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ABSTRACT
Solid propellant MPD thruster behavior was examined fordifferent anode geometries and discharge chamber conductive characteristics.
All thrusters used coaxial electrodes with six radially-mounted propellant bars surrounding the cathode. Measurements included electrical
characteristics, impulse bit (thrust stand), exhaust velocity (TOF Langmuir probe system), and ablated propellant mass per shot. All of the
thrusters exhibited largely the same impulse bit characteristics with respect to PFN initial energy implying that it is mostly independent of
electrical mode and thruster geometry over the range of parameters examined here.

NOMENCLATURE
MPD Magnetoplasmadynamic P Power, W c Cathode
PFN Pulse forming network r Radius | Large
PYC Polyviny! chloride t Time, s m Medium
TOF Time of flight 14 Potential, V o Initial or set value
Symbols w Exhaust velocity, m/s s Small
b Theoretical law coefficient, N/A? VA Impedance, Q S Anode arc attachment region
E Energy, J 7 Efficiency t Thrust
A Impulse bit, Ns T Discharge duration, s T Thruster
i Current, A ¥ o [id,A’s th  Theoretical
K i/m subscripts
m Ablated mass per shot, Kg a Anode

INTRODUCTION

Solid propellant MPD thrusters provide relatively high specific
impulse in a simple, robust design along with a well-defined impulse
bit delivery capability. These thrusters operate with instantaneous
power levels of a few megawatts during pulses (shots) which last
approximately one millisecond. This class of electromagnetic thruster
uses solid propellants such as Teflon® meaning that the propellant
flow rate is not an externally controllable variable. Performance is
determined by engine scale', arc and propellant properties>**, arc-
propellant interaction® and engine geometry’.

The impulse bit in MPD thrusters is widely known to be a function
of the anode radius, r,, and cathode radius, r., through the relation®,

I, =b¥. )
where,
r
b= 1n[7:] +% @
and
T 2
Y - {z dt. 3)

The parameter “b” is the electromagnetic thrust coefficient also
called the Maecker Law’ coefficient.

Extensive testing of solid propellant MPD thrusters with different
configurations, dimensions, feed geometries, propellants, and
operating powers has validated*

I, = const. + ¥ @)
andl-7

m = const x ¥, )
where the constants depend on the thruster geometry and operating
mode.

This paper examines these relationships further for solid-
propellant MPD thrusters with discharge chamber-anode-nozzles of
different materials, shapes and dimensions. We describe and discuss
the results of an experimental activity aimed at investigating the
relationship between the impulse bit (based on a direct
measurements) and the ¥ parameter. The ablative, coaxial MPD
thrusters were operated in pulsed mode while measuring the electrical
characteristics and performance.

EXPERIMENTAL SETUP
The thruster family and facilities used for the experiments
discussed in this paper are summarized in this section. The test
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procedures and measurements are also covered.

MPD Thruster System

The MPD thruster system consists of an MPD accelerator, start-up
circuit, and energy storage and transmission network. A total of seven
thruster discharge chamber-anode-nozzle configurations were tested
during this study.

Fig. 1 - The seven chamber-anode-nozzle tested during this study.

The baseline MPD thruster configuration, denoted MIRA, is
shown in Fig. 2 and is described indetail elsewhere'®!". Briefly, the

Tab. 1 - Scaled MPD thruster key dimensions and parameters.
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MIRA thruster consists of a conductive discharge chamber-anode-
conical nozzle with an area ratio of 5.48 to 1 which co-axially
surrounds the cathode. The discharge chamber-anode-nozzle is
fabricated from an aluminum-silicon-manganese-alloy and has an exit
radius of 55 mm while the 18 mm diameter cathode is made from
copper. Six Teflon® propellant bars pass radially through the wall of
the nozzle and symmetrically surround the cathode tip. A 2 mm-
diameter trigger electrode, which is located co-axially within the
MPD cathode and protrudes approximately 10 mm, is used to initiate
the discharge. The trigger electrode is isolated from the MPD cathode
by a sleeve of Teflon®. The discharge is initiated by a 0 to 20 KV
power supply connected to the tungsten trigger electrode.

Anode
. T V77 Copper
Anodic bar Tungsten
/ ,//// Anticorodal®
_ 888 Cdthode _
L BRRY B Propella
Trigger C@%’ B8l7
electrode Z /
g <N /// 7
Anodic Sl
flange 7
VA

Fig. 2 - Baseline MIRA solid propellant MPD thruster.

The other six thruster configurations are divided into two families
as shown in Fig 1. One group of three, denoted ARES 1-3'°, features
conical nozzles of different lengths and/or area ratios with non-
conducting discharge chambers while the other three, called MIRA-
cyl_s, MIRA-cyl_m, and MIRA-cyl_l, have cylindrical nozzles of
different diameters with conducting discharge chambers.

Table 1 compares the key dimensions of each of the seven
discharge chamber-anode-nozzles while Figs. 3 and 4 illustrate the
assembly details of the ARES-1 and MIRA-cyl thrusters,
respectively!!

The use of a non-conducting discharge chamber in the ARES
series of thrusters should lead to different axial distributions of
current along the anode when comparedto operation with the baseline
MIRA geometry.

Parameter MIRA MIRA MIRA MIRA ARES-1 ARES-2 ARES-3
cyl_s cyl_m cyl_|

Nozzle half angle [deg] 22,5 0 0.0 0 225 9 225
Cathode radius [mm] 9 9 9 9 9 9 9
Anode throat radius [mm] 235 25.0 30.0 35.0 40 235 40
Cathodel/throat area ratio 0.15 0.13 0.09 0.07 0.05 0.15 0.05
Anode outlet radius [mm] 55 25.0 30.0 35 55 55.0 55
Anode length [mm] 81.6 81.6 81.6 81.6 43 81.6 81.6
Nozzle area ratio 5.48 1 1 1 1.89 5.48 1.89
Discharge chamber Cond Cond Cond Cond Insul Insul Insul
Cond = conductive; Insul = insulating
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Fig. 3 - Assembly drawing of ARES-1 thruster.
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Fig. 4 - Assembly drawing of MIRA-cyl-family of thrusters.

All seven thrusters use the side fed configuration with six Teflon®
propellant bars. The bars pass radially through the wall of the
discharge chamber and symmetrically surroundthe cathode tip. Inthe
ARES-series of thrusters, the bars pass through the non-conducting
discharge chamber wall.

The energy storage and transmission network consistsof a pulse
forming network (PFN) with a total capacity of 0.072+ 0.002 F split
into two 15-capacitor branches tied coaxially to the MPD electrodes.
The PFN set voltage was the primary externally controllable variable
during the tests.

Test Facilities

These tests were conducted in a 0.5 m?, polyvinyl chloride (PVC)
vacuum tank with a nominal back pressure of 10-2 Pa. A thrust
balance, described in detail elsewhere'?, was used to measure the
thruster impulse bit and evaluate engine performance. All of the
instrumentation was housed in a full Faraday cage and data
acquisition was computer-controlled.

Test Procedures and Measurements

Experimental measurements included the instantaneouselectrical
characteristics (anode-to-cathode potential difference V(?) and
discharge current intensity i(?)), thrust and impulse bit (/,, thrust
stand), ion velocity in the exhaust jet (TOF Langmuir probe
system)'®, and ablated propellant mass per shot for each thruster
configuration. The same number of thruster shots was used to collect
data for each measurement. The pulse forming network provided
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input energies, E,, from 1333 J to 300017 in increments of 333 J. The
PFN output energy was defined by setting the PFN potential, 7,
according to
1 2
E, = 3 cvy. ©)

The electrode potential was measured directly using an
oscilloscope while current was measured using a Rogowsky probe.
A value averaged over 30 measurements was used as the standard
value for each electrical parameter. The energy per shot, £;, was

computed using the measured electrical parameters,

E, = }i(t)- V() dt. %)
0

The ablated propellant mass was obtained by weighing the
propellant bars before and after each series of shots using an
electronic balance with an accuracy of 1 mg. The error in this
measurement has been estimated to be a maximum of +5 mg because
of propellant handling and trigger insulator material ablation. The
number of shots in each series was chosen so that the ablated mass
exceeded 75 mg.

Finally, the ion velocity in the exhaust was measured based on an
average value from 30 TOF measurements of thruster shots at the
same conditions. Velocities were obtained from cross correlation of
the signals from two double Langmuir probes located downstream of
the thruster.

Errors/uncertainties were calculated using error propagation theory
based on the standard deviation of the individual measurements.

EXPERIMENTAL RESULTS
In general, it was difficult to operate the ARES-1 and ARES-3
thrusters with their large throat diameters and non-conducting
discharge chambers. Moreover, a visual exam of the anode after
several shots showed that the discharge in the ARES-1 (short anode)
attached to the outer edge of the anode. The discharge attached in the
conical part of the nozzle in the ARES-2 (similar to MIRA).

Current parameter

To thoroughly analyze the behavior of the thrusters, we have to
examine how the characteristic parameters vary with thruster energy,
E;, and the current parameter, ¥. Both of these parameters typically
show linear increases as a function of input energy, E,. When cross-
plotting the thruster energy and current parameter, as shown in Fig.
5, we first see that the behavior is strictly linear. The ARES-family
and MIRA exhibit similar behavior (similar slopes) while the
behavior of the MIRA-cyl-family shows similar slopes between
themselves but steeper slopes compared to the other four thrusters.
Furthermore, at constant energy, the cylindrical thrusters exhibit the
highest current parameter. In addition, when looking at constant
energy trends among the thrusters with similar anode shapes, the
current parameter is maximized for those with the smallest diameter.

The thruster energy, Er, accounts for all thruster losses while ¥
provides an indication of thruster behavior without electrical losses
(Joule heating, electrode losses, etc.). In general, thruster behavior is
similar as functions of both E; and '¥'. Therefore, in the subsequent
discussions, we will present the results as a function of Er unless the
use of ¥ enables additional insights.
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Fig. 5 - Current parameter, ¥, as a function of thruster energy, Er,
shows a linear relationship.

Impedance

The impedance of the thruster exhibits similar behavior as
functions of E; and ¥, showing a parabolic decrease while tending
towards a limiting constant value (see Fig. 6). For constant Erand %,
the impedance characteristics obey the following inequality:

(Z)Mim > (Z)Are.r > (Z)Mim_zyl .

Within the ARES family, the ARES-2 exhibits the lowest impedance
while the impedance values decrease with increasing radius in the
MIRA-cyl family. At constant discharge current, the scatter between
the impedance values among all thrusters tested is smaller then at
constant input energy.

301 h? —« Ares_1|-#- Mira
~0- Ares_2|-o- Cyl_s
oal -+- Ares_3|-o- Cyl.m
' -~ Cyl |
<)
E 1} .
N@ -;‘;ﬂ....r__i_‘
+EH
12} '
gOO 600 900 1200 1500 1800
Er ]

Fig. 6 - Thruster system impedance, Z, versus thruster energy, Er,
shows the tendency towards a lower limiting constant value with
increasing energy.

Ablated mass

The data show the ablated propellant mass per shot increases
linearly with increasing thruster energy, Er, and current parameter, ¥
(see Figs. 7 and 8). More specifically, at constantenergy, the ARES-1
and ARES-3 showed ablated mass per shot values slightly higher than
ARES-2. In addition, MIRA showed the lowest overall ablated mass
per shot values at constant energy while ablated mass per shot
increased as radius decreased in the cylindrical MIRA thrusters. The
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behavior of the thruster families was similar at constant ¥.

In comparing the ablated mass per shot behavior of thruster
families, we can see overlap in characteristics as a function of
thruster energy, Er, with significantly lower values for the baseline
MIRA thruster. However, at constant ‘¥, the ARES family exhibits
significantly higher ablated mass per shot behavior (in particular for
ARES-1) than the MIRA and MIRA-cyl family which show very
similar behavior.
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Fig. 7 - The linear behavior of the ablated mass per shot, m, as a
function of thruster energy, Er.
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Fig. 8 - The linear behavior of ablated mass per shot, m, as a function
of current parameter, ¥

K parameter
The parameter K is a characteristic functional index for MPD
thrusters and is given by:

K = —. ®)

K provides an indication of the amount of ionization in the discharge.
The higher the K parameter, the higher the ionization fraction up to
the maximum possible ionization fraction dictated by the on-set
condition. In the range of voltage over which the thruster exhibits its
best behavior, K, in general, is constant while exhibiting small
irregularities'”. In these tests, this behavior was seenonly in ARES-2,
MIRA-cyl_I and MIRA operation. In contrast, MIRA-cyl_s, MIRA-
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cyl_m, ARES-3 and, most significantly, ARES-1 exhibited large
irregularities with significant scatter to lower values of K.

100 - |

= 90 )ﬁ% ....... »}; ..... %%_

2 sof

3

< H

B ¥ ~+- Ares_3

= 50t ~%- Mira

X : -o- Cyl_s
401 5 - [»< Ares_1]-o~ CylLm
30 i . |-o- Ares 2| Cyl |
300 600 900 1200 1500 1800

E, 1]

Fig. 9 - - The K parameter is largely constant as a function of thruster
energy, Er.

In order to allow analyzes of MPD thruster performance, we have
consideredonly the functional regime where the K parameter behaves
as expected (Fig. 9).

The K parameter, at constant energy, is the highest for the MIRA
thruster and goes as:

Bygira™ Ky 7Ky =Ky

while, among the ARES family we have:
(K)Are:_2> (K)Ares__l z (K)Are:_S :

Velocity

The axial ion velocity, as is normal in this type of MPD thruster',
shows significant scatter in the data with a general trend towards
decreasing velocity as both E-and ¥increase (for example, see Fig.
10). This decreasing tendency is most evident in the MPD thrusters
with long divergent anodes (MIRA and ARES-2). As cylindrical
anode radius increases, this tendency is also seen to increase.
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impulse bit characteristics of the ARES family of thrusters obey:
(Ib)Aml > (Ib)Are.\'1 2 (Ib)Am2 )

The impulse bit increases with decreasing radius in the MIRA-cyl
family while the baseline MIRA thruster exhibits the smallest
impulse bit at constant thruster energy. A comparison of the thruster
families at constant thruster energy shows:

Erre o™ Gares™ Trara

At constant current parameter, %, the following inequality holds:
(Ib)Arc.cl 2 (Ilv)Are.f3 2 ('[b)Arzs2 = (Ib)Mira 2 (Ib)th - :
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Fig. 11 - Linear behavior ofimpulse bit, ,, as a function of thruster
energy Er.

Thrust Efficiency
The thrust efficiency is given by
2
5
= i 9
" TmE ©)

and appears to be almost constant, though the data is widely scattered
(Fig. 12) as seen in previous studies* ARES-1 and to some extent,
ARES-3, exhibited the lowest efficiencies in general.
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Fig. 10 - Ion exhaust velocity shows substantial data scatter and a
tendency to decrease with increasing ¥.

Impulse Bit
Impulse bit increases linearly as a function of thruster energy and
the current parameter as shown in Fig. 11. At constant energy, the
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Fig. 12 - Thrust efficiency significant data scatter as a function of

thruster energy.
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This result is consistent with the K parameter results. The thrust
efficiency is lower in thrusters with smaller K parameters. In fact, this
points out that all MPD thrusters studied here, with the exception of
ARES-1 and ARES-3 operate in conditions near on-set.

DISCUSSION
Previous studies with segmented anodes (both cylindrical and
divergent)>*¢ have shown:

— The anode arc attachment region in cylindrical anodes is upstream
of the typical attachment region indivergent anodes (Fig. 13) so
that the divergence of the cathode attachment region is smaller for
MPD thrusters with divergent anodes; moreover, in general, the
attachment region moves further downstream the larger the anode
radius; it is due to lower electric field.

g Divergent
anode

la disch

—— Cylindrical
] anode

Swox

Fig. 13 - Drawing showing anode arc attachment parameters.

— Furthermore, the attachment region tends to move upstream
during the discharge and as shot energy increases.

The upstream movement of the arc attachment region in divergent

anodes results in a shortening of arc radius (r,;.)and results in an

increase in current.

A statistical examination of previous test results shows:

— The MIRA thruster, at a fixed energy, operates in one of two
electrical modes (low mode and high-mode), in a random fashion,
characterized by 2 diverse values of ¥''. As the absolute energy
level was increased, the probability of high-mode operation was
found to increase. No significant differences were noted in
impulse bit.

— The ARES-2 thruster did not show two clearly defined electrical
modes at any PFN initial energies''. Instead, the distribution of
operating energy with respect to ¥ was characterized by a
significant dispersion which grew with increasing initial energy.
No significant differences were noted in impulse bit.

These observations support the argument that in thrusters with
divergent anode-nozzles, the anode discharge attachment region,
Sy is located in different positions depending on the electrical
mode of operation.

Electrical Parameters

Considering the presentation of the impedance results given
earlier, we can say that the current parameter, %, is larger in the
thrusters with shorter arc radii, .. This is consistent with the fact
that, for constant thruster energy, the current is higher for shorter arc
length. Moreover the conductivity is higher in the thrusters with
shorter anodes, i.e. when the anodic arc is more concentrated.
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Ablated Mass

The diverse values of ablated mass per shot seen in these tests can
generally be explained by considering that ablation occurs on the
surface area of the propellant bar exposed to the arc discharge only at
a current density higher then some threshold value. The local current
density increases with an increased electric field. The local electric
field can increase with increasing discharge energy and
cathode/throat area ratio, and decrease with increased thruster length.
At equal anode radius, the surface area of the propellant bar exposed
to the arc discharge increases as the cathode arc attachment
divergence becomes higher.

The characteristic curves for ablated mass per shot as a function
of thruster energy go to zero at a minimum, non-zeroshotenergy, Ep,
which can be expressed as:

m =k, (E-Ep) (10)

where k,,; and Ep, are constants that depend on thruster geometry. The
characteristic curves of ablated mass per shot, as a function of current
parameter, do pass through zero and can be expressed as:

m=k ¥ an

Jet Velocity
The jet velocity increases in the cylindrical anode MPDs as anode
diameter increases and as the K parameter increases.

Impulse Bit

The impulse bit (Fig. 11), at the same discharge current, is
consistent with the experimentally-determined position of the anode
arc attachment region and theoretical impulse bit in two ways. First,
among the divergent anode thrusters, the two with the same anode
geometry (MIRA and ARES-2) perform identically while the thruster
with the largest throat and shortest length shows the highest
performance. Second, among the cylindrical thrusters, the impulse bit
increases as anode radius increases.

However, there is also an inconsistency between the test results
and theoretical impulse bit. The impulse bit of the cylindrical anode
thrusters is smaller than the impulse bit of the divergent anode
thrusters at similar operating conditions.

The general trend of the impulse bit as a function of ¥ passes
through zero for negative values of Y. Therefore, the expression for
impulse bit can be written

1, =b(¥+%,) (12)

for these thrusters, where %, is a constant which depends on the
thruster geometry.
An exact determination of the theoretical impulse bit given by
L=b¥ 13)

requires a detailed calculation of the electro-magnetic thrust
coefficient, b. This requires knowledge of discharge anode radius, or
rather 7., of the anode in the section defined by Sy, Where the arc
attaches in the anode (see Fig. 13). The exact value of this radius can
not be determined explicitly for divergent anode MPD thrusters. A
deterministic comparison can be made between theoretical and
experimental results only if thrusters with cylindrical anodes are used
where the discharge radius can be unequivocally determined.
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The experimentally-measured values of impulse bit are
proportioned as expected from theoretical considerations but are
always lower than predicted (see Fig. 14). In addition the results show
that the difference between the measured and theoretical values
increases linearly with current assuming equal values of ¥ and
discharge radius.

301
257
W o0t
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015/
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38000 50000 70000 110000 130000
Y [A?s]

Fig. 14 - Comparison of experimental and theoretical impulse bit
characteristics showing experimental values are lower than
theoretical predictions.

We can also compare the measured impulse bit (thrust stand), the
theoretical impulse bit, and the indirectly-measured impulse bit
obtained through use of the jet (ion) exhaust velocity using

Ib =mw. (14)

The measured velocity represents only the axial component of the
charged exhaust species. The effective jet velocity is smaller than the
measured value due to effects such as the boundary layer, non-
charged exhaust species moving at only thermal speeds, local
magnetic field, and most importantly, the radial velocity components.
As aresult, the indirectly-measured impulse bit always yields higher
values than both theoretical predictions and measured values.

The theoretical thrust is calculated by taking into accountonly the
forces inside the space occupied by the discharge leading to a
perfectly axial exhaust velocity (w,)®. Actually the arc geometry leads
to a radial component of the velocity; that is larger in the divergent
anodes-nozzle. Moreover downstream of the anode-nozzle, the
magnetic field generated by the arc current has only an azimuthal
component due to the radial component of the discharge.
Measurements of the effective magnetic field in the MIRA thruster
have shown that the magnitude of the azimuthal magnetic field
component is near its peak value as far as 6 cm downstream of the
anode-nozzle exit. Therefore, there is a radial Lorentz force given by

Fp, = ~aw,Byf, (15)

which acts to focus the plasma. Also the radial velocity component
of the plasma interacts with the azimuthal magnetic field component
and induces an axial Lorentz force to be written

Fp, = aw Byt 6)

which acts to accelerate or to decelerate the plasma exhaust
depending on the direction (outwards or inwards) of the radial
velocity. This can be used to explain the differences in operation
between the divergent-anode and cylindrical-anode thrusters. In
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divergent anode thrusters, the outwards component is bigger giving
an appreciable contribution to the thrust and impulse bit.

Propulsive System

When considering the overall experimental results, the whole
MPD thruster test setup (propulsive system) must be considered; the
PFN, the transmission line and the thruster. Figure 15 shows the
thruster energy, E;, as a function of PFN initial energy, E,. These
curves mean that the arc energy runs between 35% and 55% of the
initizl energy due to losses in the system anddischarge mechanism.

The thruster energy is higherin the divergent anode thrusters for
fixed E, than in the cylindrical thrusters. MIRA exhibited higher
thruster energies than ARES-2. In the cylindrical anode thrusters,
thruster energy increased with decreasing thruster radius at fixed
initial energy (Fig. 15).

18005 Ares 1]
-0 Ares 2 e
1500 |-+- Ares_3 A e
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— 12001
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Lul— 900+
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30300 1500 2200 2900 3600
E, V]

Fig. 15 - Linear character of thruster energy, Er, as a function of PFN
initial energy, E,. '

The ¥Pparameter is very similar for the cylindrical anode thrusters
while decreasing slightly for increasing radius (Fig.16). The MIRA
and ARES-2 thrusters exhibit the same behavior but with lower
values of current parameter compared to the cylindrical thrusters. The
ARES-1 and ARES-3 thrusters also exhibit similar behavior but have
the lowest values of current parameter.
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Fig. 16 - Current parameter versus initial PFN energy

All of the thrusters exhibit largely the same impulse bit
characteristics with respect to initial energy (Fig. 17) with the
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exception of Ares-3. Therefore, for a given E,, each of the thrusters
provides effectively the same thrust performance. This means that
thrust performance is largely independent of electrical mode and
thruster geometry over the range of parameters examined here.
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Fig. 17 - Impulse bit as a function of initial PFN energy shows that
all thrusters tested produce largely the same thrust performance.

SUMMARY AND CONCLUSIONS

Solid propellant MPD thruster behavior was examined for
different anode geometries and discharge chamber conductive
characteristics. A total of 7 different discharge chamber-anode-nozzle
sets were tested and all used coaxial electrodes with six radially-
mounted propellant bars surrounding the cathode. Measurements
included electrical characteristics, impulse bit (thrust stand), exhaust
velocity (TOF Langmuir probe system), and ablated propellant mass
per shot.

The focus of the test program was to evaluate thruster
performance as functions of E; and ¥. The linearly dependent
behaviorof E;and ¥was confirmed. Larger cathode arc attachment
areas lead to higherablated mass per shot values since larger portions
of the propellant bars were exposed to the discharge. All of the
thrusters exhibited largely the same impulse bit characteristics with
respect to PFN initial energy implying that it ismostly independent
ofelectrical mode and thruster geometry over the range of parameters
examined here.
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