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Flowfield Characteristics and Performance Limitations
of Quasi-Steady Magnetoplasmadynamic Accelerators

M. J. Boyle,* K. E. Clark,f and R. G. Jahn}
Princeton University, Princeton, N. J.

Measurements of terminal voliage, exhaust velocity, current and potential distributions in a quasi-sieady
magnetoplasmadynamic (MPD) arc operating over a range of currents from 3 1o 25 kA countervene previous in-
dications of basic limitations on MPD performance. Terminal voltage fluciuations, previously used as an in-
dicator of a unique limiting value of the parameter J2/ri1 (current squared over mass flow), are shown 1o be
related 10 cathode surface area rather than 10 interelectrode plasma phenomena. With improved electrodes and
insulators, salisfaclory arc operation at specific impulses somewhat beyond previously proposed limits has been
demonstraied, and the significant thrust producing mechanisms in such arcs have been idemified.

Introduction

HE ultimate capabilities of MPD arcjets can only

be established from detailed understanding of the plasma
acceleration mechanisms and associated loss processes, or
from very extensive empirical testing, neither of which are in
hand, or readily attainable. In their absence, several attempts
have been made to postulate fundamental limitations on the
attainable performance of various MPD arcs on the basis of
semiempirical models and restricted performance data. ' The
general validity of these proposed limitations, or the possible
existence of others, is crucial to the eventual utility of MPD
accelerators as space thrusters; hence, they merit more
detailed analytical and experimental examination.

In principle, self-field MPD thruster performance should
improve with increased power in the multimegawatt region,
since thrust density and specific impulse are increasing func-
tions of arc current. Specifically, since the self-field elec-
tromagnetic thrust 7 scales quadratically with arc current, it
follows that the exhaust velocity # and the specific impulse 7,
are proportional to the parameter J?/m

T=ru=>bJ? (1)
I,=u/g=T/mg= (b/g) (J*/m) (2)

where b is the self-field electromagnetic thrust coefficient
derivable from an electromagnetic stress tensor, ' and g is the
standard acceleration of gravity. For a given mass flow rate,
arcjet operation at higher currents should yield dispropor-
tionally higher performance. Furthermore, it has been
demonstrated experimentally that the major fractional power
loss in the accelerator, the anode heat transfer, scales in-
versely with arc power,® implying that thrust efficiency
should correspondingly increase with input power. However,
certain other observations have been interpreted to imply that
quasi-steady thruster performance may be inherently limited
because of an unavoidable coupling between the arc current
and the accelerated mass flow rate. As arc currents are in-
creased for given propellant flow rates, a point is reached
above which various undesirable effects occur, such as in-
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sulator and electrode ablation, mass recirculation, and ter-
minal voltage fluctuations. The onset of these effects is taken
as a manifestation of a fundamental upper limit on arc
current for a given flow rate, with a corresponding maximum
attainable specific impulse.

For example, Malliaris et al.” observed, for a given
propellant and mass flow rate, a certain arc current J* above
which the terminal voltage became erratic. The onset of this
erratic behavior scaled such that the parameter (J*)2/m
remained constant for a given propellant. This observation
was rationalized analytically by a model which assumed that
the discharge accelerates a net mass flow, not necessarily iden-
tical with the injected propellant flow rate, which just
minimizes the power invested in the plasma stream. This
minimum-power criterion yields limiting values for the
exhaust velocity and specific impulse

I.=u./g=(2ed;/M;) " /g A3)

which depend only on the propellant ionization potential ¢;
and ion mass M. If only electromagnetic thrust mechanisms
are significant, this transcribes via Eq. (2) into a critical value
of the J?/m parameter, which was found to be in good
agreement with the experimental (J*) 2/ for several different
propellants. This model predicts a maximum specific impulse
for argon of 890 sec, corresponding to an exhaust velocity of
8.7 km/sec. For helium, the value is 3500 sec; for xenon, 430
sec. Since the model presumes an energy equipartition be-
tween kinetic and ionization modes, the kinetic power ef-
ficiency of the accelerator is limited to 50%.

Despite the severe implications of this model, no further
detailed experimental studies on its general validity appear to
have been undertaken. Clearly, if the model is valid, one
would like more detailed comprehension of the underlying arc
phenomenology; if it is not, one needs a more serviceable
criterion for charting arcjet performance. The key to either
task lies in better understanding of the arcjet acceleration
processes.

This paper describes a sequence of experimental studies of
quasi-steady MPD arcjet operation in argon at or near the
“critical’’ J2/m condition which yield exhaust velocities in ex-
cess of the “‘limiting’’ value, and it presents a new ac-
celeration model which accounts for this performance.

Experimental Facilities

The quasi-steady MPD accelerator and support systems
used in the arc experiments are illustrated schematically in
Fig. 1. The facilities consist of a mass-injection system, a
puise-forming network, the discharge chamber, a vacuum
system, and assorted diagnostics. Argon propellant is sup-
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Fig. 1 Quasi-steady MPD arcjet apparatus.

plied to the discharge chamber through a fast-acting solenoid
valve from a high-pressure reservoir. Choked orifices in the
propellant feed lines control injected mass flow rates in a
range between 1 and 32 g/sec. .

Single, rectangular current pulses are generated by a 120-
.station LC ladder puise-forming network.'® This 160-
kilojoule power supply has a total capacity of 3300 ufd and is
capable of providing 1-msec pulses up to 26 kA when charged
to 8 kV. An electronic delay circuit synchronizes the triggering
of a gas switch in the pulse line with the time of stabilization
of the injected propellant mass flow.

The cylindrical arc chamber is 12.7 ¢cm in diam and S.0 cm
deep, and has a 1.9-cm diam thoriated tungsten cathode ex-
tending from the backplate, on the axis. Additional cathode
dimensions and geometry are noted in the subsequent text
where appropriate. The annular aluminum anode has an
orifice diameter of 10.2 ¢cm and an outer barrel diameter of
18.8 cm. The anode is electrically insulated from the cathode
by a cylindrical Pyrex wall insert and a circular backplate.
The insulator ablation discussed in the next section refers to
the ablation of this plate. In addition to its function as an in-
sulator, the backplate contains the injection orifices through
which argon propellant is supplied to the discharge chamber.
Changes in mass injection geometry refer to the use of back-
plates which vary the distribution of the injected propellant
within the discharge chamber.

The accelerator exhausts the plasma into a Plexiglas
vacuum tank 183 ¢cm long and 92 cm i.d., evacuated by a 15.2-
cm oil diffusion pump to 10 =3 torr before each discharge. An
electrically controlled probe carriage mounted inside the
vacuum tank allows remote probing of the arc chamber and
exhaust regions in three dimensions. Seven Plexiglas viewing
ports mounted flush against the side and end of the vacuum
tank permit unobstructed views of the entire discharge region
for optical diagnostics.

During a nominal discharge sequence, a 1-msec, 15.3-kA
current pulse establishes a diffuse, symmetric arc discharge
between the accelerator electrodes, ionizing and accelerating
an injected 6 g/sec argon gas pulse. Following a brief tran-
sient period, the electromagnetic and plasmadynamic flow-
field patterns spatially stabilize for the remainder of the pulse.
This latter period is referred to as the quasi-steady ac-
celeration mode, '! and is used throughout the program of ex-
periments.

Removal of Insulator Ablation Effects

The proper evaluation of performance data for both steady
and quasi-steady MPD arcjets has been hampered frequently
by the perturbing influences of several extraneous
phenomena. Ambient mass ingestion into the acceleration
zones, insulator and electrode ablation, and the onset of
voltage fluctuations all tend to distort the data, obscure the
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acceleration mechanisms, and otherwise prevent the
evaluation of proper arcjet operation. For example, one
quasi-steady arcjet study performed recently revealed a
nonuniform spatial distribution of plasma species in the
discharge resulting from Plexiglas insulator ablation, 2

In the first experiments to be reported here, voltage-current
characteristics and exhaust velocity profiles likewise suggest
that both terminal arc voltages and final exhaust velocities can
be influenced by insulator ablation.'® Figure 2 shows the
voltage-current characteristic for the arc operating with a six-
hole Plexiglas insulator backplate and a total argon mass flow
rate of 6 g/sec. In this case the argon propellant is injected
axially into the discharge chamber through six 0.48-cm
orifices symmetrically distributed about a 2.54-cm radius.
The conical tungsten ‘cathode is 2.54 cm in length and 1.9 cm
in base diameter.

Electrode fall voltages are approximated by a linear ex-
trapolation of the characteristic to its zero current value. The
values so obtained are in good agreement with separate poten-
tial probe measurements taken in the vicinity of both elec-
trodes. For the data in Fig. 2, a constant electrode fall of 25V
has been subtracted from all the terminal voltage data, to
exhibit more clearly the arc column voltage dependence in the
low current regime of the characteristic.

At the lowest currents, the self-electromagnetic forces are
small, and the accelerator operates primarily in an elec-
trothermal mode. In this range, the voltage may be expected
to scale approximately linearly with the current. '*!> The solid
reference line of slope one in Fig. 2 delineates the current
range over which electrothermal acceleration apparently
prevails in this arc configuration (Region I).

At higher currents, electromagnetic acceleration
predominates because of the dependence of the self-field force
on the square of the current. In this high-current range, the
arc column voltage is dominated by the motional EMF term
of the generalized Ohm’s law 7-'4

a

V=~ 5 uxBe dt @)

¢

where the self-induced magnetic field B scales linearly with arc
current and the integration is along any convenient contour
from the cathode to anode sheath surfaces. The elec-
tromagnetic domain is shown as Region II in Fig. 2 where the
arc voltage scales as the cube of the current.

At yet higher currents, we encounter an unexpected, abrupt
deviation from normal arcjet behavior, which is believed to be
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associated with insulator ablation. Specifically, beyond 10 kA
the characteristic reverts to a linear dependence of column
voltage on current (Region I1I). Other quasi-steady thrusters
purposely using ablated material as propellant have been
found to ablate mass at a rate proportional to the square of
the current. '® For such thrusters, the self-field thrust relation
of Eq. (1) implies’ that exhaust velocities should be in-
dependent of arc current; and indeed, velocity measurements
in Region II1 of the characteristic indicate that the exhaust
velocity is independent of current. It follows from relation
(4), then, that ablation-dominated voltages should scale
linearly with arc current. Region III of the characteristic ap-
parently reflects such ablation-dominated operation of this
arcjet. '

A radial profile of exhaust velocity measured 2.5 cm down-
stream of the anode for this arc operating at 15.3 kA and 6
g/sec (J2/m=40 kA? —sec/g) is shown in Fig. 3. The plasma
velocities are measured using a time-of-flight double electric
probe technique.'” The profile consists of a central core
region with an average plasma velocity of 21.0 km/sec and an
outer annular region with an average velocity of 8.8 km/sec.
When the radial species distribution determined earlier for
this accelerator configuration'? is superimposed upon this
velocity profile, it is found that ionized dissociation products
of Plexiglas ablation (carbon, oxygen, and hydrogen) are con-
fined to the central core, while the injected argon propellant
occupies the outer regions. It is therefore important to deter-
mine whether this velocity profile, particularly the highspeed
central core, follows directly from the jx B body force
distribution, or is more a consequence of the ablation of the
particular insulator material employed within the arc cham-
ber.

If the centerline Plexiglas plasma is treated as a monofiuid
with an effective ion mass equal to the weighted average
atomic mass of the dissociated ablation products,

_5m .+8m,+2m,
B 15

<m> =6.7 amu )

the ratio of the inverse square root of <m> and the argon
ion mass m, corresponds within 2.5% to the experimentally
measured velocity ratio:

<u>/u,=(m,/<m>)" 6)

This inverse square root mass dependence of species velocity
has been observed previously by other investigators, '* and we
" are thus led to suspect that the high centerline velocity is a
consequence of the low average atomic mass of the centerline
plasma, derived from the insulator ablation.
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Fig. 5 V-J characteristic: rin=6 g/sec, 12-hole/cathode annulus in-
jection (50:50), boron nitride backplate.

If the acceleration mechanisms and performance charac-
teristics of the high power quasi-steady arc are to be properly
evaluated, such effects of insulator ablation must either be ac-
counted for or eliminated. For given levels of incident thermal
flux, refractory insulating surfaces are less prone to ablate
than Plexiglas surfaces. Accordingly, to reduce the effects of
ablation, boron nitride was substituted for Plexiglas because
of its higher thermal diffusivity and ablation temperature.
Further, since visual and spectrographic data suggest that the
insulator ablation is most severe about the base of the cathode
where the inverse radial dependence of the local current den-
sity tends to maximize the thermal flux from the plasma to the
insulating surface, an alternative injection geometry was
designed to supply argon propellant directly to the cathode
region and to eliminate insulator surface immediately ad-
jacent to the cathode. In this annular cathode base mass in-
jection configuration, shown in comparison to the previous 6-
injector configuration in Fig. 4, the side of the cathode itself
serves as one side of the annulus channel. In addition, twelve
0.32-cm-diam holes are symmetrically distributed about a 3.8-
cm radius to assure a more uniform mass distribution in the
vicinity of the anode. The flow division between inner annulus
and outer holes is adjusted by varying the relative area of the
choked orifices feeding the two independent plenums. In this
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manner the entire range of flow division between 100% inner
flow, 0% outer flow (designated by 100:0), to 0% inner flow,
100% outer flow (0:100), may be spanned.

From a lengthy series of experiments, it was found that a
50:50 flow division between inner and outer injection orifices
minimizes the arc voltage without reintroducing ablation-
dominated exhaust velocities. At this condition, the azimuthal
species structure of the discharge seen with the Plexiglas back-
plate is no longer evident, and the voltage-current charac-
teristic for a total mass flow rate of 6 g/sec changes to that
shown in Fig. 5. Regions I and II appear much the same as in
the Plexiglas case, but now no transition to the ablation-
dominated Region I1I occurs. Instead, the high current regime
J=10 kA continues to be characterized by a J? voltage depen-
dence, typical of the normal electromagnetic mode, over the
entire range tested. The centerline exhaust velocity 2.5 cm
downstream of the anode orifice is now measured to be 9.0
km/sec at J=15.3 kA, implying that the exhaust velocity pat-
tern is no longer ablation-dominated. Thus, this combination
of insulator material and mass injection geometry appears to
provide an arcjet configuration whose plasma acceleration
characteristics are independent of insulator ablation per-
turbations. Unless otherwise specified, the 50:50 flow division
configuration- using this boron nitride backplate was used
throughout the experiments described hereafter. ’

Terminal Voltage Fluctuations

Even using refractory insulating materials and an optimum
mass injection geometry, the arcjet still exhibits a limited
range of satisfactory operation. For a given mass flow, there
is- a maximum current J* beyond which the arc voltage
becomes noisy, as illustrated in Fig. 6. For this mass flow of
6 g/sec, J* is approximately 12 kA and the characteristic
frequency of the fluctuation is several hundred kilocycles. For
mass flow rates other than 6 g/sec, the fluctuations are found
to appear at arc currents such that the parameter (J*)2/#, has
the same value.

Malliaris related the onset of such voltage fluctuations to a
limitation on quasi-steady MPD arc operation, through a
J?/m parameter, which in his case took the value of 40 kA 2-
sec/g for argon. In our experiments the onset value is 24 kA 2-

AIAA JOURNAL

153 KA7DIV
vV io0wniv

Vi BOV/DIY

' [ V. BOV/DIV

Fig. 7 ‘Terminal voltage and floating potential signatures:
m="6g/sec (50:50).

25
20} P
-,
-,
-,
’
,
<« P
- ,
= 7 I
= ’
w ’
g I5r— ]:,
’,
o R
e 7’
g 7
8 e
* s
/1
/
10
5 1 L ) ] l ] 1
5 10 i5 20 25 30 35 40

CATHODE SURFACE AREA,cm?2
Fig. 8 Onset of terminal voliage fluctuation: /1 =6 g/sec (50:50).

sec/g. The two accelerators are similar in most details except
for their cathode geometries, and one is thus tempted to look
here to explain the disparity. That the onset of the voltage
fluctuations might be associated with cathode phenomena is
also suggested by spectral filter photographs of the cathode,
which reveal different surface luminosity patterns for arc
currents greater or less than J*. Potential probes located close
to the anode and cathode also indicate that the fluctuations in
the terminal voltage signal arise from the vicinity of the
cathode. Figure 7 compares the oscillogram signatures of the
terminal voltage V with the potential drop between the
cathode and a probe several millimeters off the cathode sur-
face V., and with the potential several millimeters off the
anode lip, measured with respect to the anode ground V,,, for
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an arc current greater than J*. The cathode voltage signal
clearly reproduces the onset time, frequency and amplitude of
the terminal voltage fluctuation. Hence, the onset of erratic
voltage seems related to processes occurring on, or in the
vicinity of the cathode, rather than in the bulk of the plasma
flow.

To investigate further the relation between noisy arcjet
behavior and cathode surface area, the accelerator was
operated with several different cathode geometries for a given
mass flow and injection configuration. The current at which
the arc voltage becomes noisy is presented as a function of
cathode surface area in Fig. 8. J* is seen to scale directly with
the cathode area and to increase beyond the earlier limit of
15.3 kA. Experiments with even longer cathodes (15<L.<
25 cm) confirm that J* continues to increase over that range,
but at a decreasing rate. '” Regardless of the exact functional
form of J*, it now seems clear that the terminal voltage in-
stability effect does not define a unique value of the J?/m
parameter as previously suggested.

The utility of the voltage fluctuation criterion is further
compromised when the effect of mass injection geometry
upon the steadiness of the terminal voltage signature is
examined for fixed arc currents and cathode geometries.
Division of the 6 g/sec injected argon was varied between
100% inner: 0% outer flow and 0% inner: 100% outer flow
for two cathode geometries. A dependence of the onset
current J* upon flow division is found, which is itself depen-
dent upon the relative area of the given cathode as shown in
Fig. 9. For the smaller cathodes, typified by the Cathode 1
data in Fig. 9, J* is insensitive to the manner in which the
argon is distributed throughout the discharge chamber; the
magnitude of J* for all flow division is 12 kA, which is the
value associated with the surface area of Cathode 1. However,
for the larger cathodes, represented by the Cathode 2 data in
Fig. 9, J* exhibits an abrupt dependence upon the flow
division. When less than 50% of the injected argon mass flow
is delivered to the cathode region of the discharge chamber,
the voltage becomes noisy at a J* associated with the surface
area of Cathode 2. The sudden drop to a lower onset current
as less than 50% of the mass flow is injected towards the
anode region suggests that a second process, possibly
associated with anode starvation may be present. The sudden
growth of fluctuating electric fields in the vicinity of the
anode when insufficient charge carriers are supplied to that

region has been observed in other experiments. 22 In the case
of the smaller cathodes, the cathode area effect apparently
masks the onset of this second source of fluctuations.
Whatever the cause of either fluctuation, it now appears that
for sufficiently large cathodes and proper propellant
distribution, nothing in the voltage behavior distinguishes the
J?/m=40 kA’-sec/g operating condition as ‘‘critical”’ or
fundamentally significant.

Quasi-Steady Plasma Acceleration Processes

With the insulator ablation, cathode surface area, and gas
flow geometry properly under control, we may finally turn to
systematic study of the acceleration processes of the MPD
discharge itself, with continued emphasis on limiting con-
ditions, real or imagined. In the series of experiments reported
here, we concentrate on the Malliaris limiting condition,
J?/m=40 for argon. An accelerator with a boron nitride
backplate, equal flow division between inner and outer in-
jection orifices, and a 40-cm? cathode is operated at an arc .
current of 15.3 kA and a mass flow of 6 g/sec. The axial
profile of exhaust velocity along the centerline measured by
the time-of-flight probe technique is presented in Fig. 10.
Velocity measurements within the discharge chamber are
preciuded by the lack of discernible ion density fluctuations
required by the time-of-flight method, but the plasma is ob-
served to leave the discharge chamber at a velocity less than
9.0 km/sec. This exhaust flow then continues to accelerate
downstream for several anode orifice diameters, achieving a
speed of 12.5 km/sec for argon.

To acquire some insight into the process by which the elec-
trical input power is converted into directed motion of the
propellant, maps of the current density and electric field pat-
terns throughout the discharge were obtained. The current
streamline pattern, obtained from magnetic probe data, is
illustrated in Fig. 11, where each streamline is labeled with the
amount of current flowing downstream of that particular con-
tour. A significant fraction of the total arc current is seen to
flow in the region exterior to the discharge chamber; indeed,
nearly 50% of the total arc current billows far downstream in
the exhaust plume before returning and attaching on the outer
surface of the anode barrel. This current density pattern ,is
consistent with the moderate magnetic Reynolds number,
O(1-10), associated with the discharge flow.

For small distances over which the gradients in electron
temperature, flow velocity, and collision frequencies are
negligible, the electric field in the plasma may be evaluated
from the difference in local floating potential measured with
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simple electric probes. The distribution of equipotential con-
tours obtained in this way is shown in Fig. 12.

Figure 13 indicates six principal regions of power
deposition, and lists the total power deposited in each, as

derived from the current and potential profiles. The discharge.

is seen to invest approximately 50% of the total arc power in
the interelectrode plasma flow, while the remaining 50% ap-
pears in the electrode fall regions of the discharge. The bulk
of the power addition to the plasma flow occurs within the
discharge chamber, with very little power addition ensuing in
the downstream exhausty, despite the large portion of arc
current that flows there. This superficial paradox is a con-
sequence of the nearly perpendicular arrangement of the
current and electric field vectors in the exhaust, leading to a
small value of the scalar product j- E. However, the current in
this region of the exhaust does serve a very important function
in channeling the flow, as we shall see.

A closer examination of the local power deposition within
the discharge chamber suggests that the two propellant flows
entering via the inner and outer injection orifices become fully
ionized at different axial locations inside the chamber.
Enough energy is deposited adjacent to the cathode base to
ionize completely the inner mass flow shortly after it enters
the chamber, whereas complete ionization of the outer
propellant flow is not achieved until the vicinity of the anode
orifice. This model agrees qualitatively with discharge
luminosity patterns, a typical one of which is shown in Fig.
14, and with spectroscopic evidence of Al present only in the
outer radial regions of the discharge chamber.?' Because of
the low degree of .ionization and the weak jxB forces
prevailing at large radii within the discharge chamber, in-
jected outer propellant flow is not significantly deflected in-
ward during its passage through the chamber. This condition,
the pattern of power deposition displayed in Fig. 13, and the
luminosity patterns observed within the chamber, all suggest
that the initial mass flow division between inner and outer
propellant streams is essentially maintained as the two flows
are accelerated axially downstream out of the chamber and in-
to the exhaust regions. The plasma acceleration process may
thus be conceptually treated in terms. of two separate inner
and outer propellant flows, schematically iltustrated in Fig.
15. The actual radial demarcation between these flows, used
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for the flow calculations which follow, was taken to be the
edge of the luminosity pattern illustrated in Fig. 14b.

The inner propellant flow is ionized, heated, and ac-
celerated through a sonic surface within the discharge cham-
ber. These processes may be examined in terms of a power
balance wherein the flow power is partitioned between enthal-
pic and kinetic modes. The velocity with which the inner flow
leaves the chamber thus may be expressed in terms of the local
input power Py, reduced by the radiative losses Py, in the
form

= {2[ (Pr—Pg)/m+5/2R(T,—T,)

Vs

- e wman] ™

where the last two terms comprise a quasi-equilibrium ex-
pression for the flow enthalpy in terms of electron and ion
temperatures, argon gas constant, and heat capacity per unit
mass. '3 To evaluate this velocity, use is made of the measured
input power, electron temperatures from electric probe data,
static pressure measurements in the discharge chamber, and
argon ion temperatures extrapolated from Doppler width
data. Given the uncertainties in these numbers, the computed
velocity is found to lie between 8.0 and 10.4 km/sec, which
agrees well with the directly measured value of 9.6+0.4
km/sec.
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After leaving the chamber, the inner flow of the discharge
accelerates in the exhaust plume to a final velocity of 12.5
km/sec. This acceleration occurs over a region several anode
orifice diameters long where a significant fraction of the arc
current passes, as discussed earlier. Flow direction
measurements within this region indicate that the mass
streamlines are parallel to the local current streamlines.
Hence, the electromagnetic body forces associated with the
current pattern act to confine rather than to accelerate the
flow. The lack of any significant radial variation in velocity
justifies a 1-D approximation in describing this nozzle-like
flow expansion process. Assumption of negligible recom-
bination, along with the observed negligible energy addition
during the flow expansion make the integration of the 1-D
mass, momentum, and energy conservation -equations
straightforward. These may then be rearranged to define the

mass streamlines associated with a given axial velocity profile .

K—UO2/2

Ya
_— 7]
] ) ®

r(z) =fo[

where the integration constant K represents the total specific
flow enthalpy exclusive of excitation and ionization energies,
and the subscript 0 implies sonic conditions. Substitution of
the experimental velocity profile (Fig. 10) into Eq. (8) yields
calculated streamlines in excellent agreement with the
measured flow directions as illustrated in Fig. 16. The sen-
sitivity of these results to the shape of the measured velocity
profile and to the assumption of negligible recombination in
the expanding flow may be examined by repeating the
calculations for arbitrarily chosen velocity profiles and for ar-
bitrary amounts of recombination enthalpy introduced into
the flow equations. In all these cases, the calculated
streamlines bear little resemblence to the measured flow pat-
terns. Thus, it appears that axial acceleration in the inner
exhaust plume may be adequately represented by this simple
quasi one-dimensional expansion of the electromagnetically
confined inner plasma flow,

Similar calculations may be repeated for the outer. flow
regions of Fig. 15. The lower levels of power addition yield
chamber exit velocities, a factor of two less than the inner
flow velocity at a similar axial location. The mass streamlines
measured in the outer exhaust plume flow of the accelerator
do not parallel the local current streamlines; the more rapid
radical divergence of the outer exhaust flow indicates only
partial electromagnetic confinement by the smaller magnetic
forces there. The expansion process in this region of the
discharge therefore more closely resembles that of a free ex-
pansion from a sonic orifice.

Specific Impulse of the MPD Discharge Flow

To evaluate the specific impulse associated with this flow
pattern, the thrust must be calculated. Despite the simplifying
assumptions of the Malliaris model,® an MPD arc operated at
these conditions has a significant electrothermal thrust com-
ponent in addition to the electromagnetic component of Eq.
(1). The electrothermal contribution derives from expansion
of the resistively heated discharge plasma, and may be
estimated from the previously measured electron number den-
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Table 1 Performance calculations

Inner Outer Combined
flow flow flow
Electromagnetic
thrust (N) 28.0 - 16.0 44.0
Electrothermal
thrust (N) 9.5 2.7 12.2
Total thrust (N) 37.5 18.7 56.2
T/, mass average
exhaust velocity
(km/sec) 12.5 6.2 9.4
T/mg, specific
impulse (sec) 1280 640 960

sity and electron and ion temperatures.'> When these
calculations are carried through for the J=15.3 kA, =6
g/sec case, the values in Table 1 are found for the thrust com-
ponents, exhaust velocities and specific impulses. '

Comparison of the mass-averaged exhaust velocities with
the velocities at the ahode orifice suggests that approximately
30% of the arcjet’s thrust is recovered during the flow ex-
pansion in the electromagnetically confined exhaust plume of
the discharge. The inner flow region generates thrust with a
specific impulse which considerably exceeds the ‘‘limiting”’ /;
of 890 sec for argon. In contrast, the outer flow produces
thrust with a low specific impulse, and thus degrades the
overall performance of the thruster, even though the overall
specific impulse still somewhat exceeds the minimum flow
power model’s limit of 890 sec.

It is tempting to consider elimination or reduction of the
outer flow region to increase the thruster’s specific impulse
further. We have seen, however, that some portion of the
total propellant flow rate must be invested in the outer flow
regions to maintain a minimum terminal arc voltage for a
given current. Attempts to eliminate the outer flow region by
reducing the anode orifice may simply produce another in-
ner/outer flow structure in the reduced discharge volume to
satisfy current continuity and charge carrier requirements.
Clearly, the function and significance of the outer flow region
in the MPD discharge warrant further attention.

Summary

The experiments reported here seem to countervene, at least
to some degree, previous contentions of basic limitations on
MPD performance. The onset of terminal voltage fluc-
tuations has been shown not to define a unique limiting value
for the J?/m parameter, but appears to be associated
primarily with cathode phenomena rather than with the in-
terelectrode flow processes. Arcs with improved insulators,
clectrodes, and gas injection geometries, have been designed
and operated at a specific impulse somewhat beyond the
“‘critical’”’ value, and the significant processes of thrust
production in such arcs have been identified. The inner por-
tions of these arc flows achieve much higher speeds and con-
version efficiencies than the outer portions, suggesting that
further performance improvement may be realized if the ex-
tent and influence of the outer regions can be reduced.

’
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