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Electrical Characteristics of a Linear, Nonequilibrium,
MHD Generator
BERT ZAUDERER* AND Eric TATE}
General Electric Company, King of Prussia, Pa.
The purpose of this experimental study was to determine the electrical performance of a
linear, segmented-electrode, MHD generator. Various noble gases were shock-heated to
plasma conditions which allowed MHD generator operation with Hall parameters w,7, ranging
from 1 to 20 and ratios of eleciron to static gas temperatures of 1 to 2.5. For T./T, > 1, the
discharge structure in the generator was nonuniform. The major results were: 1) By com-=-
paring the experiments with an MHD generator theory that included the effect of nonuniform
extrathermal ionization, it was found that the Faraday generator operated in the normal
mode in which the current vector is approximately perpendicular to the axial flow direc-
tion, at all values of w.7.. The electrical performance of the generator at high w,7. was much
better than that predicted for the shorted mode of operation in which the current vector
is inclined in the axial Hall direction. 2) It was found that it was possible to obtain good
agreement between the experiments and a simple uniform plasma, segmented-electrode
theory that included the Lorentz force effects, the electrode voltage losses, and the increased
dissipation due to the plasma nonuniformities in the analyses. 3) Because of the relatively
coarse electrode segmentation, it could not be established conclusively whether the effect
of the electrothermal instabilities or the effect of finite electrode segmentation limited the
maximum attainable Hall field.
Nomenclature Te = electron-heavy-particle collisional mean free time
i o = electrical conductivity
o = speed of sound, m/sec Geif = ratio of current to field component in its direction
B = magnetic field, webers/m? — electr lotron f
D — channel width, em we = electron c3ffc 0 110n requency‘ 1B
d = width of current path in 2z direction, em (wereJers = tangent of angle between J an
E = electric field, v/m Superscript
I = current, amp
J,q = current density, amp/cm? ( )* = measurement in frame of reference moving with
k = Boltzmann’s constant, 1.38 X 10~ erg deg ! plasma
L = MHD generator length, m .
l = width of current path in z direction, em Subscripts
M = (without subscript) atom mass of more abundant gas B = effective electrical conductivity at given magnetic
species, amu; (with subsecript) Mach number field strength
m = electron mass, amu e = electron
n = electron density, em 3 g = conditions at gas temperature
P = pressure 7 = ambient conditions in front of incident shock
S = mean square deviation of eleclron density fluctuation s = combined sheath and boundary-layer voltage loss
T = temperature, °K at electrodes
U = velocity, m/sec Z,Y,2 = Cartesian coordinates
14 = voltage, v = scalar conductivity
X = axial distance used in computing interaction param-
eter, m .
x = distance in axial, U direction I. Introduction
g _ ?ﬁ:zgﬁgg iz g:;l::eei::” ]I; ﬁ>§l dB d?;éggi%gn IT has 'been demonstrated! that the induced eleetr'ic. ﬁglds
Bett = effective elastic collision loss factor, defined in Ref. na l.lnear .i\'IHD generator can produce a pon(.aqu.lhbrlum
5 plasma in which the electron temperature is significantly
87, 8y = thermal and velocity boundary-layer thickness, greater than the gas stagnation temperature. Optical ob-
respectively, cm servations? of the plasma in the generator showed that the
P = } electrode segmentation ratio = % axial electrode plasma luminosity was nonuniform in both the axial (gas
PitC]f_l/ D velocity) and transverse (magnetic field) directions. Spe-
9 = tan~jz/j,) cifically, the luminosity was concentrated in streamers
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which were transverse to the gas flow and which were con-
vected at the local gas velocity. The purpose of the present
investigation was to determine the voltage-current char-
acteristics of a linear MHD generator in the presence of a
nonequilibrium plasma having the aforementioned non-
uniformities.

Various theories? ¢ have been used to describe the electri-
cal characteristics of the linear nonequilibrium generator.
It was previously found”* that, by considering the measured
electrode voltage loss as an equivalent external impedance,
the experimental Faraday-generator load lines at wers =~ 1
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and T./T, =~ 1 were in good agreement with the finitely
segmented electrode theory.? However, at high-current
levels the Hall voltages were up to a factor of 2 below the
values predicted by this theory. Kerrebrock? suggested
that concentrated;, extrathermal ionization at the finite-
electrode segments would lead to the formation of an axial
high-conductivity layer on the electrode walls. These
layers would reduce the electrical performance of the gen-
erator at w.r. > 1 and (T./T,) > 1. In an extension of the
two preceding theories, Argyropoulos et al.’ and others®:1
have numerically solved the electron conservation equations
and Ohm’s law for a single finite-electrode pair in a linear
MHD generator. Argyropoulos® included the effect of finite
reaction rates and electron thermal diffusion in the analysis.
Nonuniformities in the magnetic field direction, which were
observed in the MHD channel,? were neglected. Plasma
nonuniformities and turbulence at high w.r. are also pre-
dicted by the electrothermal instability theories.!*1% = As-
suming that the turbulent plasma has a specified structure,
the average electrical impedance of the plasma has been
derived.s:13-1¢  However, the effect of finite-electrode seg-
mentation was neglected in the instability analysis.5-12-14
It should be noted that the theories of Kerrebrock,* Argyro-
poulos,® and Mitchner? also predict the existence of insta-
bilities at w.r. > 1. The experimental results will be com-
pared with various predictions of the preceding theories.

The experiments were performed in the previously de-
scribed?? 4.85-cm? shock tube in which a 4.85-cm? X 28-
cin-long MHD generator was located at its downstream end.
Xenon, xenon + 0.19% hydrogen, argon, and a 989, neon
+ 29, xenon mixture were utilized as the test gases. These
gases were selected to obtain generator operation with w.r.
values in the plasma ranging from 1 to 20 and T./T, ratios
ranging from 1 to 2.5. The shock tube produced a hot gas
slug that was about 50 em long. The considerations enter-
ing in the selection of test gases will be given in Sec. IV. All
the experiments were performed with the generator connected
in the Faraday mode of operation.

II. MHD Channel and Experimental
Techniques

There were 30 electrode pairs in the MHD channel.l:2
The axial electrode pitch of the flush mounted (4.70 em
Iong X 0.33 cm wide) copper electrodes was 0.96 cm, and the
electrode segmentation ratio was 0.2. The electrode area
used to compute the current density was (4.70 X 0.96) cm?.
The experiments were performed at magnetic field strengths
of 0.735, 1.44, and 2.2 webers/m2.

To obtain readily interpretable Hall potential data, the
Hall voltage measurements were taken downstream of the
ionization and current relaxation region in the channel where
I, was approximately constant. In the pure xenon, argon,
and 98% neon + 29, xenon experiments, -the U X B fields
were too small to obtain the desired range of transverse cur-
rent levels. Two methods were used to obtain a region of
constant current level in the MHD channel. In some of
the argon and all of the 989, neon - 29, xenon experiments,
preionization was applied upstream of the MHD generator
to increase the ionization rate and, hence, the maximum
attainable current in the generator. In the other argon
and in the pure xenon experiments, an electrically isolated
capacitor and a limiting resistor were connected to each
electrode pair. Both the capacitor voltage, which was ap-
plied to the electrodes in the U X B direction, and the elec-
trode current were approximately constant during the 500-
usec. test time. With this external voltage circuit, it was
necessary to maintain the axial variation of I, to less than
109, in the region where F, was measured. For larger axial
variations of I,, large transverse variations in the Hall field
were observed. For constant I, along the channel, the
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average Hall field was independent of the method used to
obtain the desired current levels.

The following measurements were made: I, was mea-
sured at up to 8 equally spaced electrode locations in the
channel. The Hall voltages were measured, at the anode
and cathode walls, over distances of ten or more axial elec-
trode segmentation widths. Three sets of metal probes,
protruding § in. into the freestream, were located on one of
the insulator walls of the channel at the 5th, 15th, and 25th
electrode pairs. Each set consisted of three collinear probes
that were transverse to the gas flow direction. The outer
two probes were % in. from the anode and cathode walls,
respectively, and the middle probe was on the centerline
of the insulator wall. The probes were used to measure
the Faraday and Hall voltages. To prevent an acecumula-
tion of errors resulting from subtracting large numbers, all
the voltages were measured differentially. Voltage measure- -
ments were obtained by connecting two Tektronix type P6006
voltage probes having a 107-ohm input resistance and a
15 X 107'2-farad distributed capacity to two electrodes or
two probes in the channel. The P6006 probe outputs were
connected to a Tektronix type D differential, oscilloscope
preamplifier. The continuum radiation of the plasma at

4800 A was measured at the 7th and 20th electrode pair loca-
tions. The method of calibrating the radiation data is
given in Ref. 1. TFinally, the initial gas conditions at the
generator entrance were computed from the measured shock
velocity and the initial gas pressure, and the results will be
given in Sec. IV.1.

III. Segmented-Electrode Generator
Theory

The experiments will be compared to the finitely-segmented-
electrode, MHD generator theory® under the assumption
that the plasma is in a uniform nonequilibrium state. Al-
though the plasma is nonuniform,? this theory serves as a
useful first approximation of the generator performance.
The transverse current density j, and the Hall field E, are
given by3:

iy = {oo/[L 4 2p(cre — 04)]} (U.B. — B, — B.] =
Uefi[Usz - Ey - Es] (1)
EI = {weTe/[l + 2P(weTg - 0-4)]} [UIBZ - EZ/ - ES] =
(weTe)eff[Ua:Bz - Ey - Es] (2)

where E, is the field due to the external load and E, is the
field due to the voltage loss in the electrode sheath and the
cold aerodynamic boundary layer. oo and 7, are obtained by
combining the steady-state electron energy equation,

Bv*/e = 3(ne/7e) (me/M)Besik(T. — T,) 3)

with the Saha equation. The resultant equation, which is
given elsewhere,! enables one to compute T, for a given
jy- From T, all the other plasma properties are obtained.!
Equations (1-3) are valid only if j, < 7, in the plasma.
This condition is satisfied if the electrode segmentation
ratio is much less than one (as is the case in the present
experiments) and if no transverse nonuniformities exist in
the plasma which can short the Hall field.* Optical ob-
servations? of the discharge showed that the second condi-
tion appeared to be satisfied downstream of the entrance
region of the generator. For a uniform plasma, ¢ in Eq.
(3) should be replaced by op. Since the plasma is nonuni-
form,? one expects that for a given electrode current the
dissipation and hence 7T, in the plasma would exceed the
value predicted with og. It was found! that replacing o
by ez in Eq. (3) resulted in fairly good agreement with the
electron density deduced from the measured continuum
radiation in the generator. Since oes is a function of the
magnetic field B, the value of ¢ used in the theoretical anal-
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Table 1 Plasma properties of the various test gases
10
1 3 4 5 7 weTe at 11
Pi, 2 U, P, T, 6 s 8 9 2.2 o, 12
Gas torr M, = Us/as m/sec atm °K M, = Ug/aqg amp/cm? Te/ T, Ne, c T3 weber/m? mhos/m Befe
Xenon + 0.1% 8.25 8.10 1070 0.89 6330 1.30 2-35 1.01- 2 X 1015— 4.5-2.5 480-900 1
hydrogen 1.12 5 X 108
Xenon 7.67 7.60 1000 0.73 5670 1.29 2-30 1.02- 5 X 101+ 6.0-3.0 250-800 1
1.22 4 X 10¥
Xenon 9.00 7.10 925 0.74 5000 1.28 2-18 1.14- 4 X 1014 6.0-3.0 200-550 1
1.30 2 X 101
Argon 10.30 6.70 1580 0.76 4460 1.27 2-8 1.48- 1014~ 15.0-9.0 160-440 1
1.66 7 X 101
989, neon + 2%, 7.20 5.80 1810 0.37 3380 1.25 2-10 1.77- 1014— 20.0-10.0 150-500 0.5-1
xenon . 2.12 7.4 X 1014
98% neon + 2% 8.0 5.26 1635 0.36 2830 1.23 2-10 2.12— 1014 20.0-10.0 150-550 0.5-1
Xenon 2.50 8 X 10t

ysis of the generator voltage-current characteristics will be
identified in the figures by the symbols o5 . o, 05 — 0.735 vebers/m?,
OB _ 141 webersim?, ANA T3 — 9.2 weversrme. 10 addition, to utilize
the previous theory, one must show that the electrode voltage
loss occurs in a region that is much smaller than the electrode
segmentation pitch of the channel, 2pD. This enables one
to treat K, as an equivalent external load. This assumption
will be verified in Sec. V.1 of this paper. If this condition
were not satisfied, the boundary-layer solution must be
coupled to the electron conservation equations and Ohm’s
law to obtain the local distribution of the field near the
electrodes.

The theoretical analysis of Argyropoulos® was used to ob-
tain additional verification of the validity of the assumption,
which is implicit in Eqgs. (1-3), that J1 B and J1U. In
applying this theory to the present experimental conditions,
the boundary conditions were that the plasma and field prop-
erties are periodic in the flow direction [e.g., T.(zyy) =
T.(x + 2p,) and J(x,y) = J(& + 2p,y)]. On the electrode
wall the boundary conditions are the following: on the
electrode £, = 0, and on the insulator j, = 0. The elec-
trodes are perfect electron emitters. The total current
through the electrode pair, (I,), was specified. Thermal and
velocity boundary layers were neglected. In the solution,
a “constant-property” case is obtained first. It gives the
uniform plasma properties and the local current and field
distribution in one electrode pair segment. The local fields
and currents arc substituted into the electron conservation
equations to obtain a first approximation of the nonuniform
plasma properties. The solution is then iterated until it
converges. The nonuniform plasma property solution will
be called the ‘“finite-rate’ solution in subsequent discussions.
In the core of the flow, the constant-property solution is
identical with Eqgs. (1-3) of this section with ¢, substituted
for ¢ in Eq. (3). The results of the computations will be
discussed in Sec. V. The experiments will also be compared
briefly with the ionization or electrothermal instability
theories in Sec. V.

IV.

Experimental Results and Discussion

1. Selection of Test Gases

It would have been desirable to cover the entire range of
w.t. and T./T, values of interest in each test gas. However,
this was not possible for the following reasons: 1) Based
on optical observations?® of the transverse streamer discharge
pattern in the channel, it was concluded that, for 7, much
less than 10 amp/electrode (.e., j, ~ 2 amp/cm? and
T./T, > 1, the discharge did not fill a sufficient volume of
the generator to enable one to assign an average state to the
plasma in the generator. This lower limit on I, resulted in
a different lower limit on the average value of w.r. and T./T,
in each of the test gases. 2) U, was limited to less than 2000
m/sec. Hence, to exceed F;, which ranged from 400 to
2000 v/m, B had to be greater than 0.5 webers/m? Ex-

ternal voltage sources were used to overcome I, (see Sec. II).
However, it was found that it was not possible to obtain
useful Hall voltage data for B, < 0.5 webers/m? because of
the relatively large noise level of the experiments. 38) The
upper limits of B, and j, were about 2 webers/m? and 30
amp/cm? respectively. Above these levels, the Lorentz
force caused the formation of strong shock waves in the
generator which resulted in large variations in I, along the
channel. Table 1 summarizes the properties of the various
test gases. The first two columns show the initial conditions
in front of the ineident shock. Columns 3-6 show the com-
puted local gas properties of the test gas entering the MHD
channel. The range of 7, values utilized in the experiments
is given in column 7. The remaining columns give the range
of theoretical plasma properties corresponding to the 7, values
in column 7. They were obtained by the method outlined
in Sec. III and Ref. 1. The test gases in Table 1 are ar-
rapged in order of increasing w.r. and 7./T,. Note that
because of the coulomb cross sections w,r, decreases with
inereasing j, and T./T,. Also, note that 6. is less than 1
in the 989, neon + 29, xenon gas mixture. This is caused
by the coulomb effect and the disparity in particle mass
between seed and parent gas.

The xenon experiments are an extension to higher w.r,
and T./T, of previously reported studies in xenon.” The
presence of the 0.19, hydrogen in the xenon experiment at
T, of 6330°K increased the ionization rate behind the shock
front. As a result, equilibrium plasma conditions were
obtained within 20 em behind the shock front. The electrical
conductivity at equilibrium was a few hundred mhos/m.
Optical observations of the plasma, more than 20 cm down-
stream of the shock front, showed that the discharge in the
MHD generator was uniform. The voltage-current mea-
surements in the xenon 4 0.19, hydrogen experiments were
taken in the uniform plasma region. This test-gas mixture
was used as a basis of comparison with the other experiments.
In all the other experiments as a result of the slow ionization
rate behind the shock front, n. at the end of the gas slug was
a factor of 10 or more below the equilibrium value. Conse-
quently, streamers were observed in the generator at all
current levels.

2. Measurement of Vectors U X B, E,, and E,

For the proper interpretation of the experiments, it is
necessary to discuss the factors that affect the accuracy of
the field measurements in the generator. To obtain the
theoretical, open-circuit U X B field, the plasma electron
density must be large enough to supply the current required
by the voltage measuring circuit without appreciably per-
turbing the local potential in the plasma. It was previously
reported® that with the P6006 voltage probe and for n, >
1012 em ™%, over 909 of the theoretical U X B voltage was
measured at the electrodes in the MHD channel. For n, =~
102 em ™2 and a voltage probe resistance of only 10° ohms,
the experimental U X B was about 50%, of the theoretical
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Fig. 1 Transverse voltage-current characteristics for the
Faraday-generator experiments in the 99.9%, xenon -+
0.1% hydrogen mixture at B, = 2.2 webers/m2 The
pertinent plasma properties are listed in Table 1. Note
that the probe data are plotted as functions of I, at the
probe location. The variation of the probe data is =15%,.

value. Similar low values of U X B were measured with
the P6006 probe at n, < 102 em~3. In addition, in view of
the short experimental test time, the voltage probe capacity
had to be less than 107! farads to obtain sufficiently fast
rise time of the voltage signal. The current collecting area
of the metal probes on the insulator wall of the generator was
0.25 cm? compared to the 1.5 cm? electrode area. A free-
stream n. of more than 10 em =2 was required to obtain the
theoretical U X B field with the metal probes.

The minimum average electron density in the loaded
generator experiments was greater than 10 cm=3 (Table
1). Thusin a uniform plasma, the metal probe measurements
of the fields should be accurate at all values of I,. This is
not the case in the presence of streamers? since at low I, the
electron density outside the streamers can be much lower
than the average n.. In addition, the streamers cause elec-
tric field fluctuations having a frequency? of about 2 X 10*
Hz. This reduces the a.c. impedance of the P6006 probe
to 5 X 10° ohms compared to its 107-ohms d.c. resistance.
Since the streamers are parallel to U X B, they primarily
affect the accuracy of the transverse field measurement.
Because of the small channel cross section, the maximum
separation over which (E, + E,) could be measured was
2.5 em. This distance is comparable to the 1- to 3-cm axial
separation of the streamers.? Hence, at any instance of
time the two probes used to measure (E, + E;) can be located
in regions of the plasma having widely differing values of
ne. 1t is estimated then in the loaded generator experiments
the maximum reduction in (E, + E,) because of probe
errors is about 309, (see Sec. IV.3). The minimum dis-
tance over which £, was measured was four times the separa-
tion distance used in the F, measurements. Hence, based
on the (B, + E,) error, it is estimated that the error in the
probe measurements of E, is less than 109,. As a result
of the presence of large electrode losses, (B, + E,) was al-
ways greater than 509, of U X B. Hence, a relatively small
error in (K, + E,) causes an appreciable overestimate of
E,* where E,* = U X B — E, — E.. Another factor
affecting F,* is the gas flow deceleration caused by the Lorentz
force. This deceleration was obtained from the measured
propagation speed of the streamers.2 The streamer velocity
decreased with increasing J X B-L/p,U,2. The velocity re-
duction was independent of the test gas used. It was shown?
that the streamer velocity must be within 109, of the local
gas velocity.

3. Faraday Generator: V,-I, Load Characteristics

In this section, the Faraday-generator load characteristics
will be presented for the xenon + 0.19, hydrogen experiment
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(Table 1, row 1) and for the 989, neon + 2%, xenon experi-
ment at T, = 2830°K (Table 1, row 6). These experiments
represent the two extremes of generator operation. In the
former experiments, the plasma in the generator was uniform
and w7, was small, whereas in the latter w.r. was large and
the streamer discharge pattern existed in the generator.
The Faraday-generator load characteristics for the xenon
+ 0.19% H, experiments are shown in Fig. 1 for B, = 2.2
webers/m2.  The load resistance at each of the 30 electrode
pairs was varied from 5 to 0.1 ohms. For I, < 50 amp/
electrode, the plasma was approximately in equilibrium at
the gas temperature. For I, > 140 amps/electrode, the
Lorentz force caused a considerable reduction in U,, which
resulted in a reduction of I, at the downstream electrodes.
Consequently, for I, > 140 amp/electrode, only the average
values of 7, in the upstream half of the channel are shown
in Fig. 1. The theoretical ohmie voltage loss in the plasma,
E,*-D in Fig. 1, was computed with Eqgs. (1) and (3).
O (B2.2 webersimyy Was substituted for ¢ in Eq. (3). If o
had been used in Eq. (3), E,*- D would have been a few
volts larger. To compare the probe data to the theory, the
local gas velocity at the probe location was obtained from
the graph of the streamer velocities as a function of J X
B-X/p,U,% as outlined in Sec. IV.2. The magnitude of X
was taken as the distance from the end of the current relaxa-
tion region at the channel entrance to the location of the
transverse probe at which (¥, + FE;) was measured. For
the experiments shown in Fig. 1, I, relaxed to its average value
in the channel at the first electrode pair. Thus, the appro-
priate distances were X = 4cem and X = 14 cm. The agree-
ment between the two sets of probe measurements and the
theory is good. Finally, by comparing the load voltages
(triangular points) with the probe voltages (circular points
in Fig. 1), one notes that the electrode voltage loss is about
40 v, and that is independent of I,.

Figure 2 shows the Faraday-generator load character-
istics for the 989, neon + 2%, xenon experiment at B, = 2.2
webers/m2.  The load resistance at each of the 30 electrode
pairs was varied from 15 to 0.2 ohms. The method for com-
puting E,*- D for these experiments was the same as that
for Fig. 1, with o0 (ps.2 webersim? Substituted in the electron
energy equation. If oo had been used, F,*-D would have
been twice as large. However, as was noted in Sec. III, the
local measurements of n, in the generator were in considerably
better agreement with the theoretical values obtained from
Eq. (3) with 0(8-2.5 webersim»y- The transverse electric field,
measured with the probes, increased in the downstream di-
rection. This behavior is consistent with the effect of plasma
nonuniformities on the probe circuit. As the plasma flows
downstream, the discharge becomes more uniform, and the
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Fig. 2 Transverse voltage-current characteristies for the
Faraday-generator experiments in the 989, neon + 29,
xenon gas mixture at T; = 2830°K and B, = 2.2 webers/m?,
The pertinent plasma properties are given in Table 1.
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accuracy of the probe circuit increases (see Sec. IV.2). Be-
cause of these effects, only the probe measurements obtained
at the 15th and 25th electrode pair locations are shown in Fig.
2. The error flags on the probe measurements in Fig. 2 rep-
resent the range of the average values of the measured trans-
verse electric field at these two probe locations. It will be
noted that for I, < 45 amp/electrode the average probe data
increase slightly with 7,. Again, this is consistent with the
observed discharge structure, since, with increasing 7,, more
streamers form and the discharge becomes more uniform.
Comparing the probe measurements with the theory at
low I,, one finds that the maximum reduction in (E, +
E,) due to probe errors is about 309,. Because of the un-
certainties in the local transverse electric fields, only an
approximate estimate of the Lorentz-force effect on U,
was made. In obtaining U, at the probe location, a
value of X of 15 em was chosen for substitution into
J X B-X/p,Uz2 15 e¢m was the distance from the fifth
electrode where I, relaxes to its average value! to a position
in the channel which is halfway between the aforementioned
probe locations. As can be seen, the experimental probe
data scatter around the theoretical curve that includes
the effect of the Lorentz force and the ohmic voltage loss
in the plasma. By subtracting a constant electrode voltage
loss of 80 v from this curve, one obtains a new curve that is
in excellent agreement with the measured voltage across
the external load resistors. The agreement of the experi-
ments with the uniform plasma, finite-electrode theory of
Sec. III leads one to conclude that the generator operates
in the normal mode (i.e., J L B and U), regardless of the
magnitude of wer., n., or T./T,. This conclusion will be
discussed in Sec. V.2.

4. Faraday Generator: Hall Voltage Measurements

To eliminate entrance effects on the Hall voltage measure-
ments, a minimum of ten electrode pairs (i.e., a length of 2
channel diam) had to be externally loaded. In experiments
in which only five electrode pairs had external loads, the
measured Hall field was in some cases considerably greater
than that obtained in a longer channel at the same I,. The
larger Hall field is due to the convective effect that dis-
places the discharge in the downstream direction. Since
w.t. decreases with increasing 7, the Hall field in the inter-
electrode space in the channel entrance region can be greater
than the theoretical value at a given I,. In the experiments
discussed in this section, the number of electrode pairs (which
were externally loaded) ranged from 13 to 30. Hall field mea-
surements weie taken at least 1 channel-diam downstream of
the entrance region in a =ection of the generator where I, was
constant. Regardless of whether the current levelsin the gen-
erator were obtained with external voltage sources or with load
resistors (see Sec. 11}, a monotonic transverse asymmetry of
the Hall field was observed. The minimum Hall field was
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Fig. 3 Hall field as a function of the average current per
electrode for the 989, neon + 29, xenon experiments
(see Table 1) at B, = 2.2 webers/m?2,
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Fig. 4 Average reduced Hall field as a function of the

average transverse current density for the argon experi-

ments (see Table 1). The variation of the probe data is
+209,.

at the anode wall and the maximum at the cathode wall.
The Hall field variation obtained from the three probe mea-
surements were always considerably less than that measured
at the electrode walls. This diserepancy is attributed to the
different magnitudes of the electrode voltage losses at the
anodes and cathodes. The average of the three E, measure-
ments obtained with probes was always within 209, of E,
values measured with the central pair of probes. In the
subsequent Hall data analysis, the average E. obtained with
the probes will be used. A possible cause of the E, asym-
metry will be given at the end of this section.

Figure 3 shows the Hall field as a function of the current per
electrode for the 989, neon + 29, xenon experiments at
B, = 2.2 webers/m? and T, of 2830° and 3380°K (see Table
1). The two sets of theoretical curves at T, of 2830° and
3380°K were obtained from KEgs. (2) and (3) with ¢y and
0 (8-2.2 webers/mzy Substituted in Eq. (3). It can be seen that
the scatter in the data of the two experiments exceeds the
effect of T, in the two sets of theoretical curves. The ex-
periment is within a factor of 2 below the two theoretical
curves labeled o (p_s 2 weverssmn. The deviation appears to
be independent of 7,. It was previously reported® that the
measured 7. in the generator was within a factor of 2 greater
than the theoretical value obtained with o 2.9 vebersim?-
For fixed B. and j,, the product of n.F, is a constant in a
linear generator operating in the normal mode.! Thus E,
is below the o(p_s.s weversimzy theoretical curve, because the
corresponding experimental 7, is higher than the theoretical
value.

Figure 4 shows the reduced Hall field as a function of j,
for the argon experiments. These experiments are similar
to the 989, neon + 29, xenon experiments in that (T./T,)
and w.7. are large (see Table 1). It can be seen that the argon
Hall data show about the same factor of 2 deviation from the
theory as show the 989, neon + 29, xenon data. As in the
latter experiments, the measured electron densities of the
argon generator were also within a factor of 2 greater than
the theory. Thus, one can conclude that the presence of the
seed in the noble gas has no measurable effect on the per-
formance of this generator.

E./B, as a function of j, for the xenon experiments at 7',
of 5670° and 5000°K (see Table 1) are shown in Figs. 5 and
6, respectively. For T, of 5670°K and j, < 2 amp/em?, the
Hall field data scatter around the ejuilibrium theory at the
gas temperature. For higher j, values, the data scatter
around the nonequilibrium theory. At T, = 5000°K, the
crossover from equilibrium to nonejuilibrium conditions
oceurs at j = 0.5 amp/em?, and all the data lie in the non-
equilibrium region. It should be noted that in both sets of
experiments 7. at the generator entrance was at least a
factor of 10 below the equilibrium value (see Sec. IV.1).
This can account for the relatively large scatter in the Hall
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Fig. 5 Reduced Hall field vs transverse current density
for the xenon experiments at T, = 5670°K (see Table 1).
The accuracy of the data is +207.

data at j ~ 2 amp/em? in Fig. 5, because w.r. is above the
equilibrium value inside the streamers and below the equilib-
rium value outside the streamers. The Hall data for the
6330°K experiments in xenon (see Table 1) are not shown.
They were similar to the data in Fig. 5, except that the cross-
over from equilibrium to nonequilibrium conditions occurred
at j = 10 amp/em?2

A number of aspects of the Hall data in Figs. 3-6 are of
interest. One notes that, for fixed j, in xenon (Figs. 5 and
6), the experimental E./B. data decrease with increasing
B.. This behavior appears to be in agreement with the
present theory in which oes is used in the electron energy
equation. However, this result is ineonclusive since the
experimental data of E./B, in argon appear to be inde-
pendent of B,. It is possible to attribute the observed de-
pendence of E./B. on B, in xenon to the effect of the Lorentz
force. Similarly, the increasing deviation of the experi-
mental Hall field below the theory, as j, is increased (Figs.
5 and 6), can also be attributed to the Lorentz force. Figure
7 is a graph of the ratio of the experimental to the theoretical
E, as a function of J X B-L/p,U,? for experiments shown
in Figs. 3, 5, and 6. To simplify the comparison, the theo-
retical Hall field obtained with the o_s computation was
used in obtaining the data for Fig. 7. One notes in Fig. 7
that [(E.) exp/(E.) theor] in xenon decreases with increasing
interaction parameter, regardless of the magnitude of B, (i.e.,
w..). On the other hand, [(E.) exp/(E.) theor] in the 987,
neon + 2% xenon experiments increases with increasing
interaction parameter. In xenon (7T./T,) = 1. Hence, the
plasma properties are very sensitive to changes in 7, As
J X B increases, T, and n, increase. Since for fixed j, the

exio?
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Fig. 6 Reduced Hall field vs transverse current density
for the xenon experiments at T; = 5000°K (see Table 1).
The data accuracy is =209,.
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product of n.I; is a constant,! the effect of increasing J X B
reduces F.. This is in agreement with the trend shown by
the experimental data in Figs. 5 and 6. On the other hand,
in the 98% neon -+ 29, xenon experiments where (T./7,)
is relatively large, T'; has a very small effect on F, (see Fig.
3). Hence, E. should be independent of J X B. The in-
crease in E, with increasing J X B is primarily due to the use
of the os_ theoretical curve in preparing Fig. 7. If the
0(B=2.2 webers/m2y theoretical curve had been used, which is in
much better agreement with the experiments (see Fig. 5),
the 989, neon + 2%, xenon data in Fig. 7 would have been
more horizontal.

One final point of interest in connection with the Hall volt-
age is the observed asymmetry of E.. The lower E, at the
anode walls indicates that local shorting of the Hall field is
occurring, which can be caused by the presence of a high-
conductivity gas layer on the wall. Such a layer has been
observed® on the anode wall at high Lorentz forces. The
combined effect of the convective and Lorentz forces on the
transverse streamers is in a direction that can drive the dis-
charge into the anode wall. This effect is augmented by
current constriction at the electrodes.? The degree of con-
striction required to obtain a J X B force induced deflection
can be estimated as follows: Static pressure measurements
on the MHD channel wall showed that for J X B-L/p,U,2 >
0.05 one obtains a measurable pressure rise. The current
density can be approximated as I,/ld, where [ is the width
of the current path in the gas flow direction and d is its width
in the B field direction. Substituting the xenon experimental
conditions where a wall layer occurred® [B, = 2.2 webers/m?,
I, = 100 amp, p,U,2 =~ 2 X 10° N/m?] into the expression
J X B-L/p,Us2 = 0.05, one obtains d = 2.2 mm. This
width is consistent with those observed optically in the dis-
charge. It should be noted that hot gas layers on the elec-
trode wall can also be caused by nonuniform extrathermal
ionization. This will be discussed in Sec. V.2.

V. Discussion of Generator Loss Mechanisms

1. Electrode Voltage Loss

In this section, it will be shown that most of the electrode
voltage loss occurs in a region that is less than 1 mm from
the electrode surface. Hence, it can be treated as an equiva-
lent external voltage loss in the generator analysis. The
measured V' values, obtained from the probes in the channel,
ranged from 20 v at n, > 10% em ™ T./Ty =~ 1, and w.r, = 0

2o oA -p= 735 w/M?
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g ®.0,8~B:22 W/M?
5100 -
w
T
o
3
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Fig. 7 Experimental Hall field divided by the theoretical

Hall field as a function of the electromagnetic interaction

parameter J X B: L/pU? for the xenon and one of the 987,

neon +29%, xenon experiments. Note that the scalar

conductivity was used in Eq. (3) in deriving the theoretical
Hall field.
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to about 100 v at an average n. of the order of 101 ern ™3,
T./T, > 2, and w.r. = 10. It has been previously reported’
that in the shock tube the electrode conduction mechanism
is the same as in the cold cathode arc. The minimum mea-
sured V. of 20 v is in agreement with the combined anode
and cathode sheath losses that have been obtained in such
arcs.” This voltage loss occurs in a region that is of the order
of an ion mean free path from the electrode surface.

Two calculations were performed to determine the loca-
tion of the additional electrode voltage loss. In one calcu-
lation, it was assumed that there were no thermal and ve-
locity boundary layers and that the electrodes were perfect
electron emitters. The theory of Argyropoulos® was used
to obtain the field, current, and plasma distribution for one
of the xenon experiments at 7', equal to 5670°K (see Table
1). An electrode current of 45 amp was specified, and B,
was 2.2 webers/m?% A constant-property solution and a
finite-rate solution were obtained (Sec. III). The trans-
verse variation of the plasma properties, obtained in the
finite-rate solution, is shown in Fig. 8. The magnitude of
fe, 9, and w.7, in the core of the flow are identical in both
the finite-rate and constant-property solutions. However,
in the former case, Fig. 8 shows that a high-conductivity
region extends from the electrode walls to a distance of about
pD (ie., 48 mm). TFigure 9 shows the variation of the
transverse ficld in the plasma frame of reference, E,*, for
the two solutions. It can be seen that the high-conductivity
lIayers at the electrode walls greatly improve the uniformity
of E,*. The results will be discussed further in Sec. V.2.
For the purposes of the present discussion, the important
result obtained from Figs. 8 and 9 is that the plasma non-
uniformities extend a distance of about pD (i.e., 4.8 mm) from
the wall. In addition, the voltage loss due to the hot layers
is only a few volts.

A second calculation was performed to determine the effect
of the thermal boundary layer on the electrode voltage loss.
The velocity boundary layer was neglected, and it was as-
sumed that j, and the plasma properties were constant in
the axial « direction. Although j, is not uniform near the
electrode surface, the essential features of the solution can
be exhibited more conveniently at constant 7,. At any
point on the shock-tube wall, the boundary-layer thickness
increases as xY2. To maximize the boundary-layer effect,
the boundary-layer thickness at the end of the gas slug (z =~
50 cm) was used. The computation was performed for one
of the 987, neon + 29, xenon experiments at T, = 2830°K
(see Table 1) and 7, = 10 amp/cm?2  This case was chosen
because the largest V values were obtained in this gas mix-
ture. The shock-wave solution given by Duff’® was used
to obtain the temperature profile in the boundary layer.

/T

| o~ CATHQDE ANODE
WALL WALL

Fig.8 Theoretical transverse var-
iation of the plasma properties
obtained from finite-rate solution
of the Argyropoulos theory’ for
xenon at T, = 5670°K (see Table 1)
and I, = 45 amp/electrode and
B, = 2.2 webers/m?. The plasma
properties in the core of the flow
were identical in the constant-
property and finite-rate solutions.
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Fig. 9 Theoretical variation of the ohmiec voltage loss in

the plasma, E,*, as a function of the channel width.

The pertinent plasma and generator conditions are the

same as in Fig. 8. Both the constant-property and finite-
rate solutions are shown.

The plasma properties obtained by using Eq. (3) with o
are shown in Fig. 10 as a function of the distance from the
electrode wall. E,* in Fig. 10 was obtained from 7,/c0.
The thermal boundary-layer thickness 8r and the velocity
boundary-layer thickness 6y are indicated on the abscissa.
The latter value is given by Mirels.®® It can be seen that
almost the entire effect of the thermal boundary layer is con-
centrated within 1 mm from the electrode wall. In the 989
neon + 2%, xenon experiment for which 7, was 10 amp/cm?,
the measured value of V., is about 80 v (Fig. 2). Subtracting
20 v for the previously mentioned sheath drops, the measured
boundary voltage loss at each electrode is about 30 v. By
substituting the results of Fig. 10 into Eq. (1), it was found
that with the thermal boundary layer the voltage loss F,*-y
is only 1 v greater than that obtained with the constant tem-
perature solution. A 30-v boundary-layer loss can be ob-
tained if it is arbitrarily assumed that E. = 0 between y = 0
and ¥y = 1 mm. However, the Argyropoulos solution for
xenon, just cited, shows that L. s 0 to within the order of
mean free path from the electrode surface. Since the actual
current conduction to the clectrode occurs through localized
“arc spots,” the preceding simple analysis cannot be ex-
pected to describe the local behavior of the field near the
electrode surface. However, two important conclusions
can be drawn from this section. 1) From the Argyropoulos
analysis one can conclude that high-conductivity layers
near the electrode walls do not cause large electrode losses.
2) Regardless of the mechanism that causes the large elec-
trode losses in the cold thermal boundary layer, these losses
appear to oceur in a region that is less than 1 mm from the
wall. This thickness is less than 49 of the channel hali-

npt (Ey"=18 v/CM AT Y20)

Fig. 10 Theoretical O
variation of the field
and plasma proper-
ties in the thermal
boundary layer as a
function of the dis- 7
tance from the elec-

trode surface. The &
computations were
performed for the
989, mneon + 2% “

xenon mixture, at
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Table2 Centerline values of E, J, and plasma properties obtained from ADK theory’ and experiment
B., Jzs Jus
T, weber/ T, I, amp/  amp/ E., B*, Uz B,
Xenon °K m? °K N, CIA 3 We Te amp cm? cm? [} v/em v/em v/cm
1) Constant-property theory 5670  2.20 6390 1.68 X 1015 3.94 45 0.28 -9.85 1.65° —8.05 —2.30 —21.67
2) Finite-rate theory 5670 2.20 6394 1.7 X 1018 3.93 45 2.40 —9.85 13.68° —7.56 —4.02 —~21.67
3) Experiment 5670 2.20 N.M.« 1.9 X 10  N.M. 45 N.M. N.M. N.M. ~6.25 N.M. —21.67
+=0.75
98% Neon + 29, Xenon
4) Constant-property theory 2830 0.55 6652 3.66 X 1014 3.46 45 0.28 —9.85 1.61° —~9.04 —2.98 —9.00
5) Finite-rate theory 2830 0.55 6726 3.98 X 10m1 3.38 45 0.46 —9.85 25.00° -7.34 —6.62 —9.00
989, Neon + 2%, Xenon
6) Constant-property theory 2830 1.10 6654 3.66 X 1014 6.80 45 0.30 —9.85 1.74° —18.04 —3.31 ~18.00
cyele3 2830 1.10 6720 4.2 X 1014 6.17 45 7.50 —9.85 37.00° —15.70 —-16.40 —18.00
8) Finite rate (unstable) ; cyele 7 2830 1.10 7110 7.7 X 1014 5.00 45 17.70 —9.85 60.00° -9.50 —-27.30 —18.00
9) Shorted mode cycle 9 2830 1.10 7290 1 X 10 4.70 45 21.80 -~9.85 66.00° —~11.70 —42.20 —18.00
10) Finite rate (unstable) ecycle8 2830 1.10 6680 4 X 1014 6.75 45 3.04 —9.85 17.00° —8.13 —4.48 —18.00
Normal mode
989%, Neon +29%, Xenon
11) Constant-property theory 2830 2.20 6650 3.67 X 1014 12.74 45 0.47 —9.85 2.73° —36.50 —4.26 —36.00
12) Experiment 2830 2.20 N.M. 1.3 X 108  N.M. 45 N.M. N.M. N.M. —16.50 —11.00 —36.00
, (max.)

2 No measurement.

height. Hence, one is justified in treating E, as an equiva-
lent external load.

2. Theory of Nonuniform Tonization
in Segmented-Electrode Generator

In this section, the theory of Argyropoulos, Demetriades,
and Kendig (ADK)® will be compared to the experiments.
Because of the complexity of the computational procedure,
the ADK theory was applied to only two representative ex-
perimental conditions. The first was xenon at T, of 5670°K
(Table 1), where (T./T,) = 1. The second was 989, neon +
29, xenon at T, of 2830°K (Table 1), where (T./T,) is rela-
tively large. For comparison purposes, in all the computa-
tions I, was fixed at 45 amp/electrode (j, = 10 amp/cm?).
Two parts of the solution will be presented. The plasma
distribution in the channel will be given for eomparison with
the observed discharge structure. Also, the field, current,
and plasma properties in the core of the flow will be given
for comparison with the appropriate experimental results.

The distribution of the plasma properties obtained from
the finite-rate solution for xenon at I, = 45 amp/electrode
and B, = 2.2 webers/m? was presented in Sec. V.1 and
Fig. 8 The variation of 7., n., 0y, and w.r. in the flow
direction was negligibly small over the 0.96-cm-wide elec-
trode pitch. In addition, the solution showed that within a
distance of 5 mm from the electrode walls, n, was consider-
ably higher than in the core of the flow.f The foregoing
theoretical results describe a steady-state case, and they
are in disagreement with the experiments. Nonstationary,
l-ecm-wide, transverse streamers were observed in the dis-
charge.? Except for the entrance region, high-luminosity
gas layers were not observed on the electrode walls at these
current levels.? The discrepancy between theory and ex-
periment results from neglecting in the theory the time de-
pendence and the ionization relaxation process in the entrance
region of the channel. The ADXK theory uses the steady-
state, nonequilibrium 7. as a boundary condition at the up-
stream side of the electrode segment.* For the xenon com-
putation, this value of T, is 6390°K. At 6390°K, the char-
acteristic length for changes in T., in the flow direction

1 It can be seen in Fig. 8 that n. is higher at the anode than at
the cathode. This behavior was observed in all the finite-rate
solutions in which electron thermal diffusion was included in the
computation. The higher n, at the anode wall increases the
Hall field shorting effect, and, hence, it can account for the
observed asymmetry in E. (see Sec. 1V.4). However, in the
theoretical calculations, no variation in E. developed in the
core of the flow.

is five times the 0.96-cm axial electrode pitch.” However, it
was shown! that in the entrance region of the channel an
overshoot of 7', above its average steady-state value occurs.
Thus, to provide a better description of the discharge struc-
ture in the present experiments, the entrance problem and
the time dependence must be included in future analyses.
The results of the computations obtained in the core of
the flow are summarized in Table 2. For convenience, the
centerline values of the various parameters are shown. Ap-
propriate experimental results are also shown in Table 2.
The theoretical solution can be divided into two regimes with
the dividing line occurring at w.r. of about 4. Below this
value of wer., the finite-rate solution converged for both
the xenon and 989, neon + 29, xenon cases. The values
of the parameters obtained with the constant-property and
the finite-rate solutions in xenon at 2.2 webers/m? are tabu-
lated in rows 1 and 2, of Table 1, respectively. The results
show that the plasma nonuniformities increase the Hall
current j, from 0.28 amp/em? in the constant-property case
to 2.4 amp/em?  The large increase in j. is caused by the
high n. layers on the electrode walls (see Fig. 8) which short
the Hall field. As a result of the increase in j,, the angle 6,
where 8 = tan='(j,/7,), increases from 1.65° to 13.68° (see
Table 1). Thus, transverse nonuniformities change the
Faraday-generator operating mode from a normal (i.e., § =
0°) to a shorted mode (# > 0°). In the shorted mode, the
dissipation in the plasma is higher, as evidenced by the in-
creases in T, and 7. in the finite-rate solution (Table 2,
row 2). However, despite the large increase in j., E. in the
finite-rate solution is only 59 less than in the constant-
property case. This result can be explained by noting that
w7, decreases in the high-conductivity layers (see Fig. 8),
thereby reducing the Hall field shorting effect at the wall.
The decrease in w,.r. is caused by the increase in the coulomb
collision frequency as n. increases. A cold boundary layer
can produce the same result? in the absence of coulomb col-
lisions. In contrast to the small reduction in £,, E,* in the
finite-rate solution is a factor of 2 larger than in the constant-
property case. Thus, the xenon computations show, some-
what unexpectedly, that £,* is the critical measurable param-
eter that determines the mode of generator operation. Un-
fortunately, for the xenon case E,* is only 10 to 209, of
U X B (see Table 2). In the present channel, such small
values of F,* cannot be measured to sufficient accuracy to
verify the theoretical calculation. (See discussion in Sec.
II1.2.) It can be seen that the experimental values of n,
and E, (Table 2, row 3) are in approximate agreement with
both theoretical computations. Hence, these measure-
ments are inconclusive in verifying the finite-rate calcula-
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Fig. 11 Theoretical and experimental effective Hall

parameter as a function of the local Hall parameter in the

plasma. The plasma-turbulence theory of Louis® and

the finite-electrode theory of Hurwitz et al.? were used to
obtain the three theoretical curves.

tion. It is the absence of the high-luminosity gas layers on
the electrode walls? which leads one to conclude that in xenon
the generator operated in the normal mode. The theoretical
results for the 989 neon + 297, xenon case at B = 0.55
webers/m? are tabulated in rows 4 and 5 of Table 2. Here
w.r, < 4 and the solution converged. The solution has
the same characteristics as in the xenon case. One can
conclude that at low w7, convergence of the solution does
not appear to be sensitive to the ratio of 7./T,.

For w.r. > 4, the finite-rate solution did not converge in
either the xenon case or in the 989, neon + 29 xenon case.
It was not possible to perform a sufficient number of compu-
tations to determine the exact value of w.r, at which the
instability occurred. Using the criteria for the onset of the
electrothermal instability, Argyropoulos® determined that
a value of w.7. > 2.8 was a necessary but not sufficient condi-
tion for the onset of instability. Since a converging steady-
state xenon solution was obtained at w.r, of 4, an additional
mechanism is operative. The computations at w.r. > 4
commenced with @ generally increasing from cycle to cycle.
After about the fifth cycle, 8 suddenly decreased to a small
angle which was either positive or negative. The solution
then oscillated between cycles with large 6 to cycles with
small 8. In a considerably simplified version of this theory,
Kerrebrock* noted that at large w.r. two solutions existed
to the coupled electron conservation and the MHD-generator
equations. One was the normal mode solution ¢, and
the other was the shorted mode solution.? It is tentatively
suggested . that the present analysis also attempts to
generate these two solutions. A typical, unstable solu-
tion is shown for the 989, neon + 29, xenon mixture at
B, = 1.1 webers/m? in Table 2, rows 6-10. Row 6 gives the
constant-property solution. The next three rows show
cycles 3, 7, and 9 of the shorted-mode, finite-rate solution.
One notes that the dissipation in the plasma increases with
increasing 6. Despite the large values of j., E. in cycle 9
is only a factor of 2 lower than in the constant-property case.
On the other hand, the corresponding increase in E,* is
over a factor of 10. This behavior is similar to that in xenon
at low w.r, (Table 2, row 2). Considerable uncertainty about
the actual value of 6 exists in the normal mode solution,
of which one example is shown in Table 2 (cycle 8). One
notes that in this case the dissipation is smaller and that
E,* is considerably smaller than in the shorted mode. It is
interesting to note that . is about the same in the shorted
and normal mode solutions. The 989, neon + 29, xenon
experiments were performed at B, of 2.2 webers/m? Al-
though a theoretical computation was performed for this
case, a value of p of 0.2 (in the present channel, p = 0.1)
was used in the computation. The solution was similar to
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the B, = l.l1-webers/m? case and it will not be given.
The experimental results for the 2.2-webers/m? case are
given in Table 2, row 12. The experimental E, is a factor
of 2 less than the “constant” property value. By compari-
son with the relative values of F, in the B, = 1.1-webers/m?
theoretical solution, it is clear that in this case E, cannot be
used to determine the generator mode of operation. Because
of the large scatter in the probe data in Fig. 2, the value of
E,*of 11 v/em (Table 2, row 12) was obtained by noting that
all the probe measurements on the average gave a value of
about 120 v. The theory in Fig. 2 shows that E,* is nearly
independent of I,. Hence, by neglecting the J X B effect,
one obtains a maximum E,* of (175-120 v)/4.85 em =~ 11
v/em.  With the Lorentz force effect included, it is estimated
that E,* is about half of this value. Comparing the experi-
mental E,* with the theoretical values obtained in the
shorted mode solution at 1.1 webers/m? one can conclude
that the generator operated in the normal mode.

3. Effect of Electrothermal Instability
on the Generator Performance

The electrothermal instability theory predicts the onset
of plasma nonuniformities and fluctuations at w.r. > 1.
The nonuniformities deecrease o.:: and (w.r.), whose magni-
tudes depend on the assumptions made®'=1¢ regarding the
structure of the plasma nonuniformities. The theories® 1114
neglect the effect of finite electrodes in the linear Faraday
generator on the magnitudes of ooy and (w.re)ers. In addi-
tion, the direction of J, which must be known to compute
(weTe)ett cannot be measured directly in a linear Faraday
generator. To compare the experiments to the predictions
of the instability theory, it was assumed that J was parallel
to U X B (or, equivalently, F,). The validity of this as-
sumption is based on the discussion in Sec. V.2, where it
was shown that the present generator operates in the normal
mode. With this assumption, (w.)err = (E./E,*) =
(E.oete/Jy). Figure 11 summarizes the results of the com-
putations of the theoretical and experimental (w.7.)essr as a
function of the local w.r. in the plasma. For a uniform
plasma, (w.r.)err 18 given by Eg. (2). The result is given
by the curve labeled ‘“‘constant property, finite electrode
theory” in Fig. 11.  To compute the effect of electrothermal
instabilities on (w.r.)ers, the formulation given by Louis®
was selected. Assuming that the plasma is homogeneously
turbulent, Louis derives an expression for (w.r.)err as a func-
tion of wer, and S. Although in the present experiments
the plasma is not homogeneously turbulent,? Louis’ for-
mulation was chosen because S can be measured from the
fluctuations in the continuum radiation of the plasma. In
the present experiments, the measured value? of S ranged
from 0.25 to 0.5. For these two values of S, one obtains the
two theoretical curves labeled ‘“plasma-turbulence theory”
in Fig. 11. In the experimental data reduction for Fig. 11,
the plasma properties required to compute w.r. and oes:
were obtained from Egq. (3) with o¢e substituted for o.
The experimental data in Fig. 11 were derived from the Hall
data in Figs. 3, 4, and 6. The open points in Fig. 11 repre-
sent the ratio E,/E,*. Since E,* is subject to relatively
large errors (see Sec. IV.2), the E./E,* data have a great
deal of scatter. Accordingly, the experimental (w.7.)ess
was also computed from (F.oeie/J,). These latter data
points are not completely experimental in that . is de-
fined theoretically. It can be seen in Fig. 11, that for w.r. >
4, the experimental (w.7.)esr scatters between 1.5 and 3.3.
For w.r, > 4, the data lie between the two theoretical curves
obtained from the plasma-turbulence theory, and it is
within a factor of 2 of the constant-property theory. The
other theoretical derivations!?2—1* of the effect of instabilities
on (w.T.)ets generally predict that, at large wer., (woTe)est
saturates at values between 1 and 2. Saturation of (w.7e)es
at values below 2 has been widely observed (e.g., Refs. 4 and
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6) in experiments in various MHD channel configurations.
Although some of the data in Fig. 11 lies at values of (w.re)est
greater than 2, the scatter in the data is too large to establish
conclusively whether the Faraday-generator performance is
limited by the finite-electrode effect or by the electrothermal
instabilities. To resolve this question, experiments with
finer electrode regimentation ratios will be necessary. How-
ever, it should be noted that a number of predictions of the
electrothermal instability theory disagree with experimental
observations in the present MHD channels.
are given elsewhere.? Finally, the experimental data in
Fig. 11 also show that the generator operated in the normal
mode, since in the shorted mode the ratio of (E./E,*) is
much less than one. (See Table 2.)

VI. Summary and Conclusions

The major result of this study was that the nonequilibrium
Faraday generator operated in the normal mode, in the
range of wer, of 1 to 20 used in the experiments. To the
authors’ knowledge this is the first nonequilibrium generator
in which normal-mode operation persisted to high values of
wer.. The conclusion concerning normal mode operation
is primarily based on the following two results obtained from
the ADK theory®: 1) The experimentally determined trans-
verse fields £,* were consistent with the theoretically pre-
dicted values for normal mode operation, and they were
much smaller than the theoretical values corresponding to
the shorted mode of generator operation. 2) High-con-
ductivity layers on the electrode walls, which according to
the theory must exist for shorted mode operation, were
not observed in the experiments.

The following additional results were obtained from the
application of the ADK theory to the experimental condi-
tions: 1) At w.r, > 4, the theoretical solution failed to con-
verge, and it oscillated between the normal and shorted
mode cases. 2) The failure of the theory to predict the ex-
perimentally observed discharge structure was attributed
to the neglect of the time dependence and the generator
entrance effects in the analyses. 3) E,* was a very sensitive
indicator of the generator mode of operation. On the other
hand, the average Hall field was a relatively insensitive
indicator of the mode of generator operation.

It was shown that the accuracy of the electric field mea-
surements depends upon the impedance of the probe mea-
suring circuit. With a sufficiently high probe impedance,
the accuracy of the E,* measurements was still reduced by
the presence of large electrode voltage losses, plasma non-
uniformities, and the reduction in the gas velocity by the
Lorentz force. On the other hand, the Hall field measure-
ments were generally unaffected by these three effects.

It was found that a simple theory based on the constant-
property, finitely segmented electrode theory® could be used
to reduce the data. The- transverse voltage-current char-
acteristics were in reasonably good agreement with this
theory if the following factors were included in the analysis:
1) The reduction of the gas velocity by the Lorentz force.
2) The use of the effective tensor conductivity, instead of the
scalar conductivity, in the electron energy equation; this
modification was required to account for the increased ohmic
dissipation resulting from the streamer discharge structure.
3) The treatment of the measured electrode voltage loss as
an equivalent external impedance; this was justified in a
series of computations which showed that the electrode
losses oceur in a region that is less than 49, of the channel
half-height. The measured Hall fields were always within
a factor of 2 of the values predicted by the simple theory.?
For T./T, > 1, the discrepancy in E. was because of the
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underestimation of the actual electron density in the generator
by the modified electron energy equation. For (7./T,) ~ 1,

- the discrepancy in E, was because of the neglect in the analyses

of the gas heating caused by the Lorentz force. Finally,
the observed transverse variation in . was attributed to
local shorting of the discharge at the anode wall only by the
Lorentz force. :

A comparison of the experiments with the electrothermal
instability theories showed that it was not possible to separate
conclusively the effect of the relatively coarse electrode seg-
ments from the effect of the instability on the magnitude of
the average Hall parameter. It is concluded from this study
that a larger MHD channel is required to reduce the effect
of electrode losses and coarse electrode segmentation ratios
on the generator performance.
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