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ABSTRACT

Theoretical modeling of PPT behavior in rectangular
and coaxial configurations has led to new insights that
permit optimization of performance for microsatellite
needs. It is found that the total expelled mass is due to
ablation during the discharge and solid decomposition
that persists long after the pulse. This latter mass does
not considerably contribute to the impulse-bit and thus
degrades thruster performance. For the rectangular PPT
geometry, numerical simulations provide the optimizing
combinations of current waveforms and channel widths
that utilize all decomposed mass electromagnetically.
Idealized analytical modeling shows that the mass flow
rate varies linearly with the square of the magnetic field
and that the downstream flow speed becomes
magnetosonic, in the limit of low beta. Comparison with
numerical results confirms these findings and further
reveals that the downstream flow is predominately
doubly i1onized. The mass flow requirement for such
magnetosonic flow in turn, determines the surface
temperature of the solid propellant. In coaxial
arrangements, numerical modeling indicates that in
comparison to rectangular, annular and linear pinch
geometries, only an arrangement that operates an
inverse-pinch discharge offers the convenience of
axisymmetry, and operation at energy levels anticipated
for microsatellite propulsion with propellant
temperatures never exceeding the decomposition limit.

INTRODUCTION

Simplicity, robustness and ability to operate in pulses
at low average power have allowed selection of pulsed
plasma microthrusters (PPTs)! for microsatellite
applications, even though their thrust efficiency have
historically been very poor. The lack of appropriate
theoretical tools during the early investigation of these
devices did not offer the opportunity for interrogating all
pertinent parameters during pulsed operation thus
inhibiting efforts to improve thruster performance.

The PPT, while simple in its embodiment,
incorporates considerable complexity, as suggested by
Fig. 1. An arc discharge heats a solid propellant and
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provides a gradient of magnetic pressure that accelerates
the ablated material. The diffusion of heat from the
discharge into the propellant slab causes decomposition
of material, a portion of which is accelerated
electromagnetically to high speeds (> 10 km/s) while
the remaining decomposed mass travels at much lower
speeds (< 1 km/s) and contributes minimally to the
thrust. By identifying and quantifying such mechanisms,
optimization of thruster performance may be achieved.

MODELING IN RECTANGULAR GEOMETRY

Numerical simulations and optimizing waveforms.
The unsteady, 2V2-dimensional, magnetohydrodynamic
code, MACH2® has been successfully employed to
model PPTs* For example, results from simulating the
LES-6' thruster captured well the experimental
magnitude and trends of the impulse-bit. Further
modeling showed that the computed mass of ablated
propellant (all of which participated in electromagnetic
acceleration in these calculations), is much less than the
experimental value for mass loss per shot (~10 pg ata
stored energy of 1.85 J).

The discrepancy in mass loss may result from two
processes: late-time evaporation (between discharges)
and solid decomposition. The first depends largely
on the base temperature of the propellant slab which, if
elevated, may result in a substantial amount of late mass
loss’. Thermocouple measurements in experiments’ at
40 J/pulse and a repetition rate of 1Hz, indicate a base
temperature of 370K. At this lower temperature value,
evaporation between pulses contributes a negligible
fraction to the total mass loss. The second process
becomes evident upon closer interrogation of the
computed temperature profile within the solid. It is
observed that a significant portion of the propellant has
been heated above the decomposition limit or the so-
called "melting" point of Teflon (Fig. 2), normally taken
as 600K°®. At this value, Teflon begins to soften as it
transforms into a "slurry" of high density vapor and solid
particles (rather than a true homogeneous, liquid state).
In the PPT, the exact conditions and amount of products
released during this phase transition are uncertain. For
example, the depth of solid propellant above 600K
implies an amount that greatly exceeds the
experimentally measured mass loss at the 1.85J level
(see Fig. 3). For consistency of evaluation of the effects
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of propellant heating, we have therefore chosen a value
of decomposition temperature of 673K in order to agree
with the mass loss in the LES-6.

The qualitative profiles depicted in Fig. 4 suggest that
sufficiently long pulse times will assure participation of
all the available decomposed mass in the
electromagnetic acceleration process. Fig. 4 (left)
depicts a situation where a steady-state discharge is
sustained along the constant-area channel. For constant
current, the mass of material required to sustain the
steady-state position of the discharge increases linearly
with time. The heat flux from the plasma diffuses into
the solid to a depth that increases linearly with the
square root of time. The fraction of mass within this
depth that is above the decomposition temperature, has
the opportunity to decompose without the benefit of
electromagnetic acceleration, if the current is terminated
before the curves intersect. The results from the LES-6
simulations indicate that the traditional oscillatory
waveform operates at pulse times that are much shorter
than needed for efficient utilization of all decomposed
mass (see Fig. 3).

Numerical estimates using ideal, constant-current
waveforms indicate that pulse times must exceed a few
hundred microseconds to achieve optimum propellant
utilization”. Conventional circuitry aboard power-
limited microspacecrafts will not permit such pulse
times. Use of inductive energy-storage circuitry® can
provide discharge durations of 10-50 psecs at initial
capacitor energies of 50J or less. With such circuitry, it
is possible to generate a current pulse that is not
constart, and for which the depth of material needed by
the discharge would eventually converge with that
created by the diffusion of heat into the solid (see Fig. 4,
right), resulting in better propellant utilization.

For initial optimization surveys with MACH?2,
inductive-circuit waveforms have been simulated by
typical LC current rises, followed by L/R decays.
Combinations of two current waveforms and two widths
of thruster channel (Fig. 5) provide four different values
of the magnetic field at the surface, B, The optimization

1s displayed in Fig. 6, in terms of a ratio of depths for

the two processes of electromagnetic acceleration and
solid decomposition. This depth ratio indicates the
proportion of total decomposed mass to that used for
electromagnetic acceleration and thus decrease of this
ratio toward unity implies efficient mass utilization.

Idealized Model. In order to isolate the determinant
parameters during mass evolution in a PPT, an idealized
model may be formulated by assuming quasi-steady
flow in a one-dimensional, MHD channel. In the limits
of high magnetic Reynolds number and low beta,
magnetohydrodynamic flow into a field-free vacuum
implies the existence of a magnetosonic condition in the
channel,
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where, u denotes the flow speed and V,, is the local
value of the Alfven wave speed. In equation (1) above,
p is the mass density, B is the magnetic field and starred
quantities refer to magnetosonic values. For a discharge
current J, and rectangular channel width d, the magnetic
field at the propellant surface is,

uJ
B =+%
o d (2)
Upon integration of the conservation equations, from
the surface to the magnetosonic point we obtain,

w=p'u® (3)
B*-B*
wu =2 4
o 4)
EB x2 *
wh_+ °=w(h*+u )+EB (5)
u 2 u

where E, is the electric field (assumed to be constant),
and h, denotes the specific enthalpy.

Substitution of equations (1) and (3) into (4) gives
the proportionality between the magnetic fields at the
surface and magnetosonic locations as,

B
B= (6)

and combined with equations (3) and (5) yields the
magnetosonic flow speed,

"*zl AR
J3-15

If the specific energy needed for ionization dominates
the change in flow enthalpy, Ah, then u” tends to remain
fixed and proportional to the Alfven critical speed,

u, . =V2Ah (8)

At fixed u*, the magnetic pressure difference from the
propellant surface to the location of the magnetosonic
point, (B >-B"?)/2y, defines the mass flow rate per unit
area, w (equation 4). The current and channel width thus
prescribe the mass flow per unit area at the propellant
surface that must be provided by ablation.

Adjacent to the propellant surface, the mass flow rate
per unit area is limited by a choking condition, based on
the usual (thermal) sound speed. For a heated,
calorically perfect flow, with a stagnation pressure

Ah=h*-h, (7)
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proportional to the equilibrium vapor pressure of the
propellant, this condition only depends on the surface
temperature’, T, The surface temperature, in turn, scales
the temperature profile in the solid propellant.

By prescribing ideal current waveforms in MACH?2
(similar to that shown in Fig. 4, left) the principal
elements of the model may be checked. Three test cases
of current amplitude J=4, 5 and 7 kAmps, and a channel
width of d=1cm were attempted. Computed evolution of
pertinent variables showed that indeed steady-state
operation is achieved within three microseconds’, (a few
times the current rise time used here). Fig. 7 verifies that
the magnetosonic condition is attained in all three test
cases near the thruster exit. For further comparisons,
these test simulations are extended to higher J/d values
and results are shown in Fig. 8 and Table 1. Assuming
a singly ionized plasma at the magnetosonic point,
equations (7) and (8) give the magnetosonic speed as
approximately one half the value computed by MACH2.
Conversely, equation (4) predicts the mass flow rate per
unit area to be approximately twice as high the value
determined by MACH2 The discrepancy is due to a
higher degree of ionization at the magnetosonic location
as suggested by Fig. 8 and the last two columns of Table
1. Assuming doubly ionized plasma, the analytical
values are all within 8% of the corresponding values
from MACH2. The value of Ah, as determined by
MACH?2 includes all molecular modes of energy
(including dissociation) and is also used for comparison.
The agreement with the analytical model verifies the
linear dependance of the mass flow on B_” and further
confirms that the gas is approximately doubly ionized at
the magnetosonic location. The magnetosonic speed
predicted by MACH2 and the analytical model (~35
km/sec) correlates well with values of doubly ionized
particle speeds measured in the plume of various PPTs.

MODELING IN COAXIAL GEOMETRY

Close comparison of experimental data and
theoretical modeling of the PPT in its traditional
rectangular configuration is severely hampered by three-
dimensional effects. Optical measurements cannot use
Abel inversion techniques, and theoretical calculations,
even with state-of-the-art computer codes are simply
inadequate. We are therefore prompted to focus on PPTs
in coaxial geometry.

Annular and linear pinch configurations. Two
coaxial PPT configurations are depicted in Figures 9 and
10. Both were simulated by MACH2 using a prescribed
current pulse with a maximum magnetic field of about
10T based on a fast rising, slowly decaying waveform
that peaked at 50 kAmps. Pulse decay time, exposed
propellant area and peak current were varied during
these simulations, in order to quantify their effect on the
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utilization of mass during the acceleration process’.

In the annular configuration of Fig, 9 it is found that
improvements in the mass ratio are possible with
prolonged pulses but in a manner that is inversely
proportional to the square root of the pulse decay time.
For a typical waveform of 30 psec pulse time, with the
amount of decomposed mass still approximately two
orders of magnitude higher than the amount accelerated
(Fig. 11), it is apparent that only millisecond pulses can
eliminate the wasteful release of mass due to propellant
decomposition. Such times are not attainable by power
source requirements typical for microsatellite
applications. In contrast to the rectangular PPT, the
principal difficulty with a coaxial PPT in this simple
annular arrangement is the decrease in magnetic field
with radius over the propellant surface. As the
propellant is utilized efficiently by the optimizing
magnetic field near the center conductor, the propellant
at larger radit 1s not used properly.

In an attempt to eliminate the added complexities of
magnetic field variation with radius, a linear pinch
geometry (Fig. 10) has also been pursued, under
conditions similar to those implemented in the annular
geometry. As illustrated by the typical case in Fig. 11,
the linear pinch configuration offers significant
improvement over its annular counterpart but the
amount of decomposed mass is still almost ten times
higher than the amount accelerated electromagnetically.
The impediment here is the decrease in area available
for current conduction due to a required reduction in
radius for microsatellite applications. The consequence
is a rapid increase of resistive heating within the
discharge chamber that results in elevated propellant
temperatures and increased depths of propellant
available for decomposition. Under such conditions, the
linear pinch is characterized by a low magnetic
Reynolds number, high-beta flow and operates more
like an electrothermal thruster. Similarly to the annular
configuration, increasing pulse decay times and
maximum magnetic field both reduce the mass ratio but
in a manner that is not feasible for microsatellite
applications. An increased propellant length to radius
results in a higher mass ratio due to the elevated
temperatures of the stagnant plasma near the cathode.

Inverse pinch configuration. The restrictions
associated with the two previous configurations lead to the
inverse pinch geometry in Fig. 12. Here, current flow
between the electrodes creates an electromagnetic force on
the plasma that is directed radially outward; the magnetic
field remains uniform along the ablating boundary. The
plasma is unconfined (contrary to the linear pinch) as it
expands freely to a downstream magnetosonic condition,
under the influence of the magnetic pressure gradient. A
radially inward force B%/ur, the so-called magnetic tension,
tends to offset the radial expansion.
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As a consequence, the mass flow per unit area in this
arrangement is found about two orders of magnitude
lower than in the rectangular geometry and the surface
temperature is more than one hundred degrees lower
(Fig. 13). This suggests that contrary to all previous
geometries studied here, only the inverse pinch
configuration offers the convenience of axisymmetry for
better correlating experiment and theory, and the
opportunity for operation at relatively high magnetic
fields with solid-propellant temperatures below the
effective decomposition limit.

In an effort to provide preliminary design guidelines
an assessment of this configuration is attempted using
critically-damped current waveforms. With an outer
propellant radius of 1cm, the typical waveforms of Fig.
14 provide a maximum magnetic field of approximately
0.4T near the ablating boundary. The MACH2
simulations indicate that the surface temperature does
not exceed the effective decomposition temperature for
the shorter pulse ("current waveform-1"), but does so for
the prolonged pulse ("current waveform-2"). Closer
inspection of the temperature profiles in Fig. 14 reveals
that the solid responds with an increase in temperature
during the latter times of the current decay. Fig. 15
shows the variation of the steady-state surface
temperature with magnetic field, as a result of additional
simulations carried out in the same geometry (1cm-
radius). In the range of 0.2 to 0.5T, the depicted increase
in surface temperature with decreasing magnetic field,
suggests that the solid 1s subject to higher net heating
from the adjacent plasma. In this range, as the magnetic
field is reduced, the magnetic pressure decreases relative
to the kinetic pressure and the flow can no longer
convect heat away from the propellant surface at a
sufficiently high rate. Conversely, as the field is raised
to values greater than ~0.5T, the increasing magnetic
pressure demands a higher mass flow rate from the
propellant, subsequently forcing a rise in the surface
temperature despite the modest increase in convective
cooling that is provided by the electromagnetic force.
Finally, for values less than ~0.2T reduction of the field
yields a decrease in propellant temperature because the
plasma itself is only moderately heated by the discharge.

CONCLUSIONS

Optimization of the PPT begins with specification of
the propellant in terms of its Alfven critical speed and
then continues by design of the thruster and propellant
size to match the current waveform. The latter match
demands consideration of the propellant properties, and
may obtain guidance from idealized models but detailed
design, requires computational tools, such as MACH2.
The insights and methods discussed in the present work
expand the opportunities for new PPT systems, in
both rectangular and coaxial arrangements.
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Figure 1. PPT schematic depicting depths for sohd
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Figure 2. Temperature profiles within the sohd propellant,

as calculated by MACH?2.

Figure 3. MACH2 calculation of electromagnetic and
decomposition depths from the LES-6 simulations (a
decomposition temperature of 600 K is assumed).
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Figure 8. Comparison of the analytical model with
MACH?2, steady state sumulations for the mass flow
(per umit area) as a function of the operating
magnetic field (squared), B,%

‘ Analytical model ( Ah =h.-h, = ¢,)
Varable MACH2
Singly ionized | Doubly ionized | Ah (MACH?2)
T, °K) 857 886 865 863
u. (km/s) 36.3 20 349 36.8
B./B. 1.8 1.732 1.732 1.732

Table 1. Comparizon of analytical model with steady-state, MACHZ simulation for B, (= pl/dy = 4T,



I[EPC-99-211 1238

 ANODE
| CATHODE

| PROPELLANT
INSULATOR L
. CATHODE
AN
PROPELLANT
Figure 9. Schematic of the annular PPT configuration used in the Figur 10. Schematic of the linear pinch PPT configuration used
MACH2 simulations. the MACH2 simulations.
60 - 10000
. Mass available for decomposition
Mass Ratio =
~ Accelerated mass
45 1000 .
1 Annular
(7]
[oR
€ 30 100
<
R4
Linear Pinch
15 10
0 i | | 1

| | T
0 5 10 15 20 25 30
microseconds
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Figure 12. Schematic of the inverse pinch
configuration used i the MACH2 simulations.
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Figure 13. Evolution of the propellant surface temperature in
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