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flow, varies between a few and ten %, depending on axial
and radial station.

Entrainment data, on a quantitative basis, are not available
for the aforementioned a. However, qualitative evidence
shows that substantial entrainment could be taking place.
Fractionally, it could be well above 109, especially since
the propellant flow rates are lower in this case. Nevertheless,
it is important to note that copious entrainment could falsify
the experimental evidence, only when such evidence indicates
good coupling. If, as the case is here, the experimental
evidence indicates poor coupling, in spite of the fact that
environmental gas might enter copiously into the accelera-
tion region, then the said coupling could not become any
stronger in the absence of entrainment.
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Acceleration Patterns in Quasi-Steady MPD Arecs

RoBerT G. Jann,* Kenn E. Cuark,t RonaLp C. OBERTH,] aND PETER J. TURCHI§
Princeton University, Princeton, N. J.

Argon exhaust velocities of the order of 25,000 m/sec are observed in a quasi-steady, self-
field MPD accelerator operated at 17,500 amp. The variation of measured exhaust velocity
with input mass flow indicates a preferred or ‘“matched” mass flow, at which the observed
velocity substantially exceeds both the Alfvén critical speed and that computed from the
electromagnetic thrust relation. Although the measured velocity corresponds roughly to the
total electrode voltage, an electrostatic ion acceleration mechanism is not supported by de-
tailed maps of the potential contours within the arc chamber. Specifically, it is found that
the bulk of the arc voltage gradient, exclusive of the electrode falls, gccurs within two diameters
of the cathode, and is normal to it. The remainder of the arc cliamber, and all of the down-
stream plasma is nearly equipotential, at a value close to anode sheath potential. Anode
fall voltage varies inversely with local current density, implying substantially lower anode
losses at higher power arc operation. Bow shocks from small obstacles placed in the exhaust
stream indicate supersonic, but not hypersonic flow.

I. Introduction

UASI-STEADY plasma propulsion involves the opera-
tion of self-field, electromagnetic thrusters in repetitive

high-power pulses of sufficient duration that steady accelera-
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tion processes prevail over most of the pulse, but at repetition
rates commensurate with available space power supplies.
Principal attractions of this concept are the combination of
arc operation in regimes of high thermal efficiency and dy-
namic stability with tolerable heat transfer and mean power
demands, and the opportunity for variable thrust and mean
power consumption without compromise in specific impulse
or thruster efficiency, both accomplished via simple duty-
cycle adjustment. Possible disadvantages concern the more
complex power-conditioning and propellant injection implicit
in systems of this type, compared to those using completely
steady thrusters. Success of the concept thus hinges on
coordinated efforts to minimize these system penalties through
sophisticated design and technological improvements, and to
exploit the advantages of high-power accelerator operation to
the extent that the residual system disadvantages are more
than counterbalanced. This paper attempts to contribute
to the latter task by identifying some of the operating char-
acteristics and interior physical processes of one particular
quasi-steady accelerator.
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Fig.1 Quasi-steady MPD accelerator.

The quasi-steady concept originally emerged from certain
basic studies of single-pulse accelerators which indicated that
essentially steady arc operation can be achieved some tens
of microseconds after ignition, and that the attendant re-
quirements on gas flow injection and stabil}z‘étion can be met
on a similar time scale, over a range of arc powers from hun-
dreds of kilowatts to hundreds of megawatts.! 2 Subsequent
studies focused these techniques on a particular coaxial ac-
celerator which closely replicated the conventional magneto-
plasmadynamic (MPD) arc configuration, but on a scale one
order of magnitude larger, which permitted a variety of de-
tailed interior diagnostics including photographic observa-
tions and mapping of arc current density distributions.3—

The experiments described in this paper are performed in
this same accelerator, shown schematically and in photograph
inFigs. 1 and 2. Briefly, the apparatus consists of a cylindri-
cal discharge chamber with a 2-in.-diam conical tungsten
cathode and an aluminum anode with 4-in.-diam orifice
driven by a 130 ufd X 10kv capacitor line which can be ar-
ranged to provide a variety of rectangular current pulses
ranging from 4000 amp X 600 usec to 140,000 amp X 20
usec.  Argon propellant gas is injected through six calibrated
orifices in the arc chamber end plate from a high-pressure
reservoir abruptly established by the end wall stagnation of
the flow in a simple shock tube. An adjustable bleed line
from the same shock tube triggers the discharge circuit switch,
thereby controlling the correlation of the mass flow pattern
with the arc current profile, a feature found to be essential
to proper accelerator performance.* :

II. Velocity Measurements

In the absence of direct thrust measurements, which are
not possible with this particular facility, the most instructive
indication of accelerator performance is the exhaust velocity
pattern. Direct experimental determination of the velocity
field in the exhaust plume cannot be accomplished by any
classical gasdynamic techniques because of the low density,
high-temperature nonequilibrium state of the flow. The
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Fig. 2 View of accelerator chamber.

Ve

ATAA JOURN,p

CURRENT

2000 utd
PROBES

T " =Foiem
= 0.5¢em v a
L 1.0°ecm
L
I- 0.7 em:

Fig. 3 Time of flight probe.

rather tedious Doppler shift methods which have provided
isolated data points in a few steady MPD arcs,*~® fail here
for lack of sufficient integrated intensity in the shifted lines,
Gridded electrostatic ion energy analyzers have provep
useful in certain lower power accelerators,®=1! but in thig
device the high exhaust plume plasma density forces an
unreasonably large expansion of any collected sample before
the biasing grids can function properly. One rather simple
method for velocity probing that has proven serviceable in
this facility, however, involves the use of displaced pairs of
biased double electrostatic probes. Passage of local fluctua-
tions in plasma number density, convected on the exhaust
stream, are recorded by a biased double probe as a fluctuation
in the ion saturation current. Thus, two of these probes,
separated a known distance, yield a velocity through the
time of flight of these perturbations.

A schematic of such a probe arrangement, which is a modi-
fication of an earlier concept by Boyle,? is shown in Fig. 3.
Each sensorisa 1.0 X 0.1em copper surface mounted flush in 3
small nylon airfoil to keep flow disturbance to a minimum,
The two probe circuits are individually biased to 10v via
2000 ufd capacitors, and their currents, as sensed by Tek-
tronix P6021 probes, are recorded on a dual-beam oscilloscope.
The complete probe assembly can be moved in the r — 2 plane
on a suitable carriage, and its axis can be inclined with respect
to the accelerator centerline to establish the prevailing flow
direction.

Figure 4a displays typical probe records obtained on the
centerline 23.5cm downstream of the anode face, for a 17.5ka
X 150 psec driving-current pulse and a mass flow rate of 5.9
g/sec. The large initial peaks on these traces are associated
with the initial starting transient of the accelerator, and the
relatively long following plateaus with the quasi-steady
acceleration phase. The velocity of the latter is measured by
expanding a small segment of these traces on a second oscillo-
scope, as shown in Fig. 4b, and measuring the time displace-
ment between characteristic features of the two probe re-
sponses.

PROBE 1

PROBE 2

PROBE 1|
PROBE 2

Fig. 4 Response of biased double probes; J = 17.5 ka,
m = 5.9g/sec, s = 23.5cm, r = 0, probe spacing = 1.9 cm:
a) 20 psec/div.; b) 2 usec/div.
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fig. 5 Centerline velocity development for various mass
flows; J = 17.5 ka.

The development of the fluctuation velocity along the
hruster centerline is shown in Fig. 5 for the same operating
onditions. These data indicate that the plasma leaves the
lnode orifice with a veloeity of about 2 X 10* m/s and con-
inues to accelerate to 2.7 X 10* m/s 30cm downstream, a
ialue approximately twice that calculated from the electro-
Bl nagnetic thrust relation:'s

T = (uJ*/4m)(In(ro/ro) + 3] = My 1

W.hcre J denotes the arc current, 7 the mass flow, and ra/r.
e ratio of effective anode to cathode radii. Part of this
jiscrepancy can be assigned to the radial nonuniformity of
ihe velocity pattern. The radial profiles at three axial sta-
ions are shown in Fig. 6. The profile is seen to be rather
steep at the 2.5¢m location, but to spread rapidly to a more
miform profile at the downstream positions. From these
profiles, and from estimates of particle densities derived from
the magnitudes of the probe current, a mass-averaged mean
velocity is calculated to be about 2.2 X 10* m/see, a value
#ill substantially in excess of that derived from Eq. (1).
The missing increment of thrust is tentatively assigned to
serodynamic or electrothermal sources not included in the
electromagnetic model.

The experimentally observed velocities are also far in excess
of the so-called Alfvén critical speed!*=1%—8.7 X 10 m/s for
argon—which has been proposed by some as a fundamental
limit for MPD accelerators, at least those in the low power,
external field category.’’:1 The physical basis for applica-
bility of this limiting criterion to MPD accelerators is obscure,
particularly in the high-power, self-field cases, and it is re-
assuring to observe downstream velocities a factor of three
higher than this limit, in contrast to the empirical experience
with external field arcs.

A prineipal concern of such velocity measurements derived
from time of flight of plasma fluctuations is that a wave propa-
gation component may be superimposed on the true con-
vective velocity of the flow. For the particular environment
downstream of the accelerator, the only relevant wave system
would be the so-called ion acoustic mode, an electrostatically
coupled longitudinal oscillation which propagates disturbances
at a hybrid velocity determined by both ion and electron
temperatures.'® Using reasonable estimates of ion and elec-
tron temperature, this ion acoustic wave speed is approxi-
mately 6 X 10® m/s. Thus, even if the measured velocities
are in fact the combined streaming and wave velocities, the
streaming component must be at least 75% of the measured
values, still well above the critical speed.

The exhaust velocity fields have also been surveyed at
various other arc operating conditions. Figure 5 displays
the development of centerline velocities for several different
argon mass flow rates at the same arc current, 17,500 amp.
Note that the data for mass flows less than the nominal value
of 5.9 g/sec are indistinguishable from the 5.9 g/sec behavior;
mass flows in excess of the nominal rate, in contrast, show a
monatomic decrease in velocity with mass flow. The latter
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Fig. 6 Velocity pattern in accelerator exhaust; J =
17.5 ka, m = 3.9 g/sec.

behavior is qualitatively commensurate with the basic electro-
magnetic thrust relation Eq. (1); the former suggests that the
arc has attained some limiting exhaust velocity, and is ingest-
ing spurious mass from its electrodes, insulator, or previously
ejected plasma, a familiar effect in MPD operation under
“starvation” mass flow conditions.22?! A cross plot of such
data at a given downstream location (Fig. 7) thus defines
a particular mass flow, in this case about 7.5 g/sec, which
has physical significance as that value at which the accelerator
attains maximum exhaust velocity without spurious mass
entrainment. Curiously, this value is found to coincide with
the matched mass flows indicated by various other experi-
mental and analytical criteria. For example, it is at this mass
flow that the fraction of input power delivered to streamwise
plasma acceleration appears to maximize.* Also, very recent
experiments on anode processes indicate that this is just the
minimum mass flow at which the full anode current can be
carried by random electron flux from a surrounding equi-
potential plasma.22?® On a totally different basis, complete
conversion of a 7.5 g/sec argon flow into a single-ion current,
which would be appropriate to an electrostatic model of the
accelerator,?* yields a value of 18,000 amp. Further in this
electrostatic vein, the observed electrode voltage at the
matched condition, 150 v, corresponds almost perfectly to
the kinetic energy of a single argon ion at the observed exhaust
velocity.

III. Potential Patterns

7

The correlations of the exhaust particle kinetic energy with
the discharge terminal voltage, and of the mass flow with the
arc current, suggest that electrostatic processes might play
a large role in the acceleration mechanism within the arc.
To explore this possibility, maps of floating potential through-
out the accelerator were prepared for a representative selection
of operating conditions, by point-by-point probing of the
discharge with a variety of electrostatic sensors. Although
the results of these studies clearly negate any simple electro-
static model of the acceleration process, they provide several
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Fig. 7 Exhaust velocity dependence on mass flow rate;
J=175ka, s = 28 cm.
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Fig. 8 Potential and current distributions in arc cham-
ber, J = 17.5ka, m = 5.9 g/sec: a) floating potential (nega-
tive volts, relative to anode); b) enclosed current (numbers
denote total arc current downstream of contour in ka).

other valuable elements of information on the structure of
the high-current discharges, particularly in connection with
processes near the two electrodes.

The probes used for these measurements had three con-
figurations of exposed surface: 1) ff-in.-diam X {%-in. high
cone;2) Y-in.~-diam flat disk; 3) t-in.-diam hemisphere. In
most cases the probes were inserted axially upstream into
the discharge; in a few cases the probes were inserted radially.
Some probes were bent to allow access to regions behind the
anode lip. All leads to the probe sensing surfaces were co-
axially shielded, and the signals were presented to the oscillo-
scope via a Tektronix Model 6013A voltage probe of 108
 impedance.

Figure 8a displays the pattern of floating potential derived
from such measurements. Interpretation of this pattern is
aided by reference to the known distribution of arc current
density, obtained in an earlier study,®* replotted for con-
venience in Fig. 8b. Correction of the floating potential
contours to true plasma potentials can be imposed by standard
methods,?:26 once the prevailing values of electron tempera-
ture and density, ion temperature and streaming energy are
specified. In the situation at hand, the result is ‘to displace
the floating potential values some 4 to 7 v toward anode
potential, depending on the location, so that the raw data are
an adequate indication of the plasma potential variations.

From Fig. 8a, several significant features of the potential
distribution may be identified:

1) Downstream potential differs by only 30 v (25 v if
correction to plasma potential is applied) from anode po-
tential, and by only 15 v from the region of gas injection.
This is an order of magnitude lower than the observed ion
kinetic energy in the exhaust stream, and hence voids any
simple collisionless electrostatic acceleration model.

ATAA JOURNAL

2) Anode fall voltage is less than 15 v (10 v) over the
upstream lip of the anode where current density is a maximum
(see Fig. 8b), and rises to somewhat higher value on the down-
stream face where current density is lower. The dependence
of anode fall on current density and the implications for anode
losses are discussed below.

3) The bulk of the potential drop occurs within two
diameters of the cathode and is normal to it. Note that
this intense field region is directed so as to decelerate iong
attempting to flow downstream, hence cannot aid in a direct
electrostatic acceleration process. The significance of this
cathode ‘“‘envelope” region is also discussed below.

4) The gas upstream of the line connecting the injector
ports with the anode lip is separated from the downstream
flow by about 15 v, which is roughly the ionization potentia]
of argon. This may be coincidental, or it may reflect the
ionization process functioning on the cold incoming gas.

5) Other than the regions of anode fall, cathode envelope,
and ionization belt just described, the remainder of the field
is essentially equipotential, indicating that the bulk of the
energy input to the gas occurs in relatively small regions of the
arc, most notably in the cathode envelope.

Although the hypothesis of electrostatic acceleration orig-
inally motivating the potential measurements is immediately
negated by the character of the profiles, the other aspects of
the patterns identified in items 2-5 above speak significantly
to various features of the arc operation, and bear further
discussion. For example, the observed low anode fall, and its
decrease with increasing local current density, have major
implications for overall efficiency of the accelerator. Steady-
flow devices operating in much lower power ranges are known
to dissipate large portions of their input power—in some cases
40% or more—in heating of the anode. This dissipation is
clearly related to the anode fall established by the are, and
any empirical means for reducing the fall voltage should be
reflected in higher overall performance. Figure 9 is a com-
posite graph of measured anode falls at various points along
the anode surface versus the current density at the same
points, for three different total are currents and matched
mass flows. These data suggest a common functional de-
pendence of anode fall on surface current density which is
essentially reciprocal in the form V, = 1.5 X 107/7, (v/amp/
m?). This in turn implies a power flux to the anode which
is largely independent of the total arc current, and hence
the fractional anode loss should decrease significantly with
increase in total arc power.

If the arc is operated in conditions of mass starvation or
mass overfeed, as defined in Section II, the character of the
potential profiles changes substantially, and identification of
the true anode fall becomes somewhat ambiguous. For
example, Fig. 10a displays the floating potential map for
the starved condition J = 17,500 amp m = 1.2 g/sec. Note
the following changes from the matched condition of the same
current (Fig. 8a): a) the total arc voltage has increased by
40%; b) the downstream potential has increased by a factor
of 3.5; and c) there is now an envelope of potential gradient
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Fig. 9 Anode fall variation with local current density.
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,ending outward from the anode, aswellasfrom the cathode.
K 1t is not clear whether this anode envelope is a functional
{ art of the acceleration process, or whether it is simply a very
b Jarge anode sheafch necessitated by the difficult conduction
~ conditions prevailing in the low-density environment. If
jon production in the anode sheath is an essential part of the
conduction process, the dimensions of the sheath would need
to grow as the density dropped. In turn, if all of the power
deposited in this large sheath were delivered to the anode,
the fractional anode loss in this condition would be quite high.
For comparison, Fig. 10b shows the potential pattern for
arc operation at the same current, but with an excessive mass
flow of 36 g/sec. Here the total voltage, downstream po-
tential, and anode envelope have all decreased, but in such
roportion that the fractional anode fall power is again some-
what higher than for the matched case. The effects of mass
starvation and overfeed on the potential patterns can equally
well be demonstrated by fixing the mass flow and varying the
arc current above and below the matched value.?”
Returning to the nominal case of Fig. 8a, we next consider
the cathode envelope region which dominates the entire
potential pattern. Exclusive of the cathode fall, some two-
thirds of the arc voltage is dropped across this region, and
in view of the high-current densities prevailing here, it must
be presumed that this zone is-primarily responsible for the
high exhaust velocities found downstream. Beyond this
suspicion, however, no detailed model of the acceleration
process is apparent. As previously remarked, the prevailing
electric field accelerates positive ions inward, rather than
outward. Comparison with the current profiles of Fig. 8b
indicates that total current conduction in this region is largely
scalar, even though electron Hall parameters greater than one

L i can reasonably be expected near the cathode shoulder. In
nd some portions of the envelope the electric field could reflect a
hel large u X B or motional emf component, but in others, such
m- as near the inlet orifice and along the axis, this component
ngd must be small, leaving mainly a resistive component. This
me in turn implies substantial ohmic heating, and possible electro-
ed thermal contributions to the overall acceleration process.
Je In this connection it should be noted that over most of the
i cathode envelope the self-magnetic body forces have large
D components directed radially inward which must act to com-
icH press the plasma along the axis. Thus, it may be that down-
\ce stream of the cathode tip there exists a region of very hot
ith gas, constrained by the magnetic field and heated by the
' electron stream which has fallen through the envelope, some-
ot what akin to the dense plasma focus seen in certain thermo-
he nuclear injectors.”® Subsequent expansion of this hot gas
of in the magnetic nozzle may then provide a significant com-
"or3 ponent of the observed exhaust kinetic energy.
fO‘
e IV. Mach Number Observations
me .
byi Visual evidence that the plasma flow is supersonic is pro-
tory vided by photographs of the bow shock waves formed on small
\nfl wedges inserted along the centerline. Figure 11 shows a

typical photograph of a 30° half-angle wedge, 3.8cm down-
stream of the anode for the 17.5ka, 5.9 g/sec operating condi-
tion. The photograph was taken from the side of the ac-
celerator (flow from left to right) through a 5 usec Kerr-cell
shutter delayed by an oscilloscope until the quasi-steady
acceleration phase was well developed.

Table1 Dependence of indicated Mach number on wedge
angle and specific heat ratio

s 0 M M, e
10° 31.5° 2.5 2.6
20° 37.5° 3.0 3.7
30° 43.0° 4.2 -
40° 51.0° 8.6
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Fig. 10 Effect of mass flow on floating potential patterns,
J = 17.5ka: a) m = 1.2 g/sec (starved); b) m = 36.0 g/sec
(overfed).

Deduction of Mach number from the bow shock angles
requires knowledge of the effective ratio of specific heats, v,
for the plasma passing through the shocks.?® Although this
quantity could lie anywhere in the range between 1.3 and

.1.67, depending on the state of equilibrium of the flow, it

should be possible,in principle to extract both Mach number
and v informatidn from simultaneous consideration of data
from several different wedge angles at the same location.
When such an approach is attempted, however, no self-
consistent solution can be found. Even when the data are
taken from two surfaces of a single wedge, inclined at an angle
of attack, the simultaneous solutions yield totally unreason-
able values of v. The difficulty may alternatively be illus-
trated by presenting values of Mach number calculated from
several different wedge half-angles, 8, and shock angles, 6,
for assumed values of y of 1.3 and 1.67 (c.f., Table 1).

The wide spread in the calculated Mach numbers, or the v
paradox mentioned in Table 1, may indicate an altering of
the effective deflection angle by nonideal flow effects near the
wedge surface. Specifically, the strong cooling of the flow by
the surface, and possible recombination effects may yield

Fig. 11 30° half-angle

wedge in accelerator ex-

haust; J = 17.5 ka, m

= 5.9 g/sec, z = 3.8 cm,
r=0.
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a boundary layer with a negative displacement thickness,
thereby necessitating a smaller flow deflection than the nomi-
nal wedge angle. This effect should be minimized at the
smaller wedge angles, since the corresponding shock waves
are weaker. Thus, the 10° wedge angle data probably yields
the most reliable value of Mach number, but the situation
is far from satisfactory.

V. Summary

The various items of experimental data presented in this
paper by no means establish a complete, self-consistent pic-
ture of the quasi-steady arc operation. They do, however,
provide certain indications that the operation of self-field
MPD arcs in the megawatt range differs in important respects
from that at lower powers. First, the Alfvén critical velocity
appears ;not to impose a fundamental limitation on the at-
tainable exhaust speed; achievement of high specific impulse
with heavy ions seems straightforward. Second, power loss
to the anode, as indicated by the anode fall voltage, becomes
proportionately less important in high-power operation; this
should be reflected in higher over-all efficiency. Finally,
the portion of the arc in the immediate vicinity of the cathode
is indicated as the region of primary energy input, which
probably controls the high-performance capability of the
device. e
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