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ABSTRACT

A noble-gas MHD generator was constructed and its
performance measured. Wall leakage and Hall effects
seriously degraded the generator performance. A spectro-
scopic "interference-filter photographic" technique was
devised for spatially resolving the electron temperature
distribution, and microwave measurements showed non-
equilibrium electron concentration after expansion in a
supersonic nozzle., The effect of the electric field on
the electron distribution function was determined, and
procedures for calculating electrical conductivity and
Hall parameter were evaluated. Theoretical calculation
of current distribution in segmented MHD generators showed
important effects of temperature or conductivity gradients.
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DIAGNOSTICS OF MHD GENERATOR PLASMAS

by

C. H. Kruger, M. Mitchner, and R. H. Eustis
Plasma Gasdynamics Laboratory, Stanford University

1.0 SUMMARY

A research program was conducted between 28 September
1964 and 27 September 1966 to investigate plasma dlagnostics
in connection with noble-gas MHD generators. A major motiva-
tion for this work was the failure of noble-gas MHD generators
to operate as expected from available theories. One reason
for the poor experimental performance was believed associated
with current concentrations on electrodes due to the Hall
effect. It was hoped that this program would develop diag-
nostic techniques which would afford a better knowledge of
the current distribution under MHD generator operating condi-
tions.

A spectroscopic "interference-filter photographic" tech-
nigue was developed for spatially resolved electron-temperature
measurements in a gas discharge. Measurements were made with
an electric field applied to a single pair of electrodes in
a flowing, atmospheric-pressure, partially ilonized plasma.

The plasma was produced by the arc-jet facility with the use

of potassium sodium seeding. Plasma temperatures were approxi-
mately 2000°K and electrode temperatures approximately 900°K.
Electron-temperature distributions were obtained for a variety
of prebreakdown and postbreakdown (arc) conditions. The
measurements were supported by analytical studiles of the popu-
lation temperature of sodium resonance lines and of the effects
on the relative-intensity measurements of self-absorption re-
sulting from low-temperature boundary layers.

The electron number density entering an MHD generator
test section downstream of a nozzle may in principle be out
of equilibrium with both the electron and the heavy-particle
temperatures. Experiments using microwaves were performed to
measure the electron number density upstream and downstream
of a supersonic expansion of seeded argon. At a stagnation
temperature of 19500C and at a seeding fraction of 0.1%, it
was determined that the electron number density was in fact
considerably out of equilibrium with the gas temperature.

The experimental results were in close agreement with theoreti-
cal calculation, and show that the electron number density
tends to freeze at Mach numbers in excess of about O.4.



An open-system arc-heated argon and helium apparatus
was constructed which permitted gas temperatures up to 2000°K
at both subsonic and supersonic velocities in the 2 cm x 5 cm
X 30 cm-long test section. Open-circuit voltage and short-
circuit currents as high as 13 volts and 0.04 amperes per
electrode pair were measured, although internal shorting
through conducting layers on the wall precluded definitive
experiments.

The effects of wall leakage and conductivity nonuniformi-
ties on MHD generator performance were calculated analytically.
It was shown that these effects could very seriously degrade
performance, particularly for high values of the Hall parameter.

The properties of a two-temperature, partially ionized
plasma have been analyzed theoretically by means of a spherical-
harmonic expansion of the electron Boltzmann equation. In
the case where nonelastic collisions are neglected, the transi-
tion of the distribution function from the weak-ionization form
to an elevated-temperature Maxwellian has been demonstrated
numerically. Various plasma regimes have been delineated.
Under the experimental conditions of Kerrebrock and Hoffman*
and Cool and Zukoski*¥*, no significant departures from a
Maxwellian distribution are predicted by these numerical
solutions. In addition, the rate equations for the electron
density, coupled with the solution of the Boltzmann equation,
have been used to study deviations from the Saha equation.
Prelimlnary results showing large deviations for some cases
have been obtained to date.

When a partially ionized gas is subjected to applied
electric and magnetic fields, E and B respectively, the
resulting current dengity is J = o"E" ¥ olEL + ol BxE ,
where B = BB, E'" = E-B, and Et = E - E". Using the fact
that the electron mass is much less than the mass of any other
particle, it has been shown first that the conventional Chapman-
Enskog calculation of the tensor conductivity (o"%, ot, of) may
be conslderably simplified so as to require the inversion of
matrices whose order depends only on the degree of the approxi-
mation, but whose order 1s independent of the number of specles.
Secondly, a mixture rule has been proposed for the calculation
of o1 and GH, which simplifies the necessary computation even
more. (The Hall parameter is then also obtained as the ratio
B =o0 /GL.) For a wide range of speed-dependent collision
cross sections and Hall parameters, and for all degrees of
ionization, 1t has been shown that the proposed mixture rule
ylelds results which are within a factor of about 15% of the
more accurate Chapman-Enskog results,

“AIAA J. 2, 1080 (1964).
¥*

Sixth Symposium on Engineering Aspects of MHD (1965).
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Calculations cof the performance of an MHD generator with
segmented electrodes have previously been performed under the
assumption of a uniform electrical conductivity. These cal-
culations have shown that the presence of a transverse magnetic
field leads to a severe concentration of current at one edge
of each electrode. If this situation were in fact to occur,
it would lead to a severe nonuniformity in the electrical con-
ductivity and thereby would lead to the question of the signi-
ficance of constant conductivity calculations. In the present
study, calculations were therefore performed on the effect of
nonuniform electrical conductivity on segmented-generator per-
formance. Two kinds of calculations were performed. In the
first, conductivity profiles were specified; in the second,

a self-consistent calculation was performed in which the elec-
trical conductivity was determined through the electron energy
equation and the Saha equation at the electron temperature.
The results of both kinds of calculations showed that non-
uniformities lead to a deterioration in generator performance.
With a low conductivity layer of gas adjacent to the electrode
surface, the concentration of current density distribution is
reduced, and this result is consistent with experimental evi-
dence. For the second type of calculation, it was shown that
the governing equations change from being elliptic to being
hyperbolic when the Hall parameter exceeds a value of about
one. The condition for this change in character of the equa-
tions was shown to correspond to the occurrence of a physical
instability, in which the rate of Joule heating of the electrons
exceeds the rate at which the electrons can transfer energy to
the heavy particles.

2.0 INTRODUCTION

The generation of magnetohydrodynamic power by utilizing
a seeded noble gas has met with remarkable difficulties con-
sidering the simplicity of the concept. In 1961, Kerrebrock [1]
described a phenomenon which would permit electron temperatures
greater than heavy particle temperatures in the presence of an
electric field, provided that electron-heavy particle collisions
were energetically inefficlent even for atmospheric pressure
plasmas. This concept as shown by Sutton [2] holds promise of
lower gas temperatures for satlsfactory electrical conductivities
and power densities. Consequently, many blow-down and loop
experiments [3,4,5,0] were initiated, and none has shown per-
formance approaching that predicted by the 1961 theory. Reasons
have been suggested for thils disappointing performance and
electrode current concentrations related to the Hall parameter
with associated internal shorting [7] have been seriously con-
sidered.

The research program described in this report, which was
initiated on 28 September 1964 for a period of two years, was

3



undertaken to make diagnostic investigations in flowing plasmas
similar to those used in noble-gas MHD generators. In parti-
cular 1t was desired to spatially resolve plasma properties
such as electron temperature and density. Also, it was desired
to construct a seeded, noble-gas MHD generator and to measure
electric fields and current distributions under operating
conditions. Good success was achieved in spatially resolved
electron temperature measurements and in calculation of cur-
rent distribution and plasma properties. In common with efforts
at other laboratories, successful operation of a noble-gas MHD
generator was not achieved in the contract period, although
open-circuit voltages as high as 12 volts and short-circuit
currents as high as 0.04 amperes per electrode palr were re-
corded. Considerable technical difficulty was encountered
with conducting layers formed by reaction of a gas impurity
(tungsten from the plasma source) and the MHD channel wall
material.

The body of this report describes both the experimental
and theoretical work conducted during the research program
and is reported in detail in Quarterly Progress Reports [8-14].
Most of this work was carried out by graduate students who
made very significant contributions to the program. These
students were G. F. Hohnstreiter, J. L. Kurz, F. H. Morse,
D. A, Oliver, S. Schweltzer, J. F. Shaw, and J. R. Viegas.
In addition, staff members of the Plasma Gasdynamics Labor-
atory, Dr. W. V. Simpkinson, Mr. John R. McLean, Mr. John C.
Cutting, and Mr. Frank Levy, were essential to the progress
made, Finally, the assistance of Mr. N. John Stevens, NASA
Technical Manager, 1s gladly acknowledged.

3.0 EXPERIMENTAL PROGRAM

3.1 Spectroscopic Measurements

With the objective of the spatially resolved measure-
ment of electron temperature and electron density, a variety
of spectroscopic techniques were investigated. A general dis-
cussion of such measurements and a detailed 1list of references
are given by Griem [15]. The Jarrell-Ash scanning monochromator
was used with the small seeded flame of the Perkin-Elmer burner
and with the argon plasma facility to assess the utility of
the various methods under the plasma conditions of interest.
Initial electron-temperature measurements employed sodium-line
reversal [11]. Although this method was satisfactory applied
to local measurements, it was found that spatial resolution of
electron temperature was more readily obtained by means of
the Interference-Filter Photographic technique which 1s dis-
cussed below.




With respect to electron-density measurements, a rotating
quartz refractor plate assembly was designed and built [12]
for use with measurements of Stark broadening and shifting.

It was found, however, that under the pertinent plasma condl-
tions profile measurements on the weak lines for which the
Stark effect is the dominant broadening mechanism were not
successful. The problem was due to excessive dark current
noisg in the photomultiplier. Cooling the photomultiplier to
-100°C and 1limiting the bandwidth improved the situation,

but not enough to make meaningful profile measurements. None-
theless, the refractor plate assembly has proved a useful tool
in the other spectroscopic measurements. As an alternate
approach to the electron-density problem, absolute line-intensity
measurements were investigated [13]. This method relies on
the tendency of the higher-lying states in the alkall-metal
atoms in qQquestion to be in local collisional equilibrium with
free electrons, whether or not the free electrons are in local
equllibrium with the ground state. The intensities of fifteen
multiplets from the spectra of sodium and potassium were
measured in the flame produced by the Perkin-Elmer burner, and
a successful absolute-intensity measurement of the Na 8183-
8194 lines was made in a full-scale argon-plasma experiment [14].
Although the method appears feasible, 1t was not possible in
the time avallable to apply it to the intended applications.

The most useful spectroscopic technique investigated was
the Interference-Filter Photographic (IFP) method [12]. By
means of the IFP method, spatially resolved electron-temperature
measurements are possible over the entire plasma area avail-
able for observation at a given instant of time. In this
method a narrow-band-pass Interference filter is mounted in
the optical system between the plasma source and a spectro-
scopic plate to be exposed by means of a 4" x 5" camera. The
interference filter passes only the radiation emitted by the
spectral lines under consideration and thus serves the same
purpose as the spectrometer. When a photograph is taken of
the plasma through the appropriate lens system, the resulting
image on the spectroscopic plate is a record of the point-to-
point emission of the plasma. From microdensitometer trans-
mission measurements taken over the developed spectroscopic
plate, relative temperature measurements can be deduced using
the equations developed in Reference 11.* Calibration of the
individual spectroscoplc plates is obtailned by means of a
specially constructed step filter of vacuum-deposited chromium
on glass and by use on the various plates of a calibration mark
from a standard intensity source. The IFP method results in
a "temperature photograph" of the plasma, combining photo-
graphic flow visualization with relative temperature measure-
ments. Such electron-temperature distributions can be used
in conjunction with voltage-probe measurements and the electron-
energy equation to infer current-density distributions.

¥The data-reduction techniques in current use are similar but
somewhat more refined than those discussed in Reference 11.
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Laboratory experiments with the Perkin-Elmer burner and
a water-cooled stainless-steel tube have shown that exposure
times for 1O3F spectroscopic plates are of the order of l/lO
to 1/50 second, thus permitting some time resgolution of the
temperature field. The correlation between measured temperature
values by means of the IFP method and reversal-temperature
measurements was very good, and temperature profiles observed
compared very favorably to values obtained by the spectrometer-
photographic method taken at the same time [12].

The applicability of the IFP method was supported by two
theoretical studies. The relationship of the population tem-
perature for the upper state of the Na 5890 resonance lines,
used for the most extensive IFP measurements, to the electron
temperature was investigated by means of the collisional and
radiative rate equations for that state [12]. It was found
that for the small values of the resonance-radiation escape para-
meter for conditions of interest, the departure of the Na 5890
population temperature T from the electron temperature is
small*, whether or not the plasma 1s otherwise in local equilib-
rium. In the second study, the influence of temperature boundary
layers on relative line intensities, and hence the IFP method,
was assessed by means of a numerical solution of the equation
of radiative transfer for the Na 5890 resonance lines. Various
nonisothermal temperature distributions and nonuniformities in
seed density corresponding to possible experimental conditions
were considered. The intensity of radiation emitted from the
plasma was calculated as a function of wavelength throughout
the profile of the lines. Although, as expected, the absolute
intensity emitted was found to depend strongly on the nonuni-
formities, calculated relative integrated intensities for
reasonable conditions were in remarkable agreement with the
relative values of total emission under conditions in the core
of the plasma. Thus these results indicate that the relative
measurements inherent in the IFP method are insensitive to
such boundary-layer variations.

IFP measurements of spatially resolved electron temper-
ature were made under a variety of experimental conditions,
first with the Perkin-Elmer burner and then in connection with
full-scale argon-plasma experiments. Both the Na 5890 resonance
lines and the transparent Na 8183 lines were used. In addition
to the agreement noted previously between relative-temperature
measurements using IFP and reversal methods, temperature distri-
butions under zero-current conditions in the argon facility
obtalned by the IFP method were found to correspond closely
to distributions measured by means of high-temperature thermo-
couples.

Typical results from the IFP measurements are shown 1in
Figures 1 through 6. These measurements were made in con-
nectlion with a gas-discharge experiment using an externally

*¥Revised values of the radiation-escape parameter, calculated
by the method of Holstein [16], were found to be substantially
greater than those of Reference 12. The results presented
herein are corrected accordingly for the relatively small
difference between T_ and T .
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applied electric field and a 0.1 per cent potassium-seeded
argon plasma at one agmosphere pressure, a gas temperature

of approxi@ately 20007K, and electrode temperatures of approxi-
mately 900°K. Figures 1 and 2 show a photographic reproduc-
tion of the IFP spectroscopic plate and temperature contours
obtained therefrom, under conditions of zero applied field.
Figures 3 and 4 were obtained under prebreakdown conditions

of 80 volts and .060 amps. Figures 5 and 6 show the discharge
and temperature contours after breakdown at 104 volts and 4.90
amps.

3.2 Microwave Measurements of Electron Density in an
Expanding Flow

The purpose of this investigation was to determine
experimentally the axial profile of the electron number den-
sity in a weakly ionized, seeded argon gas expanding through
a nozzle., The following assumptions were made in the theoreti-
cal analysis:

(1) The flow of the argon gas is steady, adiabatic,
inviscid, and one-dimensional.

(2) Recombination occurs in the gas phase only; surface
recomblnation and electron attachment are neglected.

(3) The expansion begins from an equilibrium condition
in the stagnation region.

In addition, it was assumed that the ionization and recombination
reactions of the seed are uncoupled from the flow. This assump-
tion is justified for weakly ionized gases. In this case a
one-dimensional isentropic solution for the expansion of the
argon through the nozzle provides the temperature and pressure
profiles. As the gas flows downstream the fTemperature and
pressure fall and the balance between ionization and recombi-
nation shifts in favor of recombination. If the recombination
reaction rate is sufficiently fast, the electron number density
will be approximately that given by the equilibrium Saha equa-
tion at this local temperature and pressure. If the recombina-
tion reaction rate is relatively slow, the electron-number-
density profile tends to level off, or freeze, resulting in

a profile between that corresponding to the stagnation tem-
perature and that corresponding to the considerably lower
equilibrium profile.

This nonequilibrium profile may be obtained by solving
the electron conservation equation with an appropriate ioniza-
tion-recombination rate equation. It was assumed that the
dominant reactions are electron-atom ionization and three-
body recombination

e +KSe +e+ K"



Figure 1.

IFP photograph at zero current.
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Figure 3. IFP photograph, prebreakdown discharge.
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Figure 5. IFP photograph, postbreakdown discharge.
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where K and XK' represent the seed atom and ion respectively.
The rate equation 1s therefore

3

= - a(ng

dne
T - KC ng nK)

where ¢ 1s a recombination rate coefficient and K is the
equllibrium constant. This equation, with the electron con-
servation eguation, results in an equation for the electron
number density profile, of the form

%% = "Af(M:'YJP)B3 + Bg(M,Ay,I’)ﬁ(l—B)e-h(M:TO,Vi) (1)

(recombination) (lonization)

where B 1s the degree of ionization, M 1s the Mach number,
v 1is the specific heat ratio, r 1s the power of the tempera-
ture, Vi is the ilonization potential of the seed, and A

and B are constants.

An approximate solution to this equation may be obtained
by assuming thst

B,M)  for MMy
B(M) =
Bp(M) for M > Mg
where B,(M) 1s the known equilibrium degree of lonization
and B.(M) 1s the degree of ionization obtained by solving
Eq. (%) with B = O, that is, for pure recombination. Fol-

lowing Bray [17] the value for MF is found by equating the

rate of change of the equilibrium degree of ilonization to

the rate of change of the degree of ionlzation due only to
recombination. It can be shown that this approximate solution
is a lower bound to the exact solution and therefore provides
a conservative estimate of the degree of ionization.

The resu%ts of this solution, for a stagnation temper-
ature of 2000 K, are shown in Figure 7, which presents the
clectron number density and electrical conductivity as a
functicn of the local argon Mach number. The recombination
rate coefficient given by Hinnov and Hirschberg [18] was used

27 -9/2

a = 5.6 x 10~ T(M) cm6/sec .

It can be seen that the electron number density and electri-

cal conductlivity freeze out at MF = 0.39, resulting in a con-
ductivity of 9 mho/m at M = 1.5.

14
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Microwave Measurements

In order to test these calculations, experiments were
undertaken to measure the electron number density using
microwaves [19]. Prior to the completion of the seeded argon
plasma facility, preliminary experiments were conducted using
a seeded combustion gas expanding through a converging-diverging
nozzle into the atmosphere, in the form of a free jet. This
Jet passed between a pailr of water-cooled microwave horns
located several inches downstream of the nozzle exit. A crystal
detector was used to measure the attenuation of two different
frequency R-band (8-mm wavelength) microwave signals as they
passed through the plasma. From these measurements the electron
number density and collision frequency were obtained. Although
the measured electron number density and collision frequency
agreed with the predicted values to within a factor of two,
the presence of the nonequilibrium effect could not be observed
primarily because of the difficulty in achieving a shock-free
jet at a Mach number of 1.5 and the very low value of the speci-
fic heat ratio of the combustion gas. In addition, uncertain-
ties in determining the stagnation gas temperature due to
transient heating of the plenum bricks prevented an accurate
estimation of the stagnation electron number density.

As a result of these tests, 1t was concluded that the
use of microwaves as a diagnostic tool could enable measure-
ments of the electron number density and electron conducti-
vity to at least within a factor of two. It was also con-
cluded that simultaneous microwave measurements should be
made upstream and downstream of the nozzle to eliminate the
uncertainty in estimating the stagnation electron number den-
sity from gas temperature measurements. Finally, 1t was
decided that measurements should be made in a channel, as
opposed to a free jet, so as to better represent the actual
configuraticn of an argon plasma MGD generator, and to enhance
the possibility of achieving higher Mach numbers.

The main objective of the experimental program has there-
fore been to measure the electron number density and electron
conductivity at both stagnation and exit locations using a
seeded argon plasma. In order to make the measurement, special
side plates were designed for an existing test-section housing.
One of these plates is shown in Figure 8. The converging-
diverging nozzle is located between the two ports which house
the microwave horns. Figure 9 shows the test section bricking
with the nozzle section.

Since the magnesium-oxide ceramic which normally forms
the flow channel is a good dielectric material, it was de-
cilded to transmit the microwave signal through the MgO as well
as the plasma. Figure 10 shows the arrangement of the micro-
wave horns and the plasma charnel. It was found that at certailn

16




Figure 8. Photograph of side plate showing upstream and
downstream microwave ports.

Flow Direction
e,

Figure 9. Photograph of MgO test section channel showing
supersonic nozzle and microwave window bricks.

17




*SMOPUTM puU®B SUJOY SABMOJDITU JO
qusweBurIIe JUTMOYS U0T303s 3893 JO OT3BUWSAYUOSS °OT 2anI T

<

NOURYI G
o

V%
/ \ 7
[ mY va 1 -
- 1 - ]
m /,, \ g 0w
3ilvd MmN COOTNN
208 MOUNW AVMOMNW T~ D
foudas 1sal Wy31S (¢v0Q wvaisd0 DrdR) (0K
—r
nr
— 1Ij . —~
- _
IVOSSAYL
o N
VIV
S0 * / -
1 _ :6a;3\.!.|.|_. " 21V
L ) NOLVR TUSSAU DNIO0D

\

») & 20020V

18




signal frequencies within the X-band (3-cm wavelength) used,
the reflection from the ceramic windows, without plasma, 1is
almost zero, and the transmission is accordingly almost com-
plete. Hence, at these frequencies the influence of the MgO
windows was negligible, and it was at these critical frequen-
cies that the interferometer measurements were made. The
interferometer measurements involved the comparison of the
attenuation and phase shift of the microwave signal passing
through the plasma fto that of a reference signal. The elec-
tron number density and collision frequency are then obtained
from the attenuation and phase-shift data using theory developed
for an idealized model of the propagation of an electromagnetic
wave through a plasma [20].

Since the electrical properties of the MgO change with
temperature, the critical frequencies drift as the ceramic
system heats up. It was therefore necessary to use a swept
frequency source to follow these critical frequencies during
the course of the test.

A microwave diagnostic technique alternative to the inter-
ferometer 1s that of measuring the attenuation of two micro-
wave signals at different frequencies. The electron number
density and collision frequency are then obtained from the
two attenuation measurements using the same idealized theory
as was used to reduce the interferometer data.

The following flow conditions were typical of the tests
conducted:

Subsonic Flow

Nozzle-throat dimension

Argon mass flow rate

NaK seed fraction

Inlet stagnation temperature
Plenum pressure

Upstream location Mach number
Downstream location Mach number

Supersonic Flow

Argon mass flow rate

NaK seed fraction

Inlet stagnation temperature
Plenum pressure

Upstream location Mach number
Downstream location Mach number

3.0" x 0.31"
0.08 1bm/sec
0.00% by weight
1950°K

1.0 atmospheres
0.06

0.14

0.35 1bm/sec
0.00% by weight
1950°K

1.95 atmospheres
0.14

1.05

Figures 11 and 12 are typical of the attenuation data

taken at two of the crifical frequencies located using the
swept-signal generator. Figure 11 shows the reflected and
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transmitted signals at the upstream window before the seed
was injected into the hot argon flow. The two critical
frequencies are at 9.8 Gec and 12.1 Gc, and it 1s at one or
both of these frequencies that the interferometer data were
taken. Figure 12 shows the reflected and transmitted sig-
nals in the presence of plasma in the system. The average
increase in attenuation of the signal transmitted at these
two frequencies was obtained from data such as this.

Using the previously mentioned idealized theory to relate
the measured attenuation and phase-shift data to the electron
number density and collision frequency, a comparison between
the measured and predicted electron number density was made.
This comparison 1s shown in Figure 13 for a typical test con-
dition.

From comparisons such as the one shown in Figure 13, the
following conclusions were made:

(1) The measured electron number density at the exit of
the nozzle was significantly above the local Saha equilibrium
value. The agreement between the measured and predicted elec-
tron number densities is reasonably good. The results indi-
cate that there is no faster recombination process than three-
body recombination acting under the range of conditions covered
in these tests.

(2) The use of a swept-signal generator makes it feasible
to use the ceramic channel walls as microwave windows and to
locate and operate at those critical frequencles where the
windows have negligible effect. The swept-signal method
developed for these tests provides data via two technlques:
the interferometer and the attenuation at two frequencies.

The interpretation of the microwave data so obtained using
the idealized theory was verified by making plasma-temperature
measurements in the upstream equilibrium region.

A complete report of the work summarized in this sectilon
is in preparation. Additional information appears in Refer-
ences 8, 9, and 12.

3.3 Current and Voltage Measurements in a Noble-Gas MHD
Generator

3.31 Experimental Apparatus

An open-system arc-heated argon and helium
apparatus was constructgd which permitted test-section gas
temperatures up to 2000 K at both subsonic and supersonlc
velocities. Run times at test conditions as long as thirty
minutes were possible after a preheat period of about fifteen
minutes.
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Figure 13.Electron Number Density as a Function of the
Argon Mach Number for a 0.1% NaK Seeded Argon
Plasma at 1900°K and 1.95 Atmospheres Stagnation
Condition.
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The apparatus as shown schematically in Figure 14 and in
fhe photograph of Figure 15 is discussed fully in the Quarterly
Reports [9,10,11,12]. It consisted of a Thermal Dynamics F-5000
argon arc heater which discharged into a mixing chamber where
diluent gas, argon or helium, was added for temperature and
composition control. After mixing, the gas flowed through a
baffle into a plenum chamber where NaK seed was sprayed into
the stream. The residence time in the mixing and plenum chamber
was about 10-2 second so that thermal equilibrium was achieved
before the test section.

Two test sections were used--one with several modifications.
The first test section, made of magnesium-oxide ceramic, was
designed with a supersonic nozzle for Mach 1.5. After testing
it was decided to use a more flexible boron-nitride construc-
tion and to operate at subsonic velocities. Supersonic tests
were to be resumed after difficulties with deposits and wall
electrical leakage were overcome.

The boron-nitride test section proved reliable although
considerable difficulty was experienced with a deposit, black
or gray in color, which proved conducting at high temperatures.
Considerable effort was made to provide a pure gas to the test
section, but even during the last test on October 12, 1966, a
deposgit identifled to be largely tungsten and tungsten-boride
was found. The deposit problem should not be underestimated
as the difficulty in obtaining definitive noble-gas MHD genera-
tor performance for low Hall coefficient has been largely due
to this effect.

As described in Section 3.33, several MHD generator tests
were made with different diagnostic equipment, different elec-
trode configurations, and with different generator conditions.

3.32 Instrumentation

The instrumentation used in the MHD generator
part of the program included microwave, spectroscopic, and
probe instruments in addition to those used for the usual
flow, temperature, and pressure measurements. The conducti-
vity in the plenum chamber before entering the test section
was 1nferred from microwave measurements as described in
Section 3.2 and from a four-point probe technique. Repre-
sentative measured values are compared to calculated values
in Table I.

Spectroscopic techniques were developed for measuring
the electron temperature which could in turn be related to
the current density through the electron energy equation.
This method 1s reported in Section 3.1. An optical sapphire
window was used in some MHD generator experiments, and a slot
was used in others when it was found that the sapphire window

24




Diluent Gas (A or He)

Argon l

Exhaust

!
i

Arc Jet Plenum

Test Section

Cooler and

i

Electric T
Power
Seed (Nak)

Figure 14.

—

—<\\\Nagnet

L )

Scrubber
\

Schematic Diagram of
Experimental Facility.

25



*qouBeW UT POITBISUT T2UUBYD 3823 puB ‘wnusTd fJ998AOY Ooay *GT 2andT4g

26




TABLE I

ELECTRICAL CONDUCTIVITY MEASUREMENTS
(Argon with 0.1 per cent NaK seed)

Average
Temperature, °k |%calc’ mho/m (Omeasured’ mho/m Method

1605 3 x 107t 3.5 x 107+ Four-point
probe

2060 12 29 Four-point
probe

2070 13 35 Four-point
probe

*
1950 6 6 Microwave

*
This measured conductivity was calculated from the micro-

wave measurement of ne = 2 X lO12 cm—3.

became somewhat opaque due to deposits., IFP electron tem-
perature measurements were made with applied electric field
and with applied magnetic field. In no MHD generator experi-
ment, however, were currents of sufficlent magnitude developed
to make the current distribution observable. The technique

is now available, but noble-gas MHD generator performance must
be improved before current distribution measurements are pos-
sible.

Gas temperatures were measured by tungsten, tungsten-
rhenium thermocouples which were often used also as electric
field probes. Because of internal shorting along the walls,
the probe data were not meaningful. In addition, numerous
tungsten wire probes were used tc measure the electric field
between cathode and anode and also in the Hall direction.
Electrode temperatures were measured by thermocouples mounted
through hollow electrode stems and attached to the back sur-
face of the electrodes.

Pressure measurements in connection with mass flow rates
and gas temperature were used to infer gas velocity and Mach
number. The flow reached a Mach number of 1.5 for the super-
sonic test, but most runs were made at a Mach number of
about 0.5.

3.33 Power-Generation Results

Four power-generation exXperiments were made
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*
during the contract period although many preliminary experi-
ments for other purposes, such as spectroscopic investigations,
were conducted. The detailed results are given in the Quarterly
Progress Reports [10,11,13,14%], and are summarized below in
Table IT.

Since the theoretical open-circuit voltage for all runs
exceeded 30 volts and the short-circuit current per electrode
calculated from simple theory exceeded the measured value by
several times, it 1s clear that the generator performance was
seriously degraded. Wall resistance measurements made before
and after the test period while the walls were at the same
temperature as during the test showed a serious decrease in
resistance. Inspection after the experiment showed a deposit
on the walls which may have been the cause for shorting both
axially and in the u x B direction. The consequences of wall
short circuits and conductivity ncnuniformities on generator
performance are described in the following section.

3.34 Effect of Wall Leakage and Conductivity Non-
uniformity on MHD Generator Performance

In the limit in which the electrode structure
of a linear magnetohydrodynamic generator becomes either
infinitely finely segmented or continuous, nonuniformities
resulting from the finite size of electrode segments vanish.
If in addition property variations occur only the y-direction
as shown in Figure 16, then all x-direction nonuniformities
vanish. In this 1limit of one-dimensional nonuniformities,
Rosa [21] has obtained solutions to the electrical equations.
His results may be case in the form of a "global” Ohm's law
for a nonuniform gas. Let V! represent the axlal voltage
difference 1in a generator over the axial length £, and let
V! represent the transverse voltage difference across the

generator in height h measured in the reference frame of
the moving gas [V& = Vy + B /B u(€)deé; V) = V. where Vy

o)
and VX are the transverse and axial voltages measured in the

laboratory frame]. The total current flowing in the trans-
verse direction across length / per unit depth of channel is
denoted I_, and the net axial current flowlng in the channel

across the height h 1s denoted Ix' Rosa's results may be
represented in terms of the vectors V(Vi,V&) and T(IX,Iy)

= 7 .87 T-87, (2)

where R_ 1s the resistance tensor of the generator and
g = (R is the conductance tensor:

¥*

Most preparations for the last experiment on October 12,

1966 were made during the contract period although the
experiment was run after the conclusion of the contract period.
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Figure 16
£\° )
. R._(0) (%) ~<P>q
R =__L_T ’ , (3)
- <o><o > \<B>p G
2
h h
R-1(0)<o'1> G(%) P>Z
+
<-'5——> -<6>7 1
The transverse impedance of the gas in the absence of a mag-
_1_h
netic field 1is Ry(O) = <G> 7 and
1.-1

G = <o><o™ > [1 + <o™is™ (%0~ 1> - p>co>™H)]  (5)

contains the coupling of nonuniformities and the Hall effect
and 1is equal to unity in a uniform gas. The average < > of
any function f(y) 1s defined as
1 h
<S(y)> =5 ) f(y)ay - (6)
o

We shall now apply the foregoing results to the genera-
tor with wall leakage to obtaln the coupled effects of such
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leakage combined with conductivity nonuniformities. The
transverse voltage V, and axial voltage Vx of a magnetohydro-
dynamic generator of length /£ and height h may be related to
the transverse and axial currents Iy, Iy by the external im-
pedances impressed upon the generator:

Vk = IXRX ’ (7)

V.= IR

y yy
The impedance Ry represents the equilvalent resistance of the
load and wall leakage for the axial circuit, and Ry repre-
sents the equilvalent resistance of the load and waXl leakage
for the transverse circuit. Let the wall leakage impedances
in the axial and transverse directions be denoted by RWX’RWy
respectively, and let the corresponding load resistances be
denoted Rryx, Rry. Since the wall leakage 1s in parallel with
the load for eigher circuit, we have
_ RLXRWX R = RLyRWy (8)
= = = = <

X RLX+RWX v RLy+RWy
The global Ohm's Law for the gas from (2) 1is

V. = I_R + R

= + IR
V, + <uB>h = LR . Royy

R

where
B 3 -1 ol -1
Rpxx = RX(O)/\0><0 >, Rpxy = <B>ERy(O)/<0>\G >,
— £ casea—1 = < comd
Royx = BPRR,(0)/<o><a™™> 1, R, = G R (0)/<o><0™ "> ,(10)
2

and R_(0) = (é) R_(0). Substituting from (7) into (10) we

<B><uB>£GRy(O)RX

3
X Ry(O)

2
RX(O)Ry[G+Ry<G><O_l> (1+6<p><) ]

(11)

v = <uB>h

where

RpXX ( )
b = s———ron . 13
Rpxx + RX

In a uniform gas, G = 1 and the effect of nonuniformities is
to make G > 1. Nonuniformlities can be seen to further
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degrade the already degraded performance of the generator
with wall leakage effects.

When B is uniform, G reduces to the form
G = 1+ G*(14p°) , (14)
where G* = <o><0_l>-l. The voltages V. V._y are then

BLuB> 4 Ry(O)Rx

-V = 3 (15)
X R_(O)
R (0)R.[1+a*(148°) + yr (14687)]
x J R <0><0™ 7>
y
<uB>h
v, e ~ (16)
1+ — [1 + g* + (6+c%)B°)
R,<0><0™™>

To obtain estimates of G*, let us conslder the model distri-
bution

(g -
o + 6(00 a,) 0O <y<6©b
a(y) = (9, 5 <y < h-0 (17)
h-0%
O(D+ ﬁ—é—l (GO_OQ)) h-9 _<_ y < h

which represents the effects of layers of varilable conductiv-
ity of thickness b near the electrodes. The conductivity of
the core reglon is 04, and the conductivity at the walls
(y=0,h) 1is 0,- The factor G* has been calculated for this
distribution and is shown in Fig. 17. As an illustration,
consider the open-circuit voltage V_(o.c.) for Faraday oper-
ation (Rry, Rpy— ®) calculated acco¥ding to Eq. (12). We
assume, for i1llustration, that there exist_ leakage resist-
ances such that 6 = 0.2 and Ry(0)/Ry<o><c™1> = 0.2. If

there are no nonuniformities, G* = and

<uB>h
1+ 0.2(1 + 0.28°)

—Vy(o.c.) =

In particular, for B8 = 2,
-N¢0¢.)~.7Mm3m
Now consider that uniformities also exist. For 6/h = 0.2
and 0,/ = 107°, we find from Fig. 17 that G* ~ 0.6. Then
-V (0.c.) = <uB>h .
v 1+ 0.2 (1.6 +0.88°)
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For B = 2, we have from the above
—Vy(o.c.)~0.5 <uB>h

We thus find that a significant correction to wall leakage
effect calculations can be introduced by electrical conduc-
tivity nonuniformities. These values should be compared to
the case where there is neither axial leakage nor nonuniform-
ities, in which case -V, (0.c.) = .833 <uB>h. The relative
importance of nonuniformities become much more pronounced

for larger B.

3.4 Rogowski Coil Experiments

An explorative investigation was conducted
to evaluate the feasibility of using a Rogowskl coll probe
to measure current distributions within the MHD generator
channel. Probes of various sizes and configurations were
fabricated and measurements were made in a salt solution.
Electrode arrangements were varied to provide current pat-
terns 1in the salt solution which could be calculated or in-
ferred from measurements on electrically conducting paper.

It was found that all probes tested were sensltive to
currents outside of the area enclosed by the coil and that
signals for current densities of 1 ampere per 8g cm were
marginal in view of noise and non-uniform magnetic field
problems. After 1nitial tests of the MHD generator described
above when 1t became clear that very small current densities
would be obtained, 1t was decided to discontinue work on the
Rogowski coll probe. Until larger current densities are ob-
served 1in noble gas MHD generators, it was not felt appro-
priate to pursue the considerable development necessary to
provide probes sultable for the hot, seeded environment in
these generators.

4.0 ANALYTICAL PROGRAM

4.1 Electron Distribution Function in a Nonequiparti-
tion Plasma

The accurate prediction of the electron ftempera-
ture, electrical conductivity, and other properties in a par-
tially lonlzed nonequipartition plasma rests on a knowledge
of the electron distribution function. Of particular inter-
est are the conditions under which departures occur from a
Maxwellian form for the isotropic part fO of the distribution.
To this end the electron Boltzmann equation has been formu-
lated for a spatially uniform, steady-state plasma in a
strong electric field, employing an expansion in spherical
harmonics and the simplifications consistent with the small
electron mass. Boltzmann collision operators were used for
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electron-neutral and electron-ion collislons, and the Fokker-
Planck operator for electron-electron encounters. The heavy-
particle distribution functions were assumed to be Maxwellian
at the temperature Th'

In the initial analysis the effects of nonelastic colli-
sions were neglected. The conditions studied and qualitative
results can be discussed In _terms_of the following diagram: _

Region of numerical integration, Fully
electron-electron collisions

negligible in equation for Ionized
anisotropic part of f.
Weak ionization limit, Isotropic payt
strong field | l (£0) MaXWJelllan
’ A\ —_ p—N
=2 m —N— Y, A\
meVZ e —
T elg)
e h
Extended
Strong field; Chapman-Enskog
Nonequipartition
Extended
Spitzer
o) -
M Vy Mo
— <K (=) -
kT my,
€ «—}— Chapman-Enskog -
Weak fileld; le—Weak ilonization limit, —ei Spitzer
Equipartition | weak fields —— =
b _ ‘ 4
v m v m v v
ee
L2 () > (D) oKl >l
Ven h en h en en

Here the ordinate, the square of the ratio of the elec-
tron drift velocity v, to the mean electron thermal speed, is

approximately equal to the ratio of the average energy gained
by an electron between collisions in an electric field to the
electron thermal energy. Hence the ordinate is a measure of
the strength of the electric field. The abscissa is the ra-
tio of the electron-electron collision frequency to the total
electron-neutral collision frequency and is a measure of the
degree of ionization. The upper limit on the diagram corre-
%po?ds to the static instability referred to by Kerrebrock
221.

Values of the ordinate very much less than the mean

electron-to-heavy-particle mass ratio (me7mh) correspond to

weak electric fields where fo ls Maxwellian and electron and
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heavy particle temperatures are equal. 1In this region, the
electrical conductivity o can be calculated accurately by
means of the Chapman-Enskog expansion. Spitzer and Hirm's
[23] results for fully ionized plasmas apply when

Vee/ven >> 1, the weak ionization (Lorentz) limit occurs

when Vee/ven << 1.

In the nonequipartition case, when \12/kTe ;( (m_/my ),

the electron temperature T = mev /3k can be found from the
expression
.2
B co m T kT O
z 2 _e 0 "h e df 2
T .[ meV 1,21: mh nthV f + Te meV a‘\‘;— h 7 vTav
k»,

where Qh(v) 1s the cross section for momentum transfer be-

tween electrons and the heavy species h, np the number den-
slty of species h, and j the current density.

It can be shown from an analysis of the kinetic equa-

tions that whenever Vee/ven >> (me7mh), the isotropic part

of the distribution function is Maxwellian, although at an
elevated temperature. When this holds the equation for the
anisotropic part of the distribution function becomes inde-
pendent of the heavy-particle temperature. In this limit the
Chapman-Enskog solution for the electrical conductivity can
be accurately extended to nonequipartitlion plasmas. That is,
in the fully ionilzed limit Spitzer and Hirm's results apply
with the electron temperature replacing the gas temperature.

Between v /v > (m_/m,) and the fully ionized limit the

results of Schweltzer and Mitchner [24], which compare the
mixture rule of Frost to the Chapman-Enskog solution, can be
extended to the strong-field region by the use of T in place
of T

h’

The transition befween the weak-ionization (Lorentz) and
Maxwellian forms for f¥ has been studied by numerical inte-

gration of the kinetlic equations in the region vee/ven << 1.

As indigated in the diagram, this region overlaps the regilon
where fY 1s Maxwellian. Accordingly, it has been possible
to demonstrate numerically the transition to an elevated-
temperature Maxwellian. Typical results are shown 1n Figure

18. When Vee/ven < 1 the electron-electron collision terms

can be neglected in the equation for the anisotropic part of
the distribution function and the electrical conductivity is
given by

4 o e2 e v2 —dfo
3me b g nth av
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Here, in general, fo must be obtalned numerically. It has

been found, however, that accurate values for o can be_ ob-
tained from thils equation by the use of a Maxwellian fO based
on the actual electron temperature from the numerical solu-
tion.

Calculated electrical conductivities have been compared
with the experimental results of Kerrebrock and Hoffman [25]
and Cool and Zukoski [26]. As shown in Figure 19 good agree-
ment with the data was obtained at the higher current densi-
ties where the radiative energy loss, which was not consid-
ered in the calculations, could be neglected. Under the con-
ditions of theSe experiments, no significant departures from
a Maxwellian fY are predicted by the numerical solutions.

In the foregoing analysis, the effects of nonelastilc
collisions have been neglected. Under certain conditions of
interest, however, such collisions will be of importance in
the electron Boltzmann equation. Moreover, the electron
number density and excited-state populations are determined
by a balance between nonelastic collisional processes and
radiation escape. The relationship of the electron density
to the value given by the Saha equation 1s of major signifi-
cance in calculations of the electrical conductivity; the
exclted-state populations are particularly pertinent to the
spectroscopic dilagnostic techniques discussed in Section 3.1.
These quantities can be found from the solution of the set of
rate equations that describe the collislonal and radiative
rates at which various states are populated and depopulated.
Since the rate equations involve the electron distribution
function, thelr solution is coupled with the solution of the
electron Boltzmann equation. The analysis described above
has been extended to investigate this coupling.

In the rate equations, a three-level model for the seed
atom has been considered with the degree of radlatlion escape
adjusted by means of radiation escape coefficients, as in
the calculations of Ben-Daniel and Tamor [27]. To date,
calculations have been performed for the case of cesium-
seeded helium, wlth nonelastic collisions neglected in the
electron Boltzmann equation. The coupling then results from
the effect of a non-Maxwellian distribution function in the
rate equations and the effect of the degree of ionlzation
on the relatlve importance of electron-electron colllisions
in the Boltzmann equation.

The results of the calculation confirm qualitative
ideas about deviations from the Saha equation and the ex-
pected shape of the distribution function. At low electric
fields the distribution function is nearly Maxwellian at
the gas temperature. As the electric field is increased,
two effects compete for dominance.
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As long as electron-electron collisions are unimportant
in the Boltzmann equation, increases in electric field tend
to drive the distribution function towards a Lorentz distri-
bution. On the other hand, an increase in electric field
increases the electron temperature and consequently the
electron number density. Eventually electron-electron col-
lisions become important and drive the distribution toward a
Maxwellian at the electron temperature. The actual distri-
bution function resulting from these two effects is very
nearly Maxwelllan at low electron energies due to the large
Coulomb cross section but drops off rapidly at high electron
energies as the Coulomb cross section decreases.

The remarkable result from these calculations is that
the coupled effects of radiation escape and a non-Maxwellian
distribution function can cause much larger deviations from
the Saha equation than those that occur when either effect
1s considered independently.

At present the computer program used in these calcula-
tions 1s being refined so as to include nonelastic-collision
terms in the Boltzmann equations.

Publications:

(1) Viegas, J. R. and Kruger, C. H., "Electron Distribution
Function in a Nonequipartition Plasma," Seventh Sympo-
sium on Engineering Aspects of Magnetohydrodynamics,
Princeton University, 1966. (A complete report on this
work has been submitted to the Physics of Fluids.)

(2) Viegas, J. R., Ph.D. thesis, Department of Mechanical
Engineering, Stanford University.

(3) Shaw, J. F., Kruger, C. H., Mithcner, M. and Viegas,

J. R., "Examinatlon of the Validity of the Saha Equa-
tion in a Gas Discharge," International Symposium on
MHD Electrical Power Generation, Salzburg, 1966.

4.2 The Electrical Conductlivity of a Partially Ionized
Gas in a Magnetic Rield

When a partially ionized gas issubjected to applied .
electric and magnetic fields E and B respectively, the re-
sulting current density is [28,29]

A
J= o"E" + olB! +HBxE,

where B = BB, B = E-B, and E! = §E - E". For small E, the
Chapman-Enskog method provides a means for calculating the
tensor conductivity components (o, ol, ol) to any desired
order of approximation € (€ = 1, 2, ...). For a partially
ionlzed gas consisting of v species, this calculation in-
volves the inversion of matrices of order v x €. Using the

fact that the electron mass m, 1s much less than the mass
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of any other particle, 1t has been shown [30] that the cal-
culation may be simplified so as to require the inversion of
matrices of order €, independent of the number of species.

Specilal results are availlable for two limiting cases.
For a very weakly lonized (Lorentzian) gas, there exist par-
tlcularly simple closed-form expressions [ 28] which correspond
to the € = ® approximation in the Chapman-Enskog sense

2 5 )
o g nge : m, )2 o g4 e—meg /2KT vo(g) e
3 me 2k T 0 ve(g)2 + w?
2 2
H 8 Me © Me %' © oy TME /KT w
o = e (opg)” Je e > d&
3T e 0 ve(g) + W
o" = 1lim ol
w0

The electron number density, charge, and cyclotron frequency
are denoted by ne, -e, and w = eB/me respectively, and B is
the magnetic induction. The quantity T denotes the tempera-
ture of the gas, k is Boltzmann's constant, and the speed-
dependent electron collision frequency is veo(g) = z Ven(8)

where ven(g) is the momentum transfer collision frequency of
an electron with the neutral species n. For a fully ionized
gas, the Spitzer-Hirm [23] value for ¢" corresponds to the

= » gpproximation; for ol and OH, closed-form expressions
are available [29,31] for £ £ 3, and numerical results [32]
are azailable for € € 6. The numerical results are for

wt_. = 6, where
el ?

> 1/2
_ 642 /2 €5 me/ (xr)3/2

el n e4 iniA
e

T

is a measure of the time between electron-ion collisions.

The results for a Lorentzian gas have been used to exam-
ine the speed of convergence of successive Chapman-Enskog
approximations. For ¢'", the convergence characteristics of
a large variety of actual gases were found to be well repre-
sented by the mathematical models vo(g)«< g™, with m in the
range —3/2 = mnm E 1.5. These models were then used to exam-
ine the convergence characteristics of ol and ol tend to be
slow for w/vensO0(1l), (Ven is a weighted average of ven(g)),
but convergence generally lmproves as /vy, lncreases. For
a fully-ionized gas, the convergence of Oﬁ i1s excellent at
€ = 2, but the convergence of ¢l is somewhat slow for
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L
@ty 0(6), (o~ is about 15 per cent larger at £ = 3 than
at £ = 60).

For the situation of an arbiftrary degree of ionization,
the Chapman-Enskog calculations are relatively lengthy, and
the general practice has been to rely on the approximate mean-
free-path results

L " 3 L
o = S 5 ofl = (=)0
1+ (Q/ve) v

e
The method of determining Ge is not well defined, and
again the general practice has been to use a Ge defined by

the parallel conductivity in accordance with the equation
o" = neeg/me\—)e . We have compared results using these mean-
free-path formulas with corresponding calculations based on
the simplified Chapman-Enskog method with £ = 3 . The com-
parison varies widely depending on the collision frequency

model, the degree of ionization, and on (u%@e), but in general

the mean-free-path formulas yield results which may differ
by as much as a factor of 2 with the more accurate calcula-
tions.

In order to obtain formulas which are still relatively
simple to apply but yield improved accuracy, we have examined
extending the method suggested by Frost [33] for calculating

o". When collisions between charged particles are not negli-
gible, we interpret the ve(g) appearing in the Lorentzian
formulas for oL and oH as
volg) = > ven(8) + v 4(e)
where B L
(o) 0.476 /Z n_ ¥ n ’H(wTei>
v g) ' = .
el W eo2 m§72(kT)3/2 g2

L
The functions h ’H(

wTei) are determined by the requirement

that when 2 Ven = O , the Lorentzian formulas yield the fully
n
ionized results to the highest order of accuracy available.
These functions are shown in Fig. 20 calculated using the
1
11th Chapman-Enskog approximations for o and OH .

42




9Tna aan3xtw pssododad syaz ul pasn 29 03

00L

Ol

(

T9

T

im

1m)

H

y

*gsed pozTuoTl ATTERTaged ® UT
SOTITATIONPUOD TBROTJILDODTS 9S8J9ASURIY pur JrTnoTpuaddad syl JUTIBTNOTRO JOJ

pue

(*°

P8v4£ suoTaoung oy ‘02 oan3Td

T

)

43



We have compared results using this mixture rule to those
obtained by the simplified Chapman-Enskog method with

= 3. For a large range of collision-frequency models
and values of w, and for all degrees of ionization, we
conclude that this proposed mixture yields results which are
within a factor of about 15 per cent of the more accurate
results.

The work summarized in this section has been reported
on in the followilng references:

(1) Schweitzer, S. and Mitchner, M., "Electrical
Conductivity of Partially Ionized Gases," Stanford University
Ingé%tute for Plasma Research, SUIPR Report No. 56 (Feb.

19 .

(2) Schweitzer, S. and Mitchner, M., "Electrical
Conductivity of Partially Ionized Gases," AIAA Journal 3,
1012 (1966).

(3) Schweitzer, S. and Mitchner, M., "The Third
Chapman-Enskog Approximation to the Electrical Conductivity
of Fully Tonized Gas in a Magnetic Field," Phys. Fluids 8,
2300 (1965).

(4) Schweitzer, S. and Mitchner, M., "The Electrical
Conductivity of a Partially Ionized Gas in a Magnetic Field,"
?evgnth Symposium on Engineering Aspects of MHD, Princeton

1965) .

(5) Quarterly Reports on Plasma Dlagnostics Study for
the periods April 1 - June 30 (1965), July 1 - September 30
(1965), January 1 - March 31 (1966).

4.3 Current and Potential Distributions in Finitely
Segmented MHD Generators with Nonuniform Electrical
Conductivity

In early studies of the nature of electrical con-
duction in an ionized fluid in segmented electrode MHD
generator structures [34-39] attention was directed to the
electrodynamic aspect of the problem based on the assumption
that the fluid was a medium of uniform electrical conduc-
tivity. The currents were then related to the electric
field by a simple "Ohm's Law" and the problem could be
treated as a classical problem in potential theory.

Recently, however, attempts to understand the results

of experiments with segmented electrode MHD generator
configurations have stimulated interest in the effects 1n
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the conduction process which are peculiarly due to non-
uniformities in the fluid [40,41]. Because of the finite
size of segmented electrodes and the Hall effect, the current
distribution in such structures is non-uniform and hence
produces non-uniform Joulean heating. The resulting non-
uniform electron temperature leads to a non-uniform electri-
cal conductivity which in turn influences the distribution

of current. Other mechanisms are present which may play a
role in determining the electron temperature, conductivity,
potential, and current distributions, and their importance
must still be assessed. Among these are convection, con-
duction, lonization, radiation loss, diffusion of electrons
due to electron pressure and temperature gradients, diffusion
of ions, finite rate ionization and recombination, and

sheath and emission-absorption effects at the electrode and
insulator surfaces.

The two dimensional current flow in the (x,y) plane,
the current distribution J(J_, J_) is governed by the
equation x v

vV+eJ=0. (18)

With strong applied or induced electric fields, the diffusion
of charge may be assumed to result from the gradlient of the

¢ (x, y), rather than from temperature and pressure gradients.
Assuming also that the ion current 1s negligible, the
generalized Ohm's law leads to the equations

g o= ey) g2 2y (19)
X 1 +8 oy  0x
J=Eﬁzﬁ_’%[_§¢;_%], (20)
y 1 +8 dy dx
where ®(x,y) is defined by
y
¢ =@ —é) u(€) Ba € . (21)

The quantity u(y) is the fluld mass velocity assumed to be
known and to flow in the x-direction, and B is the applied
magnetic induction assumed to be constant and to lie along
the z-axis. The quantity B is the Hall parameter. The
electrical conductivity o(x,y) is given by the simple mean-
free-path result
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2
o(x,y) = 55— (22)
e e

where ne(x,y) is the electron number density, -e the electron
charge, mg the electron mass, and Ve the average momentum

transfer electron collision frequency. The conductlivity
distribution o(x,y) is determined from ne(x,y) and in an

exact calculation, ne(x,y) is determined by solving the

appropriate fluld species conservation equatilons.

Two cases have been considered for the study of the
effects of a non-uniform conductivity. In the first, the
electrical conductivity distribution is assumed, and the
above equations are then solved for ®(x,y) and J(x,y). The
implications of particular distributions of conductivity
with regard to ®(x,y) and J(x,y) may then be examined. In
the second case, the electron number density 1s determined
by the electron temperature in the Saha equation assuming
that ionizatlion equilibrium prevalls. The electron tempera-
ture is in turn determined by the electron energy equation.

Hence one considers o = o(ne) and n_, = ng [Te(x,y)] where,

in the absence of convection, conduction, and non-elastic
collision effects, the energy equation for Te(x,y) is

) (r, -1 - Zlsm), (29)

g Te)

where mh is the average heavy particle mass and i 1s the
Boltzmann constant. Proceeding in this manner, 1f the heavy
particle temperature, T, 1s assumed known, then equations
(18 - 20), (22), and (23) may be solved simultaneously for
o(x, ¥) and T (x,7).

The boundary conditions for both these cases on @(x,y)
are:

at an electrode
(in the x-z plane)
Bi'z O or & = constant

at an insulator
(in the x-z plane)
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Scme investigators [42] have proposed boundary conditions
whilch may in some sense model =lectrical phenomena at the
gas-surface interface; however, in the interest of explicitly
revealing the role of volume effects, we shall neglect
interface effects entirely and assume that the conducting
surfaces 1n contact with the gas are infinitely conducting,
and the potential of the gas and the conducting surface are
identical at the conducting surface. Insulating surfaces
in contact with the gas are assumed infinitely non-conducting.

Solutions of the equations for the cases described above
have been obtained numerically. The effects of a region of
elther high or low conductivity near the electrodes relative
to the channel center were examlned using an assumed con-
ductivity profile in which the conductivity eilther increased
or decreased linearly near the electrode walls. It was found
that when the conductivity was high near the electrode wall,
the concentration of current near the electrode edge was
increased and the difference in voltage between successive
electrode pairs (Hall Voltage) was decreased relative to the
uniform conductivity case. When the cconductlivity near the
electrode wall was low, the current distribution over the
electrode was more unilform but the Hall voltage difference
between successive electrodes was negligibly changed relative
to the uniform conductivity case.

When the electron number density 1s determined by the
Saha equation at the electron temperature, it is found that
the potential equation need not remain of elliptic type.
For sufficiently large Hall parameters, the equation becomes
hyperbolic. The condition for hyperbolic behavior is
precisely equivalent to that for physical instability of the
time~dependent electron energy equation. It can be shown
that this physical instability corresponds to the condition
where the rate of Joulean heating of the electrons exceeds
the rate at which the electrons can lose energy by collisions
to the heavy particles. For conditions characteristic of an
MHD generator, the ®-equation is unifermly elliptic for
p < 1. Calculations made under these conditions indicate an
increased current concentration at the electrode edge and a
decreased Hall voltage between successive electrode pairs.
The internal impedance is markedly higher than that for
i1deal segmented conductors, but still somewhat below that
for continuous electrodes with nonequipartition electron
heating.
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Some typical results for the calculated current distri-
bution are illustrated in Fig. 21. The work summarized in
this section has been reported in the following references:

(1) Oliver, D. A. and Mitchner, M., "Nonuniform
Electrical Conduction in Magnetophdrodynamic Channels,"
submitted to AIAA Journal.

(2) O0liver, D. and Mitchner, M., "Current and Potentlal
Distributions in Finitely Segmented MHD Generators with
Nonuniform Electrical Conductivity," Seventh Symposium on
Engineering Aspects of HMD, Princeton (1965).

(3) Quarterly Reports on Plasma Diagnostics Study for
the periods July 1 - September 30 (1965), October 1 -
December 31 (1965), January 1 - March 31 (1966), April 1 -
June 30 (1966).

5.0 CONCLUSIONS AND RECOMMENDATIONS

The following conclusions may be drawn from the research
program described in this report:

1. The interference-filter photographic technique
provides a simple methced for obtalning spatially resolved
electron-temperature measurements in a gas discharge with or
without magnetlic fields.

2. The electron number density was shown to be greatly
cut of equilibrium with the cicectron or gas temperature after
expansion in a supersonic nozzle.

3. Conducting deposits on boron-nitride test sectlon
walls represent a serious ~xperimental problem.

4. Wall leakage and non-uniformities serlously degrade
MHD generator performance.

5. The electron distribution function for a two-
temperature gas may be non-Maxwellian for some conditions of
electric field and elective density may show large deviations
from the Saha equation value.

6. The tensor components of the electrical conductivity
of a partially ionized gas in a magnetic fileld may be found
by a mixing rule which compares well with the more complicated
Chapman-Enskog method.

7. Non-uniform conductivity profiles in an MHD generator
lead to a deterioration of performance. A low conductivity
layer adjacent to the electrodes reduces current concentration
while a high conductivity lLayc:. has the opposlte effect.




' |

(a) Uniform ¢ (b) Hot wall layer

0.0 0.} 0.2[0.3| 0.4|0.50.6

| | Y

(¢) Cold wall layer (d) Nonequilibrium o

Figure 21. Effect of nonuniform conductivity on current
distribution. All cases are for B =1 , ratio
of period length to channel height of 1, and
ratio of electrode length to period length of
1/2. In both cases (b) and (c¢), the ratio of
layer thickness to electrode height is 0.2. 1In
cases (b) and (c) the ratio of wall conductivity
to core conductivity 1s 5 and 0.2 respectively.
Case (d) is for a ceslum-argon mixture at one
atmosphere and a gas temperature of 2400°K; the
seed fraction is .004 and the effective electric
field is 40 volts/m.
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It is recommended that future work be undertaken to

1. investigate MHD generator performance with non-
conducting walls such as would be obtalnable in the absence
of the deposits found in the present program.

2. 1investigate variable temperature electrodes and
insulators to determine experimentally the influences of
temperature on current concentrations.

3. determine stabllity effects in MHD generators.
It is strongly believed that more relatively small-
scale laboratory experiments can contribute to understanding

the problems of noblegas MHD generators and should be under-
taken before large devices are constructed.
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