IEPC-83-122 1124

EXPERIMENTAL COMPARISON OF STEADY STATE NOZZLE TYPE AND
CYLINDRICAL MPD THRUSTERS AT HIGH CURRENT LEVELS

Thomas Wegmann, Monika Auweter-Kurtz, Harald Habiger, Helmut L. Kurtz, Herbert O. Schrade

Institut fiir Raumfahrtsysteme
Universitit Stuttgart
FRG

ABSTRACT

Since several years extensive investigations have been
carried out at the Institut fiir Raumfahrtsysteme ( IRS ) of
the University of Stuttgart on self-field magnetoplasma-
dynamic (MPD) thrusters operated at steady state
conditions in the high power range of 100 kW up to
1 MW. The goal is to identify and avoid critical operation
phenomena of high power MPD thrusters, which are
important for possible future developement of MMW
thrusters. Under former contracts with USAF, USNAVY
and with German funds ( DFG, DARA ) a broad spectrum
of MPD thrusters has been developed and compared
experimentally as well as theoretically. Therefore nozzle
type thrusters DT with a diverging discharge area
downstream and cylindrical thrusters ZT were investigated
under various operating conditions. The influence of mass
flow rate and power input on the performance data of
MPD thrusters with different geometries was explored.

Also the determination of the plasma parameters was
carried out, both with optical diagnostics and probe
measurements. A special nozzle type MPD thruster DT7
was designed with small windows in the throat and anode
region, allowing optical diagnostics inside the thruster.

INTRODUCTION

Fifteen years ago an MPD thruster program was started
at IRS, funded by the USAF [ 1, 2, 3 ], where particular
attention was placed on the development of design criteria,
description of fundamental processes and numerical
simulation for comparison with experiments [ 4,5 ].

The unique test facilities at IRS [6 ], especially the
disposable vacuum sgstcm with a total suction capacity of
more than 250000 m=/h at 1 Pa and the high current power
supply up to 6 MW, provide the IRS with the opportunity
to investigate high power steady state MPD thrusters. The
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goal was to raise the operating and testing limits of steady
state MPD thrusters up to a power level of 1 MW and to
high current levels for investigating the encountered
problems.

Two types of self-field MPD thrusters were examined
in detail, the nozzle type thruster DT with a diverging area
downstream, and the cylindrical thruster ZT. Various
modifications of these MPD thrusters were built and
tested, among which were water-cooled and partly
radiation cooled MPD devices [7]. In this paper the
experimental results of the water-cooled devices operated
with argon as propellant are presented.

One main research topic here was a systematic
investigation of the various instabilities of the arc and the
plasma flow appearing at high power levels, limiting the
exhaust velocities of these devices.

. Besides the investigation of the MPD thruster
performance, also plasma diagnostic techniques, both
optical diagnostics and probe measurements, were used for
the determination of the plasma parameters.

A new MPD thruster, especially designed for optical
diagnostics inside the device, was built and first tests were
carried out. With this device a better insight into the
instability phenomena, in most theories explained with
anode or arc effects, can be gained. It offers also more
possibilities for verification of numerical calculations.

NOZZLE TYPE MPD THRUSTERS

A series of nozzle type MPD thrusters DT, hybrids
between pure MPD and thermal arcjet thrusters [ 8, 9 ],
have been investigated at the IRS. Figure 1 shows the
configuration of the different versions of these thrusters,
mainly differing in the throat diameter. The three throat
segments have a diameter of 24 mm for the DT2- and

DT7-thruster, 30 mm for the DT5-thruster and 36 mm for
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the DT6-thruster, which has no constriction. The nozzle
contour is formed by water-cooled copper segments, each
on floating potential. The anode is also made of water-
cooled copper. The cathode, however, is made of thoriated
tungsten and it is hot glowing during continuous operation.
In special test series, the cathode position of 85 mm,
measured from the anode exit plane to the cathode tip, has
proved to be optimal. Argon ( Ar), hydrogen (Hy) or
nitrogen (N, ) are used as propellant, which is fed in the
arc chamber tangentially along the cathode. Additionally,
propellants can be injected tangentially to the anode.
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Figure 1: Configuration of the DT-thruster series
80 T T T T T
10 DT2  mass flow: 0.8 g/s Ar a]
7916 Drs  (DT2: 10% anode gas) o ]
gu—— E .
> 604 © DpT6 o -
—_— D g
8 DT7 2
O 50 Emﬂ £ -
4 8 o
O BE o~-¢
o Os
o 404 =2 P 4
B o
> o
00
301 & 4
1 9 oscillation - onset: &
20 L] Ll 1 T T
(o} 1 2 3 4 5 6

Current [ kA ]

Figure 2: Voltage-current characteristics of the DT-thrusters,
with 0.8 g/s Ar, arrows indicating the onset of oscillations

Figure 2 shows the voltage-current characteristics of
the DT-thrusters, all running with 0.8 g/s argon. The onset
of high frequency oscillations, one sign for the occurrence
of instabilities limiting the optimization of these devices,
are marked by arrows. It shows that there wont be a
significant influence of the throat diameter on the onset of
these instabilities. Also no dependence of the anode mass
flow portion on this phenomenon was observed.

In the following the characteristic performance data of
the DT2- and DT6-thruster with various mass flow rates of
the propellant argon are presented, the mass flow rate was
increased step by step from 0.8 &/s argon to 2.8 g/s argon.
Figure 3 shows the voltage versus current curves for the
different mass flow rates.
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Figure 3: Voltage vs. current for various mass flow rates of
argon for the DT2 and DT6-thruster

With increasing mass flow rates, the voltage at a given
current level is correspondingly higher for the same MPD
thruster. For the DT6-thruster the absolute value of the
discharge voltage is lower and the ascent of the voltage vs.
current curve is more moderate. This lower voltage can be
explained by a lower arc chamber pressure ( Figure 4 ) and
therefore lower arc impedance. At high current levels the
voltage is independent of the mass flow rate, as long as the
critical current levels accompanied by a strong increase of
the voltage are not exceeded.
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Figure 4: Arc chamber pressure vs. current for various mass
flow rates of argon for the DT2- and DT6-thruster



Figure 5 shows the comparison of the thrust achieved
with both thrusters. For the same mass flow rate the thrust
of the DT6-thruster is lower, a result of the smaller part of
thermal thrust due to the larger nozzle throat area.
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Figure 5: Thrust vs. current for various mass flow rates of
argon for the DT2- and DT6-thruster

With higher mass flow rates, the dependence of the
current on the thrust will be intensified. The almost linear
slope of the thrust vs. current characteristic at lower
current levels indicates that the part of the thermal thrust is
rather large. It is only at high current levels that the
magnetic part becomes more important. The higher thrust
values also improve the thrust efficiency, calculated as

T2
" =omur’
where T is the thrust, U and I are the discharge voltage

and current respectively and m is the total mass flow rate
of the propellant ( Figure 6 ).
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Figure 6: Thrust efficiency vs. current for various mass flow
rates of argon for the DT2 and DT6-thruster
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The tendency is quite clear: Beginning with low values
the thrust efficiency increases with the mass flow to above
25%. Then, however, it seems that further increases of the
mass flow rates would not improve the thrust efficiency.
Due to the occurence of plasma instabilities, an upper limit
of 12 km/s for the exhaust velocity could not be exceeded
during the test of the DT2-thruster running with 0.8 g/s
argon. At higher mass flow rates these tests were limited
by the maximum possible heat load to the nozzle. With the
DT6-thruster with enlarged throat diameter the heat losses
could be reduced ( Figure 7 ).
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Figure 7: Total heat losses vs. current for various mass flow
rates of argon for the DT2- and DT6-thruster

At low mass flow rates, however, the heat losses
increase, so that they are nearly the same for both
thrusters. This is mainly caused by higher anode losses due
to increasing anode fall voltages ( Figure 8 ).
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Figure 8: Anode heat losses vs. current for various mass flow
rates of argon
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CYLINDRICAL MPD THRUSTERS

The cylindrical ZT-thrusters is an MPD device with a
mainly radial current distribution and a low discharge
voltage to achieve a maximum magnetoplasmadynamic
thrust and a low pinch effect at a certain power level.

Former tests indicated that with cylindrical devices
high current values at moderately low voltage levels can
be reached. However, these tests were limited by high
current damages of the cathode rod. Melting of the cathode

of constant diameter occurred not at its tip, where the heat ~ -

transfer from the arc to the cathode is high, but in the
cathode region behind the anode segments. Metallurgical
investigations show that the melting seems to be
influenced by a thorium migration under high temperature
[10].

To avoid the high current densities in the critical
cathode zone, a new cylindrical thruster ZT3, shown in
Figure 9, was designed for high current operation, in order
to improve the thrust level. A new conically shaped
cathode was developed for this device; the diameter of the
new cathode decreases from 40 mm in the rear to 20 mm
at the tip, and the thruster was installed on a new thrust
balance.

In the following results of tests with the ZT3-thruster
are presented ( Figure 10 - 12 ). In these tests the current
level was allowed to rise up to nearly 15 kA.

Compared to the nozzle type thrusters, the discharge
voltage is rather low even at high current levels. Over a
wide current range, the discharge voltage is nearly
constant. For 2 g/s argon only a slow increase and for 3 g/s
a decrease can be observed, but then a strong rise of the
voltage occurs. At first sight this is comparable to the
increasing voltage for the nozzle type thrusters, when the
unstable operation mode is reached. For the DT-thrusters
this mode is also accompanied by instabilities, detectable
by strong frequency oscillations and the critical values
I2/m are about 2.5-1010 A2s/kg. The I%/rm-values, where
the voltage-current curve rises for the ZT3 thruster, are
about 3.8-10'0 A2s/kg, but unlike the nozzle type thrusters
no sign of plasma instabilities could be observed, and
neither oscillations nor anode arc spots could be detected.

Also the thrust vs. current curves show a change in the
slope at the same current values as the voltage curves. The
difference between the thrust values diminishes.

The measured thrust was corrected by the thrust values,
which were measured, when the thruster was short
circuited. This positive thrust was substracted from the
measured values, because these are inner forces of the
thrust balance caused by magnetic interactions.
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Figure 9: Cylindrical thruster ZT3-IRS
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Figure 10: Voltage. vs. current for the cylindrical

thruster ZT3
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Figure 11: Thrust vs. current for the cylindrical
thruster ZT3
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Figure 12: Thrust efficiency vs. exhaust velocity for the
cylindrical thruster ZT3

The lower arc voltage at higher mass flow rates
together with the higher thrust levels results in higher
thrust efficiencies. Here it should be mentioned that this
thruster is designed for much higher power levels, so that
in further tests higher current levels can be reached. In
these first tests the arc attaches mostly at the exit segment
(anode 1), leading to high heat loads. The tests with mass
flow rates of 1 g/s and 2 g/s were limited by the maximum
heat loss of 90 kW at the first anode segment, because then
the water-cooled copper segment starts to melt at the
rounded edge, which forms the end of the thrust chamber.
Figure 13 shows the anode 1 heat loss vs. current, while in
Figure 14 the heat loss distribution of the ZT3 thruster,
operated with 3 g/s argon at maximum current, is depicted.
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Figure 13: Heat losses at anode 1 vs. current for the
cylindrical thruster ZT3
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PLASMA DIAGNOSTICS

Assuming collisionless theories, electrostatic probes
[ 11-13 ] are used to determine the electron temperature Te
and electron number density n, at different axial and radial
positions in the argon plasma plume of the MPD thrusters.
The experimental setup for a double probe measurement is
shown in Figure 15.

Figure 15: Experimental setup of a double probe

Single probes require a Maxwell distribution of the
electron energies for the evaluation of the electron
temperature, but this cannot be guaranteed close to the
MPD thrusters. Therefore the measurements were taken
with double probes. The triple probe is another
electrostatic probe system which allows an immediate
direct display of the electron temperature and electron
number density without intensive characteristic evaluation
[14,15].

For the determination of electron temperatures and
electron number densities several measurements per test
point with a double probe and a triple probe were
performed. The measurements were taken at axial
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positions of 50, 150 and 300 mm with the double probe
aligned with the plasma stream. The results shown are
average values, the error bars are standard deviations. The
length of a cylindrical double and triple probe aligned with
the plasma stream was 10 mm, with electrode diameters of
0.4 mm. In Figure 16 and 17 the axial distributions of the
electron temperature in the centerline of the argon plasma
Jet of thruster DT6 are shown for different currents and
massflow rates of 0.8 g/s and 1.6 g/s argon. The calculated
electron number densities are shown in Figure 18 and 19.

The electron temperature in the plasma centerline
increases with the massflow rate. In the near future it is
planned to verify the high values of the electron
temperature close to the anode by optical methods. The
electron number density of about 1013 to 1014 cm3 is
calculated by assuming only single ionized argon atoms.

In Figures 20 and 21 the radial distributions of the
electron temperature and electron number density
measured with a triple probe at an axial distance of
100 mm are shown. The values in the plasma centerline
correspond well with the values extrapolated from the
double probe measurements at the position of 100 mm.
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Figure 16: Axial electron temperature distribution,
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The Fabry-Perot Interferometry ( FPI ), a nonintrusive
optical diagnostic technique, is a special form of emission
spectroscopy using the high resolution of the Fabry-Perot
interferometer for a detailed investigation of single
emission lines [ 16 ]. By detecting the Doppler shift Ady),
which occurs when an emitting particle of high velocity
does not move perpendicular to the optical axis of the
setup, and the Doppler line broadening Ay, caused by
thermal motion of the emitting particles, the particles
velocity vpy and translational temperature T, can be
determined [ 17, 18 ]. The experimental setup is shown in
Figure 22.
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Figure 22: Experimental setup of the Fabry-Perot
Interferometry

For argon investigations the specific Aryy emission line
at 488 nm was chosen. An argon ion laser was used as an
unshifted monochromatic light source. The heavy particle
temperature was determined from the Doppler broadening
at perpendicular incidence [ 19, 20]. Figure 23 shows
integrated results at an axial distance of 180 mm to the
MPD thruster DT2 for a massflow rate of 0.8 g/s and
4000 A thruster current. Those integrated results are to be
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transformed into local values of velocity and temperature
by an Abel inversion technique [ 17 ].
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Figure 23: Radial profiles of the translational heavy
particle temperature and the plasma velocity measured with
FPI

A new MPD thruster DT7 for detailed investigations
by optical diagnostics inside the thruster itself was built.
The thruster, a scheme is shown in Figure 24, has the same
geometry as the well investigated nozzle type DT2-
thruster, the throat diameter is again 24 mm. Two small
slits, one in the throat region, the other between the anode
and the first neutral segment, offer now a free view
through the MPD thruster at both these positions over the
whole cross section. The slit in the nozzle region is closed
by an optical window, the other is open.
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Figure 24: Nozzle type thruster DT7 for optical diagnostics

A lens system with fiber optics is fixed on a
positioning system, so that radial scans can be performed.
The light is transmitted to a spectrometer and analysed by
an OSMA ( Optical Spectral Multichannel Analyser ).
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First tests showed that the thruster can be operated and,
what is more important, they showed the same voltage-
current characteristics as with thruster DT2 ( Figure 2 ).
The thruster was operated with 0.8 g/s argon, the current
was raised up to 4000 A. In Figure 25 a typical spectrum,
taken in the center of the throat window, is shown.
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Figure 25: Typical argon spectrum at 4000 A,
taken from the center line of the throat

The argon lines of highest intensity, also marked by
arrows, were all emitted by second ionized argon. The
spectral line data as energy of upper quantum level Ep,
statistical weight gy and transition probabilities Ay;, taken
from [21], are listed in Table I.

Wavelength Ep g1 Ay;

(nm ] [eV] [-] (108s-1)
328.59 25.394 i 2.0
330,19 25.376 5 2.0
331,13 25.365 3 2.0
333.61 28.103 9 2.0
334 .47 28.085 7 1.8
335.85 28.067 5 1.6

Table I: Spectral data of ArIII-Lines

For further interpretation of the spectral data, one has
to check the plasma conditions. Griem [ 20 ] gives for
hydrogen like species a nessesary criterion of the electron
density for obtaining a PLTE- ( Partial Local Thermal
Equilibrium ) plasma :

7
& 182 kT

n,=7.10 ﬂ E ;

where Ey is the ionization energy, n the main quantum

number and z ionization level. Assuming fully single

ionization, the estimated electron number density in the

throat region satisfies the criterion, so that PLTE condition
can be assumed.

(1)

The total line emission coefficient € is a function of the
density ny in the excited state k:

hv
£L=HA,“-n,‘ (2)

Integrating the total emission coefficient along the line
of sight, the intensity of a homogeneous plasma is given
by

ly=le(x)de=1¥ an (3)

where 1 is the thickness of the emitting region.
Under thermal equilibrium conditions, the density ny is
described by the Boltzmann equation:

= __EJ_)
=gy ol -
with the statistical weight 8k and the partition function
U(Tey).
Substituting ny in equation (3), the logarithmic
equation can be obtained:-
I E,
) 5o R
In( Vaug: )+const 78 s )
The excitation temperature T, can now be determined
by the relative line intensity method [20, 22]. From the
Boltzmann-plots, where In(Iyj/VAy;gy) is plotted versus
Ey for several emission lines belonging to the same
species. The slope of the resulting straight line will be
1/kTey.

(4)

The Abel inversion technique [23] is used to determine
the radial distribution of the plasma parameters from the
scans through the cross-sections.

Comparing now the intensity of two spectral lines of
both excitation levels with nearly the same transition
probabilities, e.g. the 328.59 nm Arlll-Line and the
329.36 nm ArII-Line ( gi =4, Ay; = 1.7 108 51 ), one can
estimate the ratio of the density of second ionized argon to

o 10
single ionzed argon: > T

This result indicates that in the throat region most of
the argon will be second ionized. Figures 26 and 27 show
the measured intensity distribution vs. throat position for
the ArlIIl- and Arll-spectral lines.
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Figure 26: ArIIl-Line intensity vs. throat position
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While the Arlll-line intensities showed a bell-shaped
distribution, the intensity of the Arll-lines showed a
flattening in the throat center. This also signifies that in
the center of the throat mainly second ionized argon
occurs, while the single ionized argon will be in the outer
region. Argon of third or higher ionization level cannot be
detected with the present optical system, because the
emitted transition lines are in the UV-spectrum out of the
range of the OMA detector.

For the calculation of the excitation temperature with
the relative line intensity method Arlll-line intensities
were taken. So a first estimation of the temperature profile
in the center of the throat is obtained, shown in Figure 28.
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Figure 28: Excitation Temperature vs. radius
in the throat region

The excitation temperature profile has its maximum of
nearly 37000 K in the center and decreases as expected
with the radius. The error bars in the outer regions
increases because of the low line intensities. It should be
mentioned that in case the plasma conditions are not in
thermal equilibrium, the resulting excitation temperature
should not be taken as electron temperature.
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To get a higher degree in the temperature
determination, further spectral measurements must be
carried out, mainly absolut line intensity measurements,
which will also yield exact electron temperature and
density distributions. This will offer an excellent
possibility to verify the results of numerical MPD
calculations with experimental data [ 24 ].

CONCLUSIONS

The presented experimental investigations of MPD
thrusters lead to the following conclusions:

- Higher mass flow rates at a certain geometry lead to
higher efficiencies.

- From the tests with the DT6-thruster with an enlarged
throat, one can expect that with high mass flow rates
better performance data can be achieved, especially if
the exhaust velocity can be raised.

- The performance data of the ZT3-thruster at the highest
possible current levels have to be determined and tests
with hydrogen as propellant must be carried out.

- With the cylindrical thruster ZT3 no instabilities occur
so far, although during the tests I%/rz-values of
8:1010 A2s/kg were reached.

- Additional plasma diagnostic measurements will lead to
a better understanding of the plasma conditions inside
the MPD thrusters; they also offer a good possibility for
numerical code verifications and hopefully give more
information about the instabilities [ 25, 26], which limit
the current level of the nozzle type MPD thrusters.
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