pure argon is returned to a compressor to be recycled. In order
to maintain safe and reliable operation of the equipment, the
gas loop was' maintained with automatic control facilities. A
detailed description of the equipment used is given in Ref. 8.

The generator duct housing is constructed to allow maximum
freedom of choice of diagnostic methods and duct geometries
combined with ease of assembly and disassembly. Air core
magnetic field coils were chosen to provide free access for
optical diagnostics. They provide a maximum magnetic field of
5.0 tesla with 5% nonuniformity over a length of 300 mm.
The duct itself has a cross section of 20 x 30 mm2 and is 100 mm
long. It is made from A12O3 blocks fitted flush together.

The geometry of the duct is shown in Fig. 1. Up to 33 circular
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Fig. 1 Diagram of the MHD generator duct.
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electrodes 1 mm in diameter with periodicity intervals of 2, 3, and
6 mm were used. In the entrance region of the duct five pairs of
electrodes were placed in the gas flow. The spacing between
opposite electrodes was gradually increased from 8 mm at the
duct entrance to the normal spacing of 30 mm. This electrode
arrangement proved to ensure the most effective preionization
by applying external electric fields in the direction of the
v x B e.m.f.

In order to prevent shortening of the Hall field by leakage
currents, the different parts of the housing of the system were
carefully insulated from one another, from the plasma, and from
the ground (for details see Ref. 8).

3. Diagnostic Devices and Methods
In order to determine the spatial distribution of the plasma

parameters in the center region of the generator duct, movable
side walls are used in the corresponding region of the channel
(dashed region in Fig. 1). Each side wall has a hole which can
be moved in the x-y plane. Through this hole a thermocouple,
a pitot tube or an electrostatic probe can be inserted.

In the case of spectroscopic measurements on the potassium
resonance lines pure argon is blown through the holes in the side
walls in order to prevent selfabsorption by displacing the
potassium in the colder boundary layer.8 The electron tem-
perature is measured by the line reversal method in the wing of
one of the potassium resonance lines. The investigations
described in Ref. 9 indicate that in the argon-potassium plasma
used the population temperature investigated by this method is
practically equal to the electron temperature. The gas tem-
perature is determined with tungsten-rhenium thermocouples in
the region of the movable side wall in the y and z directions. The
wall temperatures in the duct were also checked with thermo-
couples. (The calibration of the thermocouples is described in
Refs. 26 and 8.)

The velocity in the generator duct is measured by inserting a
pitot probe through one movable side wall. The probe consists
of a 1 mm alumina tube with a radial hole 0.5 mm in diam,
which was used for measuring the stagnation pressure. The static
pressure is measured at the duct wall in the same y-z plane
in which the pitot tube was moved. Evaluation of the velocity
profile calls for a knowledge of the gas density, i.e., the distribu-
tion of the gas temperature in the generator cross section. To
measure the gas temperature, the pitot tube was replaced by a
thermocouple which could be shifted in both the y and z
directions.

To measure the potential distribution, a cylindrical probe,
0.5 mm in diam was inserted in the duct through the hole of one
movable side wall. The potential distribution was determined by
measuring the potential between the probe and one of the duct
electrodes at high impedance as functions of space. As only the
potential differences occurring in the plasma are of interest here,
the negative potential difference always present between the
probe and the surrounding plasma is only important in so far as
it varies strongly in space. According to the estimates made in
Ref. 10 the potential difference between a cold probe and the
plasma under the given conditions is in the region of 1 v. This
difference can increase near the wall, where there are strong
gradients of the electron temperature and the electron and ion
densities. With the hot probe used here, however, this potential
difference decreases under the influence of the electron emission
and magnetic field. These effects cannot, however, be exactly
calculated. In the generator plasma investigated the potential
differences between the probe and plasma were so small com-
pared with those measured that they practically did not impair
the experimental accuracy.

4. Theory
In order to understand and interpret the experimental results

properly, it is useful to compare them with some theoretical
calculations. The model which we propose to explain the
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Fig. 2 Short-circuit current density along the generator duct, s/h = 0.1;
B = 4 tesla; V =420 mps; Tg = 2000°K; p = 1.28 bar.

generator performance will be discussed in detail in this section.
In our analysis neither leakage currents due to insufficient

wall insulation or ground loops nor conducting layers at the
electrode walls as described in Ref. 6 will be taken into account.
We also assume that the ionization instability is always present
and that the plasma is everywhere turbulent. Furthermore, only
that part of the generator duct will be considered where
periodic conditions are achieved, that is, where the bulk
properties of the plasma do not change any more in the direction
of the duct axis. Such a situation is given in the last section of
the duct behind the 20th electrode pair (see Fig. 2). Since the
electric energy generated in the duct is small compared with the
thermal energy of the gas flow because of the short duct length,
we may also neglect the variation of the gasdynamic quantities
such as Tg and p along the duct axis and treat them as
constants.

It is assumed that the turbulence of the plasma is such that
Sana's equation is still valid at any point in space and at every
moment. Because we are more interested in instantaneous space
averages, denoted by pointed brackets <. . .>, than in the local
behavior of the plasma, we write

<N.> =* -¥s«Tey)+[m<Tey)+Nk°fKT<!y)']1/2 d)
where

\3/2

r (2)

If the volume over which the averaging process is performed
is large compared with the third power of a characteristic length
scale of the plasma (a few millimeters in our case) all the average
values will be practically constant and equal to the time average.

Strictly speaking, Eq. (1) is only approximately valid because
the contributions arising from the fluctuations in Te have been
neglected. This, however, is permissible because they are very
small.11

The next equation needed for the calculation of the generator
performance is the averaged Ohm's law which we write in the
form

| U_ (3a)

where we have used the definitions
&PP = <£,>/« Eyy-vB)

(3b)

(4)
(5)
(6)

jSapp is the apparent Hall parameter which can be derived from
probe measurements, U is the voltage drop across the generator
duct, and h the channel height.

The quantity <reff/(l + gf/?eff) can be considered as a measure of
the internal resistance of the generator, which depends not only
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on the effective plasma properties <reff and /?eff, but also on the
geometrical configuration of the electrodes, i.e., the size of
segmentation used. This dependence is accounted for by the
factor g. Physically, it can be understood as a measure of the
elongation of the current path from the anode to the cathode
compared with an ideal generator, where the x-component of
the current density vector is everywhere zero. With the results
obtained in Refs. 12-14 it can be shown that for a nonequilibrium
generator g can be approximated by

g = lAs/h (7)
with some uncertainty regarding the preciseness of the factor 1.4.
The next equation needed is the energy equation of the free
electrons

(8)

where <£e/> and <£K> are the spatially averaged elastic and
radiation losses. As can be shown by a detailed calculation, it is
not necessary to take the contributions due to the fluctuations
of Ne and Te into account in determining <£ei> and <£n>. It is
sufficient to approximate both quantities (the error is less than
3%) by

<£e/> = 3/c(m>J<v><]Ve>«Te>-Tg) (9)

(10)

Here <v> is the spatially averaged collision frequency and is
given by

(11)

[m2] (12)

with <7^> in Kelvin and <Ne> in m~3 . The velocity averaged
cross section Qe-A is assumed to be a linear function of < Tey in
the range 2 x 103 g < Te> g 5 x 103 according to « Te> in Kelvin)

Qe-A«Tey)= -0.32+0.46- W~\Tey [A2] (13)
The data necessary for deriving Eq. (13) were taken from Ref. 16.
They were slightly changed ( ~ 15%) so as to give the best fit to the
measurements of the laminar electrical conductivity carried out
in Refs. 17 and 18. A constant value of 0.4 x 10~17 m2 was
chosen for the electron potassium cross section Qe_k.19 In Eqs.
(11) and (12) the fluctuation correction has again been neglected
because of its smallness. The formula for the radiation loss (10)
was taken from Ref. 17. In this expression B^ means the Planck's
function and A = 0.7665 /im is the center wavelength of one of the
potassium resonance lines. Tw is the wall temperature and is
related to the gas temperature by

Tw = Tg-3W° (14)

where Qe_/ is the electron-ion cross section15

Qe-,«Ney, <Te» = 2.22 x 1(T10<7;>-2 x
( /

In 1.24 xlO 7

Finally,
10~4 ^

(for details see Ref. 17) is given in the range
5 x KT3by

AA = 25 + 104c [A] (15)
where c is the seed concentration. The last equation needed
refers to the effective electrical conductivity. Several suggestions
have been made how to calculate <7eff as a function of the
spatially averaged plasma properties <<r>, </f> or <y>. By meansx

of a quasi-linear analysis of plane ionization waves of arbitrary
shape it was found in Ref. 20 that

2 , o . 2 \ l / 2

In Ref. 21 plane square waves with zero phase shift are
considered, yielding

Both relations should hold for a plasma which has just started
to be unstable. For high values of the Hall parameter where the
fluctuation spectrum tends to become turbulent Eq. (16) should
yield a lower limit to the reduction in conductivity. <cr) and < /?>
are the spatially averaged electrical conductivity and Hall
parameter and can be approximately determined from

m e<v>
(18)

and
} = eB/me<y> (19)

The calculation of <a> had to allow for the fact that in a plasma
with collision cross sections dependent on the electron energy
the value of <o-> decreases if a transverse magnetic field is applied.
This influence is accounted for by the factor / which was taken
from Ref. 22. As before, the fluctuation correction has again been
neglected because the error is small (less than 3%). aN is a
logarithmic derivative and is given by

din a
d\nNc

(20)

/?crit is the critical Hall parameter indicating the onset of the
ionization instability and can be obtained from

/? _ (
Peril — l

2 2\l/2

where
d\n£el

(21)

(22)

For a highly turbulent plasma «/?> > /?crit) consisting of "two
phases," whereby the volumes occupied by the phases are equal
and their locations are random, an exact calculation of the
effective conductivity was made in Ref. 23, yielding

(23)
/?eff is not constant, but depends on the Hall parameter </?>
and the mean square value «cr2»1/2 of the fluctuations in a.
In order to check the applicability of Eq. (23) for a calculation
of the generator performance, /?eff has to be known with an
accuracy of less than 5% (see Fig. 4). Since <5-> has to be taken
from measurements and such precision cannot be expected there,
we have made no attempt to investigate further the model
proposed in Ref. 23. Besides the two relations (16) and (17), we
checked a third formula for <7eff which can formally be derived
from Eq. (16) by assuming that aN

2 <$ /?crit
2, </?>2 (Coulomb

collision dominated plasma; such a situation is almost reached
in the neighborhood of the short-circuit case), which leads to

<W<*> = &rit/<0> (24)
However, Eq. (24) can also be considered as a semiempirical
description of the dependence of aeff on the spatially averaged
plasma properties valid both for a neutral collision and a
Coulomb collision dominated plasma. In all the formulas for
<reff [Eqs. (16, 17, 23, and 24)] it is implicitly assumed that at
the same current density the electron temperature or electron
density in a turbulent plasma is expected to be much higher
than in a laminar one. The experimental results obtained in
Refs. 21, 24, 25 confirm this conclusion. However, no appreciable
increase in the ohmic heating of the electrons in a turbulent
plasma had been observed in Ref. 18. This weak elevation of
the electron temperature is probably due to the fact that in the
longitudinal discharge the current density profile in the v x B
direction is changed by the j x B forces and therefore the radia-
tion measurements made in the center region of the duct may
not be representative for the average electron temperature of the
plasma. In addition, the small surface to volume ratio in Ref. 18
increases the influence of the radiation losses.

In order to find out which of the formulas for <7eff given
previously describes the dependence of the effective conductivity
on the current density and magnetic induction best and should
therefore be used for the calculation of the generator perfor-
mance, we compared them with the experimental results for
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o-eff obtained in Ref. 18 in the <y> and B ranges investigated
«j> = 0.1-5 A/cm2, B = 0-1.5 tesla). Formulas (16) and (24) fit
the experimental effective conductivity data quite well. Formula
(17) predicts values which are slightly better than the experi-
mental one. For B > 1 T formula (23)— if one takes the values
for jfteff given in Ref. 18— also reproduces the measurements
reasonably well. From this comparison we jiave to conclude
that none of these formulas can be ruled out definitely except
(23) because j8eff is not known precisely enough in the generator
duct, and that they can all be used for the calculation of the
current-voltage characteristic of the generator which has been
done with the assumption of a constant /?eff taken from
measurements.

In order to compare the theoretically determined performance
of the generator with that measured, it is necessary to allow for
the energy which is dissipated in the anode and cathode falls.
These electrode regions have the same function as an external
load resistance and owing to the relatively small duct dimensions
in our test rig the energy converted there is mostly of the order
of that delivered to the external load resistance. The length over
which the voltage drop at the electrodes occurs is very small,
less than 1mm, so that within the approximation of our calcula-
tion we do not have to correct the duct height by treating the
anode and cathode falls as additional external load resistances.
We may therefore write for the voltage U across the generator
duct

U=UL+UE (25)
where UL is the voltage drop which can be measured at the real
load resistance and UE is the sum of the voltage drop at the
anode and cathode. UE is shown in Fig. 3 as a function of the
current Iy flowing through one electrode pair. This curve was
determined by probe measurements.

In calculating the current Iy per electrode pair from the current
density (jyy according to the relation

(26)
we have assumed that not the whole area sd is effective, but only
90% of it. This estimate is based on the experimental results
obtained in Ref. 17. Physically, Eq. (26) reflects the fact that the
plasma properties are not constant along the magnetic field lines,
but exhibit a profile.

Finally, it should be emphasized that this calculation of the
generator performance contains two uncertainties. The first refers
to the g-factor, i.e., the influence of the electrode geometry on the
internal resistance of the generator, and the second to the effective
electrical conductivity, which is theoretically known only for
some special cases that are usually only approximately realized
in the conditions prevailing in an MHD generator. From the
measurements, however, it is possible to estimate the degree of
uncertainty in these two cases and, more especially, to decide
which of the formulas for the effective electrical conductivity
[Eqs. (16, 17, and 24)] are appropriate for calculating the
generator performance.

5. Results
5.1 Temperature and Flow Velocity Profiles and Open-Circuit Voltages

The flow and temperature distributions in the measuring duct
showed turbulent profiles (Re ~ 3 x 104). The normalized tem-
perature and velocity profiles measured in the ^-direction at
zero magnetic field did practically coincide.

With a magnetic field applied one would expect under open-
circuit conditions a flattening of the velocity profile. But the
measurements revealed only a 3%-5% reduction of the flow
velocity in the center of the duct and a corresponding reduction
of the boundary-layer thickness at a Hartmann number of about
100. The calculation of this number is based on the core flow
conductivity at a magnetic induction of 1 tesla. The relatively
small influence of the jxB forces on the velocity profiles is due
to the following facts. First, the Hartmann number in the vicinity
of the walls corresponding to the temperature and hence
conductivity profile is much less than in the central regions of

0 1 2 3 4 5 ——-D[A]

Fig. 3 Sum of the cathode and anode drops as a function of the
current per electrode pair. Region of reproducibility is denoted by the

upper and lower curves. V = 420 mps; T = 2000°K; p = 1.3 bar.

the duct. Second, the measuring region is located so close to the
entrance of the MHD duct that a fully MHD profile cannot
be expected. More information about this phenomenon and
further measurements of the velocity and temperature profiles at
various Hartmann numbers are given in Ref. 26.

By replacing the pitot tube by an electrostatic probe and
measuring the voltage between the probes and one of the
electrodes the slope of the induced vxB e.m.f. could be deter-
mined. Within the accuracy of our measurements of + 5% the
velocity profile in the ^-direction thus obtained was in good
agreement with the pitot tube measurements.

The open-circuit voltage measured between one electrode pair
may be up to 20% higher than the value based on the averaged
flow velocity. This result indicates that there are only very small
circular currents in the y-z plane, although there are strong local
differences in the v x B e.m.f.s. This result is also in agreement
with the fact that the velocity profile is only very slightly
changed by the jxB forces. A detailed description of these
phenomena is afforded by the calculations in Ref. 27. Under
normal conditions the open-circuit voltage was always a linear
function of the magnetic induction. There were, however, devia-
tions from linearity, and the voltage was also lower than
theoretically predicted when the insulation of the generator duct
and, in particular, that of the side walls was insufficient. In
this case it was also possible to measure a Hall voltage
between the individual electrode pairs, which indicates the
presence of eddy currents that flow in the plasma along the
side walls in the vxB direction and back. This inadequate
insulation occurred when the generator duct was in operation
for longer than a total of 20-30 hr. The insulating properties
of the A12O3 used were apparently impaired in the hot rare gas
alkali atmosphere. It was therefore found advisable to check the
insulation state of the generator duct before commencement of
a test series by measuring the open-circuit voltage.

5.2 Short-Circuit Current Density
To obtain the theoretically predicted short-circuit current

density in the generator duct used here, it is necessary to have
good insulation of the duct and the entire test rig. The insulation
conditions of the test rig therefore had to be checked where
possible. One method which essentially covers the y-direction in
the duct has already been described in Sec. 5.1. Furthermore,
for the generator to work under load conditions it is necessary to
have good insulation in the x-direction. This can easily be
checked by connecting the initial and final electrode pairs with
a variable resistance jRa. If the rig is properly insulated, the
value of the resistance R^ should have a marked influence on the
short-circuit current density, even for high values of Ka. In our
case the threshold value of Ra was about 1 kQ; variations of
Ra in the region of ^1 kQ no longer had any effect on the
short-circuit current density.

As the ducts used here were relatively short, sufficient pre-
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Fig. 4 Short-circuit current density (a); short-circuit Hall and open-
circuit Faraday field strengths (b); apparent and effective Hall parameters
and normalized amplitudes of the electric field fluctuation under short-
circuit conditions (c) as a function of the magnetic induction. (The
<coie> abscissa is valid for all curves except vB.) s/h = 0.1; V =

415 mps; T = 2000°K; p = 1.3 bar.

idnization was needed in addition to good insulation. The reason
was that under the given conditions the relaxation lengths may
be in the region of a few cm. In the region of the relaxation
length the performance of the generator is impaired since the
equilibrium carrier density has not yet been attained. Because the
carrier density increases in the flow direction the current lines
are swept downstream and therefore the current paths become
longer. This fact has already been observed experimentally28

and has been confirmed by numerical calculation.29

In the relaxation region the available v x B e.m.f. has to drive
the current flow along highly elongated current paths. This means
that in the entrance relaxation region the internal resistance
of the generator is higher than further downstream where
periodic conditions are reached. Consequently, the current
density and hence the elevation of the electron temperature and
the ionization rate is low. This leads to relaxation lengths which
in small experimental generators may be larger than the duct
lengths.

To obtain the shortest possible relaxation lengths in the experi-
ment, the field strength Ey* in the entrance region of the generator
duct was increased by applying separate additional external
electric fields to the five entrance electrode pairs in the direction
of the induced e.m.f. A special electrode configuration ensured
that the current flows through the plasma by the shortest
possible path without strong bulging of the current lines in the
downstream direction. Periodic conditions were then obtained
6 cm downstream from the duct entrance, as shown in Fig. 2.
In this figure the short-circuit current density is plotted as a

function of the number of electrode pairs. An external electric
field was individually applied to the first five entrance electrode
pairs, whereby a total power of 100 w was fed into the plasma.
At the first electrode pairs after the preionization region the
induced current density was smaller than in the preionization
region. As calculations of the ionization relaxation lengths show,
this is due to the fact that periodic conditions could not yet
be obtained here. The current paths therefore bulge downstream
and the induced e.m.f. has to produce the current flux along
elongated streamlines. Behind the 20th electrode pair periodic
conditions were, however, practically reached.

The variation of the short-circuit current density is given in
Fig. 4a as a function of the magnetic induction. The measure-
ment was made at the 22nd electrode pair, where periodic
conditions were already present. The measuring accuracy was
±6%. The values given here and in the following curves are
time and spatially averaged values. The respective Hall para-
meters calculated are given on the abscissa. Three sections of the
curve can be distinguished. First the current density rises linearly
to values of < j>=0 .3 amp/cm2 (B — 0.3 T\ then remains
approximately constant up to B = 1.3 T and finally resumes its
roughly linear increase.

To explain this behavior, it was also necessary to plot the
curves for the Hall field strength inside the duct <£,,> (Fig. 4b),
the Hall parameter /?app (Fig. 4c) and the relative field fluctuations
due to ionization instabilities (Fig. 4c).

To calculate /?app, not only has <EX> to be determined, but
also vxB and <£y>. The vxB e.m.f. is plotted in Fig. 4b as a
function of the magnetic induction. (Ey}> is obtained from the
sum of the cathode and anode drops prevailing at the respective
short-circuit current strengths.

This sum is plotted in Fig. 3 as a function of the current
strength. This value was determined by probe measurements. In
.agreement with the measurements in Ref. 10 it was found that
both the cathode and anode drops depend practically only on
the current per electrode pair, and not on the magnetic field or
segmentation. The main voltage drop occurred at the cathode.
The anode drop was always in the region of 1-2 v. The
measuring method allows the voltage drop at the electrodes to
be determined with an accuracy of +0.5 v. Since, however, the
voltage drops were not exactly reproducible throughout the
series of measurements, the fluctuation range is given in Fig. 3.

The curves for the short-circuit current density, the Hall para-
meter and the onset of field fluctuations (Fig. 4a-c) show that
beyond </?> = 4 the generator performance is governed by
ionization instabilities. This relatively high value of the critical
Hall parameter is due to the low short-circuit current density.
Contrary to expectation, the short-circuit current density
increases linearly with the magnetic induction in the stable region
from 0 to 0.3 tesla. This linear rise is due to the fact that the
electrical conductivity here is constant. The reason for this is that
the electron density in the low current density range is higher
than is in keeping with the local electron temperature. This
excess carrier density is caused by electrons which are dragged
from the plasma jet into the measuring duct by the flow.17

In the unstable region the short-circuit current density is
approximately constant (up to 1.3 tesla) and then undergoes a
slight increase. This behavior of the short-circuit current density
is due to the fact that <reff initially takes a pronounced drop
with increasing magnetic field at the onset of ionization
instabilities and then decreases again less steeply. The region of
strong decrease (<reff ~ const/B) coincides with that of constant
current density.

At magnetic inductions exceeding 1.3 tesla the short-circuit
current density then increases. This is also partly due to the fact
that the importance of the voltage drops at the electrodes
decreases with increasing v x B e.m.f.

In the region from 0 to 1.3 tesla it is not possible at first to
obtain any reliable experimental results on the behavior of the
Hall parameter j8app = [<£x>/(yxB-<£y>)]. This is because
the difference v x B — (Eyy cannot be determined very accurately
in this region since the two quantities are approximately equal
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Fig. 5 Intensity distribution of the potassium resonance lines along the
dotted line in Fig. 5b (a); time averaged distributions of the equi-
potential lines </> = const and current streamlines (b). s/h = 0.1;
£ = 4.5 tesla; Tg = 2000°K; p = 1.3 bar; V = 420 mps; O> = 6

amp/cm2, short-circuit conditions.

here and, moreover, <Ey> involves a high degree of uncertainty.
For this reason only the curve of the </?>-value calculated in
this magnetic field range is plotted in Fig. 4c. It can, however,
be regarded as experimentally certain that /?app passes through a
maximum in the range 0.3 ̂  B ̂  0.7 tesla that lies between the
values 1.8 ̂  £app ^ 2.6. For B > 1.3 tesla £app then attains a
saturation value whose upper and lower bounds corresponding
to the lower and upper bounds of the sum of the cathode and
anode drops are plotted in Fig. 4c.

In Fig. 4a the short-circuit current densities calculated with
Eqs. (1-26) (Sec. 2) are also plotted (0eff = 1.5 assumed). For
UE [Eq. (25)] the mean values of the experimental values given
in Fig. 3 were used and <7eff was determined with Eqs. (16, 17,
and 24). A detailed comparison between the experimental and
theoretical values will not be made, however, till Sec. 5.3, in which
the current-voltage characteristics are treated.

Equation (3b) was used to calculate the effective Hall para-
meter from the /?app values given in Fig. 4c. The /?eff values in
Fig. 4c agree within the experimental accuracy with the values
obtained in Ref. 18 under similar conditions and also with the
values theoretically predicted for ionization instabilities.

In Fig. 4b the Hall field strength increases linearly with the
magnetic field strength in the high induction range (s/h = 0.1).
The same qualitative behavior was also obtained every time the
segmentation ratio was reduced to s/h = 0.06. In this case the Hall
field strength inside the duct increased to a value of <£,,> =
28 v/cm at B = 5 tesla for a v x B induced current flux, and to
<£x> = 58 v/cm when the current flux was increased by applying
additional external electric fields to the individual electrode
pairs. In no case was either saturation or breakdown of the Hall
voltage observed.

The linear rise of the Hall voltage (B > 1.3 tesla) with the
magnetic induction as well as the fact that the measurements
yield the theoretically predicted saturation value for the effective
Hall parameter (Fig. 4c), and that periodic conditions prevailed
up to the end of the duct (Fig. 2) indicate that neither boundary
layers, which, as described in Ref. 6, lead to internal short-circuits,
nor leakage currents due to inadequate insulation occur. In order,
however, to confirm this by direct measurements and establish

the extent of the current line bulging, the current distribution
in the generator duct was determined.

First the intensity distribution (Fig. 5a) of the potassium
resonance doublets between two electrode pairs in the y-direction
along the dashed line in Fig. 5b was measured. This intensity is a
measure of the electron temperature, which in turn is a measure
of the absolute value of the current density as long as relaxation
effects do not impair the Saha equilibrium between Te and Ne.
Such a deviation can, however, practically be ruled out here since
periodic conditions prevail in the test region.

The curve in Fig. 5a shows that the current densities present
on the cathode wall side at the insulator section have to be
much higher than in the center of the duct. On the anode side,
on the other hand, only a slight increase is observed. From these
results it can be concluded that the current near the cathode wall
has a nonnegligible jx component, which must cause bulging of
the streamlines inside the duct. The amount of bulging was
found by determining the time averaged current direction from
the time averaged equipotential distribution. This was measured
in the region of seven electrode pairs with a movable electro-
static probe. The necessary vB values were determined under
open-circuit conditions. The previously measured value of /?eff =
1.5 was used for determining the current direction. The resulting
current distribution is plotted in Fig. 5b with one streamline per
electrode pair. From this figure it can be seen that the current
component in the x direction is very small inside the duct. In the
immediate vicinity of the wall it was not possible to determine
the potential distribution and hence the current direction either.
From the streamline distribution inside the duct it follows, how-
ever, that a current must flow in the direction of the wall. Owing
to relaxation effects28 this current is higher on the cathode side
than on the anode side. Both current components should be
considered responsible for the intensity maxima in Fig. 5a.

53 Current Voltage Characteristics
After the performance of the generator had been investigated

under open and short-circuit conditions all the electrode pairs of
the generator were loaded with various resistances (2.5 Q, 4.7 Q,
10.3 Q, 23 Q for s/h = 0.06 and 0.1; 1.6 Q, 3.1 Q, 6.8 Q, 16 Q
for s/h = 0.2). The voltage drop UL at the resistance and the
current Iy flowing through it were then measured at magnetic
inductions of B = 3, 4, ̂ and 5 tesla. In Fig. 6a-c, such current
voltage characteristics are shown. The experimental data
provided with the margin of error were averaged over 6 pairs of
electrodes (Nos. 23, 25, 27, 29, 31, 33). These average values do
not differ very much from the values of the individual electrode
pairs in the region considered.

In order to get a better understanding of the performance of
the generator, the current-voltage characteristics were also calcu-
lated for the various cases measured. Allowance was thereby
made for the influence of the finite segmentation of the electrodes
and the fact that in a "nonequilibrium generator" the current
paths are elongated compared with an "equilibrium generator,"
which results in a higher internal resistance. The voltage drop
at the electrodes, the radiation losses and the reduction of the
electrical conductivity and Hall parameter -by the ionization
instability were also taken into account (for details see Sec. 4).
Leakage currents did not need to be considered here because the
measurements already made under the more extreme conditions
of the short-circuit case revealed the absence of such currents.

In Sec. 4 four different formulas for the effective electrical
conductivity were proposed [Eqs. (16, 17, 23, 24)]. However,
formula (23) was not investigated any further because of the
uncertainty in the value of /?eff. In Fig. 6b these three relations
are evaluated, whereas in Fig. 6a and 6c only Eq. (24) has been
used. In all cases an average value was taken for the voltage
drop at the electrodes. From Fig. 6b it can be seen that formula
(17) produces the most favorable characteristic, much better than
the experimental data. However, the case is different with the
relations (16) and (24); both fit the measurements reasonably
well, (24) a little bit better than (16), and so we have taken only
Eq. (24) in Fig. 6a and 6c.
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—— Experiment
— -Theory Geft=eq.(24)

v 5T
s/h = 0.1

o 3T
—— Experiment

Geff
---^Theory Geft =eq.( 16)

if =eq.( 17)

Fig. 6 Current-voltage characteristics at segmentation ratios s/h =
0.06 (a); 0.1 (b); 0.2 (c) (theory and experimental values).
B = 3, 4, and 5 tesla; T, = 2000 K; p = 1.29, 1.33, 1.30 bar; V = 420,

412, 425 mps.

It must now be asked whether this good agreement between
theory [Eqs. (16) and (24)] and experiment is accidental or not
and how far it may serve to judge the accuracy of our theoretical
model as regards the generator performance. No striking
systematic deviations could be observed in the region investigated,
where the parameters s/h, B and the load resistances RL were
varied over wide ranges. However, in the calculation there are
some quantities which have to be taken from measurements,
and which are known only within a certain accuracy. In this
context the most important quantities are V, Tgt p, B, UE, and c.
The margins of error connected with these quantities will here be
given in terms of correction factors K defined as the ratio of the
possible value and the reference value of a quantity, e.g., for the
gas velocity Kv = K/Kref. For K c, and UE the K-factors are
expected to be in the range 0.95 ^ K,..f.r/ ^ 1.05, and for Tg, p
and B in the range 0.97 ^ KTg,P,B ^ ^-^- These possible errors
give the theoretically calculated characteristics a certain band-
width. Its magnitude and its dependence on the various experi-
mental parameters can be most conveniently demonstrated by
investigating the change of the short-circuit current density
keeping all the experimental parameters constant but one.
Figure 7 presents the results of such calculations' whereby the
following reference values have been used: B = 5 tesla, V =
412 m/s, Tg = 2000°K, p = 1.33 bar, c = 0.14% K, UE = 15.6 V,
and Iy = 4.5 A. Only the curves corresponding to a change in
Tg, p, and c have been omitted because they are less important
and less pronounced. Outside the margins of error the curves are
drawn as broken lines. According to these calculations the short-
circuit current density is extremely sensitive to even very small
changes in the gas velocity V.

Because of the bandwidth of the characteristics caused by
the uncertainty of the experimental values entering the calcula-
tions it has to be checked in what range the system of equations
describing the generator performance has to be changed in order
to make the characteristics fit the experimental data, in our
special case the point KvBUE = 1. There are two possibilities of
"fiddling with the knobs." As was already pointed out in Sec. 4,
the expression aeff/(l +#/?eff), which can be considered as a
measure of the internal resistance of the generator, involves
uncertainty regarding the magnitude of the factor g. The second
uncertainty is due to the dependence of the effective electrical
conductivity on the magnetic field or which of the formulas for
<7eff should be taken. Corrections to the theory can be made
only in these two points. In order to get an idea of the
magnitude of the bandwidth caused by variations in g and aeff
we introduce new correction factors Cg = g/gref,Cal = (ffefi/(Je^i,
Cau = ((Teff/(7e^ef)ii, Cam = (ffeffAW ef)lll- 0ref ™ g^H by 1.4 S/h
[Eq. (6a)]. The reference values, I, II, and III of the various
effective electrical conductivities can be obtained from the
relations (16, 17, and 24). The short-circuit current density was
now calculated by varying only one C factor and keeping all the
others constant and equal to unity. It can be seen in Fig. 7
that the variation of creff exerts the stronger influence on the short-
circuit current density. The curves presented in Fig. 7 now give
us opportunity to make an estimate of the range in which the
Cg and C^j^jjj factors are allowed to move.

As a consequence of the uncertainty in determining the gas
velocity (0.95 ^ Kv ^ 1.05) the deviations between the measured
and calculated values of the short-circuit current density are
expected to be in the range 0.85 ^ X7 ^ 1.16. However, the
theory can be made to fit the experimental data by changing
the value of one of the factors Cg and Ca or both of them
simultaneously. The range of variation is biggest if only one factor
is varied. In the case of 0.95 <; Kv ^ 1.05 one obtains 0.66 ^
Cg ^ 1.36, 0.88 ^ Cal ^ 1.04, 0.68 ^ Call ^ 0.88, 0.91 ^ Cam g
1.08.

As the other experimental values also contain errors, the range
of variation of the C values can be even wider, viz., when these
errors add. This case is, however, very unlikely since the large
number of experimental values makes partial compensation more
likely. If it is now assumed that the experimental values are in
the middle of the error margin so that the probability that the
actual values coincide is greatest, and if not only the short-circuit
current density but also the entire characteristics are considered,
the following ranges of fluctuation of the C values can be
regarded as realistic: 0.7 ̂  Cg ^ 1.3; 0.85 ^ Cal ^ 1.05 and
0.9 ^ Cam ̂  1.1. The values obtained from the relation (17)
(CffU) are no longer taken into account here since they deviated
too strongly from the experimental values in the entire range.
It should also be noted here that it is not possible to derive
from the measurements which of the formulas (16) and (24) best

Fig. 7 Effect of parameter variations on the short-circuit current density
(reference values s/h = 0.1; B = 5 tesla; Tg = 2000°K; p = 1.33 bar;

V = 412 mps; UE = 15.6 K).
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describes the generator performance, and so both of them can be
used on an equal footing for the generator calculation.

Regarding Eq. (16) this result is surprising since the discharge
structure in the generator is governed not only by the ionization
instabilities, but also by the streamers, i.e., it is more complicated
than the model used for deriving Eq. (16). From the agreement
between the theoretical and experimental results it is therefore
reasonable to conclude that the streamers practically do not
impair the generator behavior.

What has been said on the calculations of the generator
performance should not be allowed to create the impression that
the scaling laws for the calculation of a commercial subsonic
generator have already been determined. In order to obtain
reliable information, it is first necessary to make investigations
with larger generator dimensions in which not only the cross-
sectional area but also the generator length, which should be a
multiple of the interaction length Lp = p/aQfivB2, have to be
increased. In this connection it might also be checked whether
the relation ^e{!/(l + #/?eff) always correctly describes the internal
resistance of the generator. Furthermore, <reff should also be
investigated at higher pressures and also in the case of a He-Cs
mixture.

Finally, the power density actually converted in the generator
was determined from the behavior of the measured charac-
teristics and the respective voltage drops at the electrodes. For
this purpose that part of the electric energy dissipated in the
anode and cathode drops had to be added to that dissipated
in the load resistances. With a segmentation ratio of s/h = 0.06
a maximum power density of N = 40 mw/m3 was obtained for a
load factor of Xeff = (UL+UE)/vBh = 0.25. For higher factors of
Keff = 0.5 and Xeff = 0.6, which are better approximations for
practical requirements, the power densities achieved were
N = 20 and 15 mw/m3, respectively. With higher segmentation
ratios the power densities were correspondingly lower.

6. Conclusions
The investigations of the generator performance yielded the

following results:
1) The prerequisite for effective generator operation is good

insulation of the duct so that leakage currents cannot flow either
in the direction of the induced vxB e.m.f. or in the Hall
direction.

2) When these conditions were satisfied the open-circuit
voltage showed the expected linear increase with rising magnetic
induction in the range up to 5 tesla. The open-circuit voltage
was higher than would be in keeping with the mean flow
velocity. This is accounted for by the velocity profile, which was
measured with a pitot tube, and can be regarded as proof that
there are practically no short-circuit currents in the plasma.
Measurements of the open-circuit voltage are suitable as a
simple quality check on the insulation of the generator duct.

3) The short-circuit current density as a function of the
magnetic induction showed the behavior expected in the presence
of ionization instabilities. The same applies to the Hall voltage.
Saturation phenomena were not observed in this case although
it was possible with an additional increase of the current flux by
external electric fields to attain maximum Hall field strengths
of 58 v/cm inside the duct.

4) The voltage drops at the electrodes depended only on the
electrode current and not on the magnetic induction.

5) From the equipotential distribution it was concluded that
the current streamlines bulge only slightly downstream.

6) Comparison of the measured and calculated current-voltage
characteristics showed that the generator performance in the
parameter range investigated is correctly described by the system
of Eqs. (1-26) (Sec. 4) together with one of the relations for the
effective electrical conductivity

2X1/2

(16) or ^M (24)
^ }

7) This result, however, does not necessarily allow the con-
clusion (Sec. 5.3) that the Eqs. (1-26) can also be applied to
generators which have larger dimensions or are operated with
supersonic flow. Furthermore, it has to be checked, whether
relations (16) and (24) always correctly describe the effective
electrical conductivity in a higher pressure range and also in the
case of a plasma with a different composition (Ar-Cs or He-Cs).

In general, it can be stated that the investigations conducted
here have shown that it is possible to build a subsonic generator
which has neither leakage currents due to inadequate insulation
nor internal short-circuits in the plasma, and which can there-
fore operate, in principle, as theoretically predicted.
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