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ABSTRACT

Performance characteristics of the LES-6 pulsed plasma thruster over
a range of input conditions were investigated by means of a torsion pendulum
system., Parameters of particular interest included the impulse bit and time
average thrust (and their repeatability), specific impulse, mass ablated per
discharge, specific thrust, energy per unit area, efficiency, and variation of
performance with ignition command rate. Intermittency of the thruster as
affected by input energy and igniter resistance were also investigated. Com-
parative experimental data from the Massachusetts Institute of Technology
and from the National Aeronautics and Space Administration's Goddard Space

Flight Center have shown good correlation with the data presented.

The results of these tests indicate that the LES-6 thruster, with some
identifiable design improvements, represents an attractive reaction control
thruster for attitude control applications on long-life spacecraft requiring
small metered impulse bits for precise pointing control of science instru-

ments.
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I, INTRODUCTION

Under the auspices of the Aero Propulsion Laboratory of the United
States Air Force, research work was performed by the Republic Aviation
Division of the Fairchild Hiller Corporation from 1967 to 1968 and directed
toward the improvement of pulsed plasma technology. This work resulted in
the design and development of a valveless solid propellant pulsed plasma
microthruster having a high level of reliability and a passive failure mode
(Ref. 1). The microthruster was subsequently used successfully in 1968 on
the LES-6 station keeping satellite of the Massachusetts Institute of Tech-
nology (MIT) Lincoln Laboratory. Pulsed plasma microthrusters aimed at
potential attitude control applications on long-duration missions have been
under development intermittently at the Jet Propulsion Laboratory (JPL)
since about 1965. Some of the most challenging aspects of microthruster
technology involve the development of techniques for measuring the
extremely low thrust levels produced by low-energy pulsed plasma thrusters,
The major portion of the JPL effort in the fiscal year 1972 was devoted to the
design and development of the test techniques and hardware. The task in
fiscal year 1973 consisted of data collection, performance and data analysis,

and the comparison of data with those obtained by MIT and the Goddard Space
Flight Center (GSFC).

The objectives of this part of the program were:

(1) Development of a torsion pendulum system, the necessary test
equipment, and test techniques for evaluating thrusters with .

thrust levels in the micronewton (micropound) ranges.

(2) Initiation of a test program for evaluating specific performance
parameters (specific impulse, efficiency, impulse bit, time

. average thrust, and specific thrust) of the LES-6 thruster.
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(3) Analysis and study of available test data and relationships
between the input and the output parameters of a LES-6 thruster.
Assessment and applicability of the LES-6 thrusters as the

thrust actuators within an attitude control system of a spacecraft.
II, THE LES-6 THRUSTER AND ITS OPERATION

A LES-6 thruster is schematized in Fig. l; it consists of a solid virgin
Teflon fuel bar which is fed continuously between two electrodes by means of
a Negator spring. A spark plug is located at the edge of the propellant rod.
The electrodes are connected to the main discharge capacitor and the spark
plug is connected to the initiating capacitor., The main discharge capacitor’
is charged to its’'operating voltage prior to an ignition, Upon receiving an
ignition command signal from an external source, the initiating capacitor
discharges between the cathode and the spark plug. This micro-discharge
from a small initiating capacitor closes an electric circuit which allows the
main discharge capacitor to discharge without requiring an additional switch-
ing system. The main discharge depolymerizes and removes material from
the exposed surface of the Teflon propellant rod and produces thrust by
discharging it electromagnetically and gasdynamically through the thruster

nozzle.

A LES-6 thruster assembly consists of two thrusters and one main
discharge capacitor, Each thruster has a separate ignition capacitor and
ignition circuit. The LES-6 thruster is designed to operate in either a

single- or dual-thruster mode.

Due to the low thrust level characteristics of the LES-6-type solid
propellant pulsed plasma thruster, an extremely sensitive torsion pendulum
system was required for the evaluation. A torsion pendulum thrust stand,
originally developed by General Electric for evaluation of a waxy propellant
pulsed plasma thruster, was modified for the investigation (Ref. 2). The
torsion pendulum assembly itself consisted of three major elements: a

torsion wire, a pendulum platform, and the supporting structure.

The torsion wire is clamped at one end to the supporting structure and
at the other end to the platform. The torsion wire is used both as the tor-

sional responding element and as a lead to the input voltage network on the
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pPlatform., The thruster is mounted at one end of the platform so that the
thrust vector is normal to the radial axis of the platform. A shadow plate
mechanism parallel to the thrust vector is part of the platform. The platform
is balanced by the counter weight of the thruster positioned on the platform

and 180 deg away from the thruster itself,

The supporting structure is equipped with threaded adjustable legs, a
rotating adjustable clamp at the top, and an angular readout protractor posi-
tioned at the same elevation as the shadow plate. Photographs of the torsion

pendulum system are shown in Figs. 2 and 3,

A functional block diagram of the torsion pendulum system is shown in
Fig, 4. The voltage dividing network is designed to receive high-voltage
input via the torsion wire, charging both the main discharge capacitor and
the ignition capacitor of the thruster. Upon receiving an ignition command
signal from the trigger generating network via the optical coupler, the
thruster discharges, producing thrust proportional to the rate of the ignition
command signal and the energy stored in the main discharge capacitor. The
pendulum system responds to the generated thrust impulse by its angular
displacement. The shadow bar mechanism of the pendulum, along with an
optical coupling subsystem, allows the system to measure this angular dis-

placement and record it both on an X-Y plotter and on a digital voltmeter,

Since the pendulum system is critically damped, the output thrust
causes the pendulum to be displaced to some maximum displacement angle
‘and to sustain this angle irrespective of the total number of input pulses.
Figure 5 represents a typical time average thrust response of the torsional
pendulum system to the output thrust of the LES-6 thruster. The thrust value
is calculated from Eqs. (1) and (2): ‘

AQ = EO/C (1)

AGK

R in micronewtons (micropounds) | (2)

F =
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where
26 = displacement angle in degrees
= spring constant in pN-m/deg (plb-ft/deg)

R = arm radius, m (ft), at which the thruster is mounted from the

torsion wire

C = scale factor of the photosensing subsystem in mv/deg
Eo = output voltage from photosensing subsystem in mv.
F = the thrust value in micronewtons (micropounds)

The accumulative input pulses of each run, photosensor output voltage,
ignition command rate, and vacuum level of the system are continuously
recorded as reference parameters. Subsystem circuit diagrams are shown

in Appendix A (Figs. A-1 through A-4).
III. CALIBRATION AND SUBSYSTEMS EVALUATIONS

The following subsystem tests and calibrations were made before the

torsional pendulum system was assembled.

The torsional pendulum torsion wire waé selected on the basis of exper-
iments performed with various gages and types of torsior_i wires. Strain data
indicated that 0.41-mm (16-mil) stainless steel music wire was capable of
adequately supporting the platform equipment (3.63 kg = 8 1b) and responding
to the low thrust level of the thruster, Strain data for this selected torsion
wire is shown in Table A-1 of Appendix A. The torsion wire was preloaded
with a 9. 07-kg (20-1b) load prior to its application and its calibration. A
standard inertia disk was used to obtain the spring constant of the torsion
wire at a vacuum level of 133.3 X 107> N/m? (1 X 107°
standard inertia disk are shown in Fig, A-4 of Appendix A.) The spring

torr). (Views of the

constant was calculated from Eq. (3):

L .
K=0.93 iz X 10 (3)
T

JPL Technical Memorandum 33-630




where

=
I

moment of inertia of the standard inertia disk in kg-mz (slug-ftz)

T = period of oscillation for a complete cycle of the pendulum in

seconds

K = torsion wire spring constant in pN-m/deg (plb-ft/deg)

The period of oscillation of the pendulum system with the standard
inertia disk was measured with the torsion pendulum assembly under
133,3 X 10° N/mz (1 X 107> torr) of vacuum. The results of the experi~
ment (see Table A-2 of Appendix A) show that the average period of oscilla-
tion over 10 cycles for vacuum condition was calculated to be 43,26 s. The
values of both T and IC (see Appendix B) were substituted into Eq. (3), and
the spring constant of the wire was calculated to be 8,05 pN-m/deg (5.915-

plb-ft/deg).

Sensors were added to the system so that the temperature rises of both
the torsion wire and the voltage-dividing network could be measured. It was

determined that these temperature rises were negligible.

An optical dividing head was used to calibrate the readout photosensor
at ambient illumination. The result of theA above experiment is shown in
Table A-3 of Appendix A, Since the photosensor is used under the bell jar of
the vacuum system, it was then recalibrated under the bell jar as serhbly‘, and
a scale factor of 0. 00635 millivolts per arc minute of the pendulum's displace-
ment angle over a 3-deg range was obtained, Table A-4 of Appendix A is the

result of this calibration.

A number of mechanical and electrical problems, which required

correction, were experienced with the pendulum system, as discussed below.

A major problem was the pendulum's vibrational motions, which were
found to be attributable to several sources, the chief one being the vacuum
system's mechanical pump. The pump was removed and isolated from the

pendulum system, and thus its effect was eliminated.

Another vibrational motion resulted from the vertical noncoincidence of
the thrust axis and the pendulum's center of gravity, To correct this problem,
the thruster counter's balance weight was aligned with the center line of the

| thruster nozzle, eliminating the vibrational motion of the platform which

occurred during thrust impulse.
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Electrical arcing was observed at several locations on the pendulum
platform assembly and at the high-voltage feedthrough into the vacuum sys-
tem bell jar. To eliminate the high-voltage arcing problem at the feed-
through connector, the Bendix connector was replaced with a pair of ceramic
high-voltage feedthroughs with greater separation than the Bendix connector,
The voltage-~dividing network was reassembled in double-deck configuration
and installed along with a shield on top of the thruster. This modification
removed and shielded the voltage-dividing network power resistors from the
thrust path and eliminated arcing from this area. The arcing at the thruster's

input connectors was eliminated by installing side cover plates on the thruster,

To restrain the continuous oscillatory motion of the pendulum system,
a critical damping mechanism was added. Based on the results of experi-
ments with various damping fluids, Dow Corning DC-200 fluid, having a
viscosity of 1 X 10~ mz/s (1000 cs), was selected. The desired critical
damping was achieved by immersing an approximate area of 0,968 cm2

(0.15 in.2) of the pendulum paddle into the fluid.

Iv, TEST CONFIGURATION AND TEST PROCEDURE

The torsion penduium system, along with its supporting structure, was
assembled into the Veeco 775 vacuum system. The vacuum system's rough-
ing pump is rated at 42,5 crn3 /min (15 ft3/min) while its diffusion pump is
rated at 2000 cm3/s (70,7 ft3/s). The base diameter of the bell jar is 55, 72
cm (18 in. ) and its height is 76.2 cm (30.0 in.). The thruster is mounted on
the platform so that the clearance between the nozzle of the thruster and the
bell jar is approximately 6,35 cm (2.5 in.). Through various experiments,
it was determined that the vacuum system would require approximately 2 h
stabilization prior to any thrust measurement. Based on the above finding,
a minimum 2-h stabilization period was allowed between two consecutive
thrust measurements. All the subsystems and the components were tested

individually, and the entire system was checked out for proper operation.

Among several parameters of interest, the input voltage of the main
discharge capacitor was displayed on an oscilloscope at various voltages and
pulse rates. The voltage-dividing network had a time-constant which
allowed the main discharge capacitor to charge to approximately the

applied voltage for pulse rates up to 3 pulses/s.
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During thrust measurements, the vacuum level was kept at 600.4 X 107
N/rn2 (4.5 X '10-6 torr) and the experiments were conducted at ambient

temperature,

A, Thrust Measurement and Available Data

The time average thrust measurement was initiated at various voltages
and ignition command rates. Thrust data were averaged over 12 min con-
tinuous pulsing of the thruster. At a fixed ignition command rate, the main
discharge voltage was varied at 50-V dc steps, and the time average thrust
values were measured and recorded as in Table 1, During these experiments
the igniter resistance and the area of the Teflon bar were not measured
(except at 1 pulse/s). During the experiments, it was observed that the
thruster misfired at 600 V dc of the main discharge voltage and it was

nonoperative at 550 V dc.

B. Input Energy of the Main Discharge Capacitor and Impulse Bit

From the available test data, the corresponding average impulse bit
of each energy level was computed and plotted as in Fig, 6., As can be seen
from Fig. 6, the impulse bit is linearly dependent on the input energy. It
can also be noted that the thruster requires a minimum of 0. 25 joules of
input energy to start firing, The 0.25-joule interception point has been veri-
fied experimentally by noting that the thruster fails to operate below 550 V dc
(E = CVZ/Z). The impulse bit and the energy relationship of the LES-6
thruster are expressed in Eq. (4):

I = 15,58 E - 2,20 uN-s | (4)

where Ib is the impulse bit in pN-s (ulb-s), E is the input energy in joules,
and the numerical constants are dependent on the frontal area of the bar and
the igniter resistance and include a unit conversion factor. The impﬁlse bit
repeatability at a constant input energy, constant frontal area of the Teflon
bar, and constant igniter resistance is discussed in Section V. The 0,25-
joule energy point is the interception of the energy axis by the extension of

the impulse bit curve.

~
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C. Input Energy of the Main Discharge Capacitor and the
Time Average Thrust

From the available test data taken at various pulse rates and various
input voltages, the time average thrust was calculated and plotted against
the input energy of the main discharge capacitor (Fig. 7). It can be noted
from this figure that the time average thrust is directly proportional to the
pulse rate, the square of the input voltage, and the frontal area of the

teflon bar:

F=5171 X 10-6 X f XS X V2 - 0,428 (micronewtons) (5)
In Eq. (5), V is the applied voltage of the main discharge capacitor in V dc,
f is the frequency or the pulse rate in pulses/s, S is the frontal area of the
Teflon bar in square centimeters (square inches) and F is the output thrust
in micronewtons (micropounds). The numerical constants of Eq. (5) are
related to the value of the igniter resistance and include the conversion
factors. From both Eq. (5) and Fig. 7, it is obvious that with a given con-
stant frontal area of the Teflon bar and constant input voltage, the time
average thrust will be directly proportional to the ignition command rate.
Also, for a constant pulse rate and frontal area, the time average thrust will
be directly proportional to the square of the applied voltage or the input
energy of the main discharge capacitor. Furthermore, with the known pulse
rate, applied voltage, and output thrust, the.approximate frontal area of the
Teflon bar can be calculated from Eq. (5). Hence at any desired pulse rate
(0.5 to 3.0 pulse/s), operative voltage (600 - 1550 V dc) and known area of
the Teflon bar, the time average thrust can be calculated by Eq. (5) or
estimated from Fig. 7. Figure 7 illustrates that all the time average thrust
curves hafre different positive slopes. The variation in slopes of the time
average éurves are inherent in the general characteristics of the LES-6
thruster. Thus Figs, 6 and 7, along with Eq. (5), have outlined some basic
and general characteristics of the LES-6 thruster., These data are further
substantiated by specific data in Sections IV and V, used for determination

of the optimal conditions and method of oper-a.ting the LES-6 thruster.

D. Time Average Thrust vs Ignition Command Rate

From the master data table, the time average thrust vs ignition com-
mand rates were plotted as in Fig. 8. The curves in Fig. 8 represent the

straight lines through the corresponding data points. Since the master data
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table was obtained at a fixed pulse rate and variable input voltages, some of
the data points are noncoincidental with their curves, These deviations, for
the most part, .r.esult‘ed from the continuous incremental changes of the
frontal area of the Teflon bar at various pulse rates.. The foregoing statement
is further substantiated by Eq. (5), where the output time average thrust is
directly proportional to the frontal area of the Teflon bar. Within the first
300, 000 accumulative input pulses, the maximum variation of the frontal
area of the Teﬂoﬁ bar and, ,correspAondingly, the outpuf thrust from Eq. (5)
are estimated to be 124% of their maximum value. The maximum deviation
between a data point and its curve of Fig. 8 is 11%, which itself is well
within the estimated limit. In thé. analysis above, the input voltage and the

pulse rate were assumed to be kept‘constant.

The foregoing discussion is further substantiated in Fig, 9, where the
output thrust was measured with a known frontal a.réa of the Teflon bar,
known igniter resistance, and constant input voltage. The maximum devia-
tion between the curve of Fig. 9 and the corresponding data point at unknown
conditions is 15.7%. Approximately 12% of the deviation above resulted
from the continuous variation of the frontal area of the Teflon bar. The
remainder is believed fo be due both to igniter resistance variation and to
the low voltage operation. Thus, if the thruster is operated at two opposite
and extreme conditions, the maximum output thrust and the impulse bit
variations should not exceed 15.7% of their respective values. Table 2
represents the time average thrust values with constant frontal area of the

Teflon bar, constant input energy, and constant igniter resistance.

E. Time Average Thrust, Impulse Bit, and Active Area of Igniter

Time average thrust values were obtained from a thruster with a hon—
insulated igniter and were recorded as in Table 3. The corresponding time
average thrust curves and the average impulse bit curve are shown in Figs. 10
and 11. Even with noninsulated igniters, both time average thrust and the
average impulse bit are directly proportional to the input energy (Figs. 10
and 11). Direct comparison of the time average thrust curves of Figs. 7 and
10 indicate that the thruster without insulation (or larger active area) pro-
duced more thrust than the one with proper insulation (smaller active area).
However, the increase in both time average thrust values and impulse bit

were observed only above 1 joule of the input energy level. Below 1 joule
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of the input energy level, both time average thrust and the impulse bit

curves of the thruster with a noninsulated igniter were divergent from the
corresponding curves of the thruster with a properly insulated igniter. From
Fig. 11, it can be noted that with the larger active area of the igniter, the
impulse bit was increased approximately 20% at 2, 5 joules of input energy

levél.

Figure 12 is the front view of the propellant and igniter assembly of
the LES-6 thruster, and Figs. 13 and 14 are the individual closeup views of
the active areas of two igniters, Figures 12, 13, and 14 illustrate the dif-
ference in the geometry of two active areas and their effects on the ablated
Teflon mass, the nature of depolymerization, and the amount and thickness
of carbon deposits on both igniters. Due to improper ignition and incomplete
depolymerization of the Teflon bar, a heavy film of carbon deposits was
accumulated on the noninsulated igniter, causing preignition of the thruster.
The experiment indicated that with a more nearly optimum geometry of the
igniter and location of the igniter in relation to the Teflon bar, the output
thrust and efficiency of the thruster can be improved. Figure 13 shows the
designed active area of the igniter as semicircular. This configuration of
the igniter active area causes the rectangular-faced propellant bar to become
contoured during continuous operation. A change in frontal area as contour-
ing takes place causes the characteristics time average thrust to vary with
propellant area, as discussed. The observation above can be noted from
Figs. 15, 16, and 17. Both Figs, 16 and 17 are photographs of the Teflon
bars which were ignited and contoured with a properly insulated igniter, while
Fig. 15 is a photograph of the Teflon bar which was ignited with a
noninsulated igniter, All three photographs illustrate that each igniter had
contoured the Teflon bar frontal area in accordance with its own area and
geometry, In cdmparing Figs. 15 and 16, even though the active area of the

igniter was increased (Fig. 15) and produced more output thrust, the incom-

‘plete depolymerization of the Teflon bar resulted in a less efficient system

than if the same igniter active area has been properly designed into the

system,

The nonignited segment of the Teflon bar within Fig. 16 is
believed to have resulted from the misalignment of the center lines of both

the igniter and the Teflon bar, Since the centerline of the igniter's active
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area was nonsymmetrical and misaligned with the centerline of the Teflon
bar, the corresponding discharge current density was nonuniform over the
frontal area of the Teflon bar, Because of the above-described nonuniformity
of the discharge current density, the resultant contoured area of the Teflon
bar is a semi-S shape rather than an expected semicylindrical contoured
area. The misalignment of the centerlines was somewhat corrected before
initiating thrust measurement with a newly faced Teflon bar. The correction
resulted in a smaller nonignited portion of the propellant, which can be
observed in Fig. 17, where the newly faced bar accumulated 150, 000
ignitions.
It should be noted that the experimental results discussed in this report

were based on tests performed in an oil-diffusion-pumped vacuum system

. which is known to contribute to a carbonaceous buildup of deposits and burned
propellant at the edges of the Teflon fuel bar., Tests performed on a LES-6
thruster at the Goddard Space Flight Center (Ref. 3) in an ion-pumped -

vacuum system resulted in the propellant being consumed relatively cleanly,
V. SPECIFIC CHARACTERISTICS OF THE LES-6 THRUSTER

In Section IV of this report, some of the general characteristics of the
microthruster, along with some experimental data, were presented., Both
output thrust and impulse bit were directly proportional to the active area of

-the igniter, frontal area of the Teflon bar, and input energy of the main dis-
charge capacitor., The above characteristics and their parametric relation-

ships were presented in Eqgs. (4) and (5).

Some of the specific parameters of the thruster will be discussed in
this section, Such parameters and characteristics are specific impulse,
efficiency, specific thrust, propellant mass ablated per discharge, variation
of the igniter resistance, impulse bit repeatability, and variation of the frontal

area of the Teflon with respect to accumulative input pulses.

A, Time Average Thrust and Impulse Bit Repeatability

In Section IV of this report, it was stated that the output thrust and the
impulse bit were experiencing continuous changes as the number of accumu-
lative ignitions were increased, These changes during the early cycle life of

a thruster with a newly faced propellant rod are effected mostly by the change
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in frontal area during the first few one hundred thousand cycles of ""burn in"
(Ref. 3). To investigate the repeatability of the output thrust and the impulse
bit, an experiment witbh‘ constant frontal area of the Teflon bar, constant input
energy, and constant igniter resistance was initiated. The exp:‘eriment was
repeated several times and the results are presented in Table 4 and Fig, 18,
From the data in Table 4, it can be noted that as long as the igniter resis-
tance, area of Teflon bar, and input energy are kept constant, both the
impulse bit and the output thrust will be repeatable within 2 to 3% of its

6 N/m? (4.5 x 107°

value. The above experiments were initiated at 600 X 10"
torr) and at 25°C (77°F). The maximum time average thrust and the impulse
bit range ’(ma.xirnum-minimum) were 1.33 uN (0.3 ulb) and 1. 33 pN-s

(0.3 plb-s), respectively. A rninirhum 2 h vacuum stabilization period was

granted between two consecutive thrust runs.

B. Impulse Bit and Ignition Command Rate

The following experiment was initiated to determine whether there was
any variation in the impulse bit at various Vignition command rates. The time
average thrust at 1500 V dc input voltage and at various pulse rates was
measured as in Table 5. The corresponding impulse bits were calculated
and plotted as in Fig., 19. Irrespective of the ignition command rate, the
impulse bit stays constant at a constant input energy level (-.Fig. 19). To
produce a constant impulse bit at a given energy level, the frontal area of
the bar and the igniter resistance must be kept constant. Some slight
impulse bit deviations were observed at the operating pulse rates. The devia-
tion is more prondunced between the highest and the lowest pulse rates
(3.82 pN-s or 0,86 plb-s). These deviations are believed to have resulted '
from temperature rise variations of the main discharge capacitor at various
pulse rates. The foregoing experiment proved that the main discharge
capacitor had a time constant large enough to charge to its maximum available
voltage, that impulse bit at a given energy level is independent of the igni-
tion command rate, and that time average thrust at a given energy level is

directly proportional to the pulse rate.

C. Specific Impulse and Efficiency

After a newly faced Teflon bar was ignited for 95, 000 accumulative

ignitions, the frontal area and its weight were measured and recorded. The

‘carbon deposits were removed from both the active area and the air gap of
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the igniter so that its open circuit resistance measurement was 500 ohms.
The time average thrust measurement was completed at 1500 V dc and

1 pulse/s for 54, 499 accumulative ignitions, Again the weight and the frontal
area of the Teflon bar, along with the igniter resistance, were measured and
recorded. This experiment contributed the necessary information for com-

puting the following specific parameters,

The approximate mass ablated per discharge was computed to be
11. 6 pg discharge (0.409 plb/discharge).

During the entire experiment, the frontal of the Teflon bar had experi-
enced an increase of 0. 3‘8 crn2 (0.0589 in. 2). The averége impulse bit was
33,58 pN-s (7. 55 plbs-s) and specific impulse of the thruster can be calcu-
lated by

(6)

Isp + Ib/Wpd

where Ib is the impulse bit in puN-s (plb-s), W_ . is the mass ablated per

pd
pulse in pg (plb) and ISP is the specific impulse in seconds, The specific

impulse for the above experiment was 298 s,

From the available data, the efficiency was calculated by
I I
n=1/2 L_E_SR g (7)

as 2.2%, where m is the efficiency in percent, E is the input energy of the

main discharge capacitor in W-s, and g is the gravity in c:m/s2 (in. /sz);

The accumulative input energy of the above experiment was 105, 817
joules, while the accumulative output thrust was 2, 155, 808 uN (484, 669 pulb).
The thruster parametric data (Table 6) was prepared from the results of the

above experiment.

D. Frontal Area of the Teflon Bar and the Accumulative Input Pulses

It was discussed in the previous sections that as the accumulative
ignitions of a newly faced Teflon bar were increased, the frontal area of the
bar experienced an increase. The statement above was based on the avail-

able area measurements at various accumulative input pulses. Such data
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is plotted in Fig. 20 and can be verified with the actual photographs of the
frontal areas at 330, 000 and 150, 000 accumulative input pulses as in Figs. 16

and 17.

As stated earlier, both time average thrust and the impulse bit are
directly proportional to the frontal area of the Teflon bar. Since both
specific impulse and efficiency are functions of impulse bit, it can be con-

cluded that both parameters (Isp’ n) are also area-dependent.

E. Continuous Pulsing and the Output Thrust

A thruster with a newly faced Teflon bar was ignited at 1 pulse/s and
1450 V dc of the main discharge capacitor. The pulsing of the thruster was
continuous for a period of 8 h a day. The objective of the experiment was to
prepare a graphical relationship between the time average thrust and the
accumulative input pulses. Since the output thrust was measured at the end
of each accumulative 1000 pulses, some fluctuations were observed in the
output thrust. Conversely, at the end of each 8-h test period, the magnitude
of the output thrust decreased by 25% of its daily initial value. Since the
output thrust was not recorded continuously, the original objective of the
experiment was not established. However, during the above experiment, |
several unknown characteristics of the thruster were discovered. One of the
important observations was the backstreaming of the exhaust from the
thruster. In Section IV of this report the size of the vacuum bell jar system
and the approximate location of the thruster nozzle to the bell jar were
outlined. It is believed that both the charged and the ionized particles, after
being accelerated electromagnetically and gasdynamically by the thruster, .
collided with the bell jar surface and reflected back toward the thruster, thus N
creating the backstreaming condition, Because of the presence of the back-
streaming condition and inadequate diffusion pump capacity, the contamination
level within the vacuum system bell jar had stabilized and caused the vacuum
level to reach approximately one decade lower vacuum level than the initial
vacuum level. The condition above was also verified by observing the effect
of high-level contamination on the damping fluid of the pendulum system.-
During the experiment, a thin film of contamination substance depoéited on
the damping fluid, After a few days of operation, the viscosity of the fluid
was changed, and replacement with noncontaminated damping fluid became

riecessary. Also, due to the backstreaming condition, a heavier film of
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carbon material was deposited on the igniter surface and caused the early
misfiring of the thfuster. The segmenf of the inner surface of the vacuum
system bell jaf across from the thruster nozzle had also accumulated a heavy
film of black material. Chemical analysis of the deposited material on the

bell jar surface indicated the material was mainly-composed of carbon atoms.

Time average thrust values of the newly faced Teflon bar are plotted

against the accumulative input pulses as in Fig, 21,

F, Intermittency ‘of the Thruster

During the test and evaluation of the microthruster, its intermittency
was observed on several occasions., The causes of the temporary malfunc-
tion of the thruster were investigated and have been outlined herein. Since it
was believed that the misfiring or the intermittency of the thruster was
caused by a variation of any one of several input parameters or components
within the thruster itself, each item of concern will be discussed individually

and their contribution(s) to the intermittency condition outlined accordingly.

1. Input power requirement.' The thruster requires a minimum of -

600 V dc at the main discharge capacitor to operate properly. At any voltage
less than 600 V dc, the thruster misfires and the percentage of misfiring
increases as the input voltage decreases. The minimum input voltage
requirement (600 V dc) was applicable only at lower pulse rates (0,5 to 2.0
pulses/s). At higher pulse rates (2.5 to 3.0 pulses/s) the thruster started
misfiring at high voltages (800 to 1200 V dc) and as the ignition command
rate was increased, the misfiring percentage increased. The misfiring at
higher pulse rates and at higher input voltage levels was believed to result
both from an accelerated temperature rise of the main discharge capacitor
at higher pulse rates and from the limitations imposed by the electronics

components within the thruster.

2. Igniter resistance and its variation. Previous sections stated

that carbon deposits resulting from accumulative ignitions of the Teflon bar .
were observed on the surface of the igniter plug. The carbon deposits on
the igniter plug and its air gap acted as a parallel resistance with the igniter
circuit and thus caused a large range variation in the igniter resistance.
Such variation in the resistance was measured from 0.5 to 1500 ohms., The

misfiring with low igniter resistance was interpreted to be due to the
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lower time constant (v = RC) that the igniter capacitor would have in such a
condition, Since the igniter capacitor's time constant was not large enough,
the capacitor was unable to charge to its maximum value of the available
voltage, and thus intermittency resulted. This observation could have been
substantiated by adding series or parallel resistances to the igniter circuit
and then observing the effects on both the performance and the intermittency

of the thruster.

The early misfiring resulted from operating the thruster in either a
low main discharge voltage (1100 V dc and lower) or operating the thruster
continuously for an 8-h period every day. Both operational modes caused
heavy carbon material deposits on the igniter surface and thus resulted in
1ower‘ igniter resistance. At lower operating voltages, the insufficient
energy of the main discharge capacitor was unable to produce a complete
polymerization condition as in the higher-voltage operation. This incomplete
depolymerization of the Teflon bar created an excess amount of carbon, which
was deposited on the igniter surface and caused the observed intermittency.
The discussion of the effect of continuous pulsing (Subsection E above) noted
that due to the limitation in the diffusion pump capacity of the vacuum system,
part of the exhausted carbon material was returned into the thruster and

deposited on the igniter surface,

3. Active area of the igniter and its geometry. The proper geometry
of the igniter active area and its relative alignment with the propellant bar -
was another contributing factor for the misfiring of the thruster. Due to the
misalignment between the centerlines of the igniter and the propellant bar,
the bar was contoured more at one edge than on the opposite edge. Thus,
due to the nonsymmefric ignitions, the corner of the bar furthest from the
igniter centerline was not polymei‘ized completely and had extended and
covered a segment of the igniter's active area. This small active area of
the igniter, along with carbon deposits on it, caused the thruster to misfire

after 300, 000 accumulative ignitions.

4, Electrical insulation, In the previous sections of this report,

some of the arcing problems were presented, and it was stated that such
problems were eliminated, During several experiments, due to arcing, ‘the
main discharge capacitor did not receive sufficient input energy and thus

failed to deliver the required energy for the polymerization process. The
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arcing problems were eliminated by installing proper insulation within the
‘system, eliminating the previously observed intermittency. Even though
arcing is not a design characteristic of the thruster, it requires special
attention in the application of the thruster within ény system. The experi-
ments made their contributions by outlining that one of the pbssible contrib-
uting sources of the intermitténcy could be the poor electrical insulation of

any thruster system in'a vacuum environment.

5. Energy level of the igniter capacitor. The igniter capacitor was

charged from 227 V dc up to 597 V dc and at present the minimum voltage
required fér normal operation has not been determined. GSFC has initi‘atc—ﬁzd
some experimenfs and has discovered that the thruster misfired at 90 V dc'
of the ignition discharge voltage. The misfiring percentage decreased as
the ignition voltage increased toward 115 V dc. The thruster was operated
without misfiring at the ignition voltage of 115 V de., Since the uppér limits
of the igniter voltage are determined by the silicon-controlled rectifier
within the igniter circuit (600 V dc), the igniter voltage range of the LES

thruster for normal operation can be set from 115 to 600 V dc.
VIi. COMPARATIVE TEST DATA

The objective of this section is to outline, compare, and establish any
correlation among those data obtained by GSFC, MIT Lincoln Laboratory and
JPL., Although both MIT (Refs. 4 and 5) and GSFC have been evaluating and '
investigating the LES-6 thruster and its characteristics for longer periods
than JPL has, the data obtained by JPL has correlated with those obtained
by the above institutions. The average impulse bits vs the input energy of
the main discharge capacitor obtained by the three institutions are shown in
Fig. 22. As can be seen from Fig, 22, those data points obtained by both
JPL and GSFC are less scattered than those obtained by MIT. In general,
the data obtained by the three institutions indicates .that impulse bit is
directly proportional to the input energy of the main discharge capacitor.

If a straight line is drawn through each set of data points, the extension of
these lines will intercept the energy axis at approximately 0, 25 to 0. 30 joules.
The energy axis interception points clearly indicate that the thruster will
require a minimum of 500 to 600 V dc as the main discharge voltage to

initiate firing.
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Strong correlations between JPL and GSFC data are mainly the slopes
of the impulse bit curves and the energy axis interception points, However,
some slight deviations in impulse bit measurements can be observed and are
believed to have resulted from the difference between the frontal areas of the
Teflon bars., GSFC data correspond to approximately 2, 89 crn2 (0.4479 in, 2)
of the frontal area of the Teflon bar, and JPL readings correspond to
3.08 cm2 (0.4774 in, 2) of the same area at 150, 000 accumulative ignitions.,
Since the measurements of the frontal area of the Teflon bar by MIT were not
available, a similar comparison of these data was not made. Thus, the
reasons for lower impulse bit values obtained by MIT are yet to be determined,
A parametric table of data from the three institutions is presented in

Table 7.

It can be seen from Table 7 that the general trend of data in each of the
columns is in agreement. However, there are some discrepancies such as
those in the igniter resistances, approximate Teflon bar areas, and impulse
bit repeatabilities. The variation in impulse bit repeatabilities is caused by

the difference between the frontal areas of the Teflon bars under ignition,

Other minor deviations among the parameters may be contributed by
different thrusters and their manufacturing tolerances, The difference in
the test setups and methods of calibration by each institution can also be a

contributing factor to minor deviations.
VII. CONCLUSION AND SUMMARY

Preliminary information about the LES-6 thruster has been acquired
with the aid of the torsion pendulum system. The information consisted of
the general characteristics of the LES-6 thruster which established and veri-
fied some mathematical relationships between the input and the output param-
eters, The parameters of interest, such as time average thrust, impulse
bit, efficiency and specific impulse, were studied under various input con-
ditions. The test data indicate that the LES-6 thruster, with some identi-
fiable design improvements, represents an attractive reaction control
thruster for attitude control applications on long-life spacecraft requiring
small, metered impulse bits for precise pointing control of science

instruments.
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Prior to further application of a LES-6-type pulsed plasma thruster,
the following studies and evaluations are required, The effect of tempera-
ture on the thruster's performance is needed. Both the upper and lower
temperature limitations must be understood. The content and the co_mposition'
of the accelerated particles and poséible baékstreaming characteristics by

the thruster need to be investigated.

Since both the time average thrust and the impulse bit are area-
dependent, it is suggested that prior to any flight operation, solid propellant
pulsed plasma thrusters be discharged at least 200, 000 times. The minimum
main discharge operative voltage is recommended to be greater than .

1400 V dc for sustained firing.

The igniter plug and its circuit elen;ents are known to influence the
output thrust and the impulse bit significantly, The continuous variation of
the igniter resistance due to the accumulative carbon deposits indicates that
the igniter circuit and the igniter's physical configuration require further
modification on the basis of the results presented. However, GSFC investi-
gations have revealed that by increasing the nominal main capacitor voltage
from 1360 V, as used on the MIT Lincoln Laboratory satellite, to 1450 V,
the deposit buildup is greatly reduced. The deposit accumulation on the
igniter correspondingly appeared to be far less than observed in the JPL
experiments., The igniter resistance during endurance testing at GSFC
dropped to a value of 90 ohms over 2,000,000 cycles. As has been pointed
out, the igniter assembly can no doubt be improved to extend the life capa-_
bility for the LES-6 engine; however, the present design appears to offer a
thruster with a cycle life well in excess of 1,000, 000 cycles under specified

operating conditions.
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Table 2. Time average thrust vs ignition command rate (input voltage
1500 V dc, ignition voltage 597 V dc, frontal area of the Teflon
bar 3.0 ecm? (. 465 in.2) and igniter resistance = 500Q2)

Pulse Rate, pps

Time Average Thrust, pN (plbs).

.75
.50
.25

75
.50
.25
.00
.75
.50

O O = = DNN NNV W
o

97.

89.
85.
76.
67.

59.

52.
43.

33,

27.

18.

86

18.

18
06
61
38
26
59
67
22
42

(22)
(20. 05)
(19.15)
(17.1)
(15.2)
(13.35)
(11.75)
(9.8)
(7.57)
(6.12)
(4.14)
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Table 4. Time average thrust and impulse bit repeatability test with constant
frontal area of the Teflon bar and constant igniter resistance (3.26 cm?2
or 0.505 in.2 and 3.5 ohms). Tests were performed at 1500 V dc
main discharge voltage, 597 V dc igniter voltage, and 1 pps
of ignition command rate

Time Average Thrust Impulse Bit

Test No. in Micronewtons Micronewton-Second

(Micropounds) (Micropound-Second)
1 35.45 (7.97) 35.45 (7.97)
2 36.65 (8. 24) 36.65 (8.24)
3 35.45 (7.97) 35.45 (7.97)
4 35.72 (8.03) 35.72 (8.03)
5 35.45 (7.97) 35.45 (7.97)
6 36.2 (8.14) 36.2 (8.14)
7 36.61 (8.23) 36.61 (8.23)
8 35.5 (7.98) 35.5 (7.98)
9 35.1 (7.89) 35.1 (7.89)
10 36.65 (8. 24) 36.65 (8. 24)
11 36.7 (8.25) 36.7 (8.25)
12 36.61 (8.23) 36.61 (8.23)
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Table 5. Time average thrust and impulse bit data table at 2. 25 joules,
500 ohms igniter resistance, and 2.986 cm? (0. 463 in.2)
of Teflon bar frontal area

Pulse Rate TianeI;fg:t?age Imp;llils-es Bit
pps BN (plb) . (plb-s)
3.0 97. 86 (22. 00) 32.62 (7.33)
2.75 89.18 (20. 05) 32,43 (7. 34)
2.50 85.18 (19.15) | 34.07 (7. 64)
2.25 76.06 (17.1) 33.80 (7. 60)
2.0 67.61 (15.2) 33. 80 (7. 60)
1.75 59. 38 (13. 35) 33.93 (7. 62)
1.50 52.26 (11.75) | 34.84 (7.82)
1.25 43.59 (9. 8) 33.36(7.5)
1.0 33,36 (7.5) 33.36 (7.5)
0.75 27.22 (6. 12) 36.29 (8. 14)
0. 50 18. 41 (4. 14) 36.82 (8.23)
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Table 6. Parametric data table of the LES-6 thruster
Mass
Ablated S ifi S ifi
Per | EneTey | 'Fiiit | Energy | LPOTEY
Specific Efficien Discharge Plz.el: wN/ joules/ Pe:qrrgglt
Impulse ¢y pgrams/ . © joule BN . '
Seconds To Discharge D?°“%le$/ (plbs/ (joules/ gg)uliass//(:_ )
D,(“l}}:s/ | ischarge joule) w1b) joules/in
ischarge
298 2.2 11.6 1.945 17. 35 0.058 0.597
(0.409) (3.9) (0.259) (3.85)
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Variation Q

Impulse Bit
Repeatability
Po

Approx. Bar
Area After
150, 000
Ignitions

cm (inZ)

10 - 11 Total

3.05(0.473)

Table 7. Parametric data obtained by GSFC, MIT, and JPL
Parameter
Under GSFC _ MIT, JPL
Lincoln Lab
Study
Specific 264 340 298
Impulse Within first 150, 000 Within first
Sec accumulative 150, 000 accum-
ignitions ulative
ignitions.
Efficiency% 2.12 within first 2.21 2.2 within first
150, 000 accumula- 150, 000 accumu-
tive ignitions lative ignitions.
 Mass Ablated | 13.65(0.48)aver--, 10-12.5 11.6(0.409) aver-
per Discharge ‘aged over 1.1 x 10 (0.353-0.44) aged from 95,000
pgrams/pulse accumulative . to 150,000 ac~
(nlbs /pulse) ignitions, cumlative
ignitions.
Energy per ~2.0 -- 1.945
Discharge
joules/pulse .
Specific Thrust | 0.863(3.84) 0.674-0.899 0.877(3.9)
uN/Joule ~(3 - 4)
(n1bs/joule)
Specific Energy | 0.063(0.28) -- 0.058(. 259)
Joules/puN
(joules/plb)
Energy per 0.656(4.23) -- 0.597(3.85)
Unit Area
Joules/cm?
(joules/in2)
Igniter 7 - 105 -- 3.2 to 1500
Resistance

5 (with constant
bar area and
igniter resist-
ance)

3.26(0.505)
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PROPELLANT

THRUSTER ELECTRONICS

— SPARK PLUG

NANNNNNNNNNNNNNNN NNNNNNNN R ey fTe )3

soup
\ TEFLON
BAR

v )
THRUST

ANODE

[ Y

SHOULDER

DISCHARGE CAPACITOR

Fig. 1. Schematic diagram of the LES-6

microthruster
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POWER

HIGH
GENERATOR e
POWER
SUPPLY
y
| VOLTAGE
| e
v L
EXTERNAL |
GENE TRIGGER TORSION
GENERATOR
ORI/ || GENERATING [  THRUSTER |- PENDULUM b g
NETWORK PLATFORM

DIGITAL
VOLTMETER

OUTPUT VOLTAGE, mV

Fig.
system to the output thrust of the LES-6 thruster

4

X=Y
PLOTTER

TOTAL INPUT PULSES

5. Time average thrust response of the torsion pendulum
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Ib:x4.448 AVERAGE IMPULSE BIT IN pN-S

Fig.

E: INPUT ENERGY OF THE MAIN DISCHARGE CAPACITOR IN JOULES

6. Average impulse bit vs input energy

JPL Technical Memorandum 33-630

I T
1 - FREQUENCY RANGE: 0.5 PPS TO 3 PPS (AT 0.25 PPS INCREMENTAL STEPS).
2 - THE THRUST IMPULSE BITS WERE CALCULATED FROM THE CORRESPONDING
| TIME AVERAGE THRUST MEASUREMENTS OBTAINED BY THE TORSION
PENDULUM METHOD. ]
3 - TIME AVERAGE THRUST VALUES WERE MEASURED WITHIN THE FIRST
330,000 ACCUMULATIVE IGNITIONS OF A NEWLY FACED TEFLON BAR.
4 - TO OBTAIN uLB=- SEC DIVIDE uN - SBY 4,448
1 l i |
0.5 1.0 1.5 2.0 2:5
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F: x4.448 TIME AVERAGE THRUST IN uN

[
28 —
TO OBTAIN uLB, DIVIDE 4N BY 4,448
26 —
24 —
~<— 3.0Pps
5 ~— 2.75PP5 _|
20 i —
18 —
~— 2.25PPS
16 —
~— 1.75PPS
14 -
12 - 155 —
~<— 1.25PPs
10 —
8 - 15 |
. ~-— 0.75P5 |
4 <— 0.5PP5 |
2 / —
i I l | | |
0 0.5 1.0 1.5 2.0 2.5 3.0
E: INPUT ENERGY OF THE MAIN DISCHARGE CAPACITOR IN JOULES
Fig. 7. Time average thrust vs input energy
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T T ]
28 _
TO OBTAIN ulB, DIVIDE uN BY 4.448
2 |— _
24 _
2| 1500 vDC  _|
z - —]
2 2 1400
Z vDC
=
2 18l _
o
=
5 1300 VDC
16— —
g
>
<
2 1200 VDC
2 - —
-
* 12— _
.
10— _
8l _
8 f— _
Y . ]
2 _
o il 1 | | | |
0 0.5 1. 1.5 2.0 2.5 3.0 3.5

- O

: IGNITION COMMAND RATE IN PULSES PER SECOND

Fig. 8. Time average thrust vs ignition command rate
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F: 4.448 TIME AVERAGE THRUST IN uN

16

14—

F: x4.448 TIME AVERAGE THRUST IN uN

I [ l I I [ [ l i

1 = INPUT VOLTAGE: 1500 VDC
2 - IGNITION VOLTAGE: 597 VDC —
3 - DATA POINTS DESIGNATED BY @ SYMBOL WERE OBTAINED

BOTH WITH CONSTANT FRONTAL AREA OF THE TEFLON BAR -

(3.0 CM?) AND WITH CONSTANT IGNITER —
RESISTANCE (500 OHMS).

4 - DATA POINTS DESIGNATED BY A SYMBOL WERE OBTAINED ~ —
WHILE BOTH THE FRONTAL AREA OF THE TEFLON BAR AND THE
IGN ITER RESISTANCE ACQUIRED CONTINUOUS AND —
INCREMENTAL CHANGES,

5~ TO OBTAIN pLB, DIVIDE .4 7
N BY 4.448 (]

| I [ | | | | I |

Fig. 9.
command rate

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

F: IGNITION COMMAND RATE IN PULSES PER SECOND

Comparative time average vs ignition

DATA OBTAINED FROM A THRUSTER <+ 1.5 PPS
WITH NON=INSULATED IGNITER.
TO OBTAIN uLB, DIVIDE uN BY 4,448

-«+— 1.0 PPS

| | | |

Fig.

0.5
E: INPUT ENERGY OF THE MAIN DISCHARGE CAPACITOR IN JOULES

10.

1.0 1.5 2.0 2.5 3.0

Time average thrust vs input energy
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B

10 —

ll;: x4.448 AVERAGE IMPULSE BIT IN uN=S
N
I

TO OBTAIN ulB-S, DIVIDE uN=-S BY 4.448

NON-INSULATED
IGNITER

INSULATED
IGNITER —
7 . —
—
//
| | | l l
0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. 11.

E: INPUT ENERGY OF THE MAIN DISCHARGE CAPACITOR IN JOULES

Comparative average impulse bit vs input energy
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Fig. 12. Front view of the propellant and the igniter
assembly of the LES-6 thruster
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Fig. 15. Photograph of the Teflon bar from the
thruster with noninsulated igniter and after 105

accumulative ignitions (input voltage =
1500 V dc)

Fig. 16. Photograph of the Teflon bar from the
thruster with insulated igniter and after 3 X 10

accumulative ignitions (input voltage =
1500 V dc)
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Fig. 17. Photograph of the Teflon bar with insulated
and clean igniter and after 150,000 accumulative

ignitions (area = 3,26 cm?2 or 0. 505 in, 2)(input

voltage = 1500 V. dc)
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8.% T | T T I

8.15— —

8.0 — —

Iy x 4,448 IMPULSE BIT IN uN =S

7.80 [— TO OBTAIN plLB-S, DIVIDE pN=S BY 4.448

TE e e s s s e e e e — — — S —— e e o ]

- | \ | 1 1 L1 | 1 | |
1 2 3 4 5 6 7 8 9 10 n 12 13

EXPERIMENT NUMBER

Fig. 18. Impulse bit repeatability with constant input energy (2. 25 joules),
constant igniter resistance (3. 5 ohms), and constant frontal area of Teflon
bar (3.26 cm?2 or 0. 505 in. 2)
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1 - INPUT ENERGY: 2,25 JOULES 2
2 - FRONTAL AREA OF THE TEFLON BAR: 2.986 CM” {0.463 IN2)
12 3~ IGNITER RESISTANCE: 500 OHMS
[ 4 - IGNITION ENERGY: 0,178 JOULES
5~ TO OBTAIN uLB-S, DIVIDE uN-5 BY 4,448

SEQUENCE OF EXPERIMENTATION

n 10 9 8 7 6 5
| | | | { | i

- -~
—

=l

fy: %4.448 IMPULSE BIT 4N-S
@
I

6|
51—
4
3' —
2 -
1+
0 | | l 1 [
0 0.5 1.0 1.5 2.0 2.5

f: IGNITION COMMAND RATE, PPS

Fig. 19. Impulse bit vs ignition command rate at constant
input energy
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F: x4,448 TIME AVERAGE THRUST IN MICRONEWTONS (MICROPOUNDS)

14

-
—

—
o

~

w

¢ T T T T I I I |

S S TO OBTAIN SQUARE INCHES, DIVIDE cMZ BY 6.4516 ]
[v]
o
-

z 41— —
@]
i
wr

= -— e - e = ey

] = -= =
=
'S
[¢]
S

% 21— —
-4
<
b4

2 - .
o

0 ] ! | 1 1 L | J 1
0 20 40 & 80 100 120 140 150 180 200

ACCUMULATIVE INPUT PULSES IN KILOPULSES

Fig. 20. Accumulative input pulses vs frontal area of
the Teflon bar

—

I = INPUT VOLTAGE: 1450 VDC

3
4-
5=
6~
7-

8-
9-

10 -

- IGNITION VOLTAGE: 578 VDC

PULSE RATE: 1 PPS

VACUUM LEVEL: 533 2 x 10" N/m (4x10” TORR)

OPERATING TEMP. : 25°C .
FRONTAL AREA OF THE TEFLON BAR AT THE BEGINNING OF TEST: 2,835 CM2 (0,4394 IN2)
FRONTAL AREA OF THE TEFLON BAR AT THE END OF TEST: 2,986 CM2 (0.4628 lNz)
IGNITER RESISTANCE AT THE BEGINNING OF THE TEST: 1200 OHMS

IGNITER RESISTANCE AT THE END OF THE TEST: 18 OHM (THRUSTER STARTED MISFIRING
AT 95000 ACCUMULATIVE INPUT PULSES).

TO OBTAIN ulB, DIVIDE uN BY 4.448

(o}

oo o 0o oo o o

O 0000000 0000 O o 0000 00 O o O 00 (o}

FIRST DAY
OPERATION

—»-Lla— SECOND DAY OPERATION ———#»-let——— THIRD DAY OPERATION ————po-lug—— FOURTH DAY

OPERATION

| | | | | | | N | | | I 1

0000000 00 000 0000 OO o} 00 O 00000 00 000 O 00000 O o

o

—_—

15 20 25 30 35 40 45 50 55 80 65 70 75 80
ACCUMULATIVE INPUT PULSES IN KILOPULSES

Fig., 21. Time average thrust vs accumulative input pulses
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12

X x4,448 AVERAGE IMPULSE BIT IN uN-S$

1 - FREQUENCY RANGE: 0.5 PPS TO 3 PPS (AT 0.25 PPS INCREMENTAL STEPS).

2 - NOTE 1 IS APPLICABLE TO JPL DATA ONLY

3 - DATA POINTS DESIGNATED WITH & SYMBOL WERE OBTAINED BY GSFC,
DATA POINTS DESIGNATED WITH O SYMBOL WERE OBTAINED BY MIT L-LAB AND
DATA POINTS DESIGNATED BY O SYMBOL WERE OBTAINED BY JPL

4 - TO OBTAIN kL8=-S, DIVIDE 1 N-SBY 4,448

| | | | |

0.5 1.0 B 2.0 2.5
E: INPUT ENERGY OF THE MAIN DISCHARGE CAPACITOR IN JOULES

Fig. 22. Comparative average impulse bit vs input energy
obtained by GSFC, MIT, and JPL
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APPENDIX A

Thruster Diagrams and Calibration Data

JPL Technical Memorandum 33-630




Table A-1, Strain data of 0.41 mm (16 mil) stainless steel wire torsion wire

Load Length

kg (1bs) cm (Inches)
0 (0) 27.94 (11)
2.268 (5) 28.008 (11.027)
4.535 (10) 28.052 (11.044)
6.803 (15) '28.100 (11.063)
9.07 (20) 28.163 (11.088)
13, 605 (30) 28.397 (11.180)
18.14 (40) 28.671 (11.288)

| 18,59 ~(41) *

* At the designated load wire was fractured.
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Table A-2. Period of oscillation of pendulum with standard inertia disk

Period of Oscillation
: of System Under
15\:?1:111;)2r Vacuum Level of
133.3 x 10-5 N/m2
(10"5 torr), sec
1 43,63
2. 42.78
3 43,58
4 44, 00
> 42.10
6 43,28
7 43,10
8 42,76
}
9 42,87
10 43,32
Avef,age 43.26
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Table A-3. Photo sensor calibration at ambient illumination
Angular Angular Angular
. Output of . Output of . Output of
D1sl?1acement Photo Cells D1sP1acement Photo Cells D1s;_>1acement Photo Cells
in Arc inmV in Arc in mvV in Arc inmV
Minutes ! Minutes Minutes
0 1.09 440 5.43 880 10. 14
20 1.27 460 5.66 900 10. 36
40 1.46 480 5.87 920 10.57
60 1. 64 500 6. 09 940 10. 76
80 1.81 520 6.28 960 10.92
100 1.99 540 6. 47 980 11. 00
120 2.17 560 6. 68 1000 11.02
140 2.36 580 6.91 1020 11.02
160 2.56 600 7.15 1040 11.03
180 2.76 620 7. 38 1060 11.03
200 2.96 640 7.59 1080 11.03
220 3.17 660 7.82 1100 11.03
240 3. 38 680 8.07 An optical dividing
260 3.58 700 8.29 head was employed in
280 3. 78 720 8. 50 this experiment.
300 3.97 740 8.70 The geometry of the
320 4.15 760 8.87 shadow bar and the
] moment arm of the
340 4,34 780 9.08 pendulum's platform
360 4.56 800 9.28 was d}J.phcated in this
experiment.
380 4,78 820 9.51 - .
400 4.99 840 9.73 Exact number of cells
, (one) were uncovered
420 5.20 860 3,93 as in the actual system.
Direction of rotation cw,
Irradiant power of the
photo cells was supplied
by both the light source
of the pendulum system
and the room lighting.

JPL Technical Memorandum 33-630
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Table A-4. Photo sensor calibration under the bell jar of the vacuum system

Total Angular Total Output Millivolt Output per
Displacement Degrees in mV Arc Minute Displacement
-2
1.5 0.55 6.12 x 10
-2
1.5 0.55 6.12 x 10
-2
1.5 0.56 6.22 x 10
-2
1.5 0.58 6.45 x 10
-2
1.5 0.57 6.34 x 10
-2
Average over 1.5 deg 0.5625 6.25 x 10
-2
3.5 0. 140 6.67 x 10
3.5 0. 134 6.28 x 1072
3.5 0.137 6.52 x 1072
-2
3.5 0.133 6.32 x 10
-2
3.5 0.135 6.43 x 10
Average over 3 deg 0.1358 6. 465 x 10”2
This experiment was conducted with the actual system. The angular
displacement of the platform was achieved by magnetic coupling
(controlled externally).’ ’
A digital voltmeter along with the pendulum 'system's protractor were
used to measure output voltages and the displacement angles of the
platform. ’ ’
. 107%(6. 465 + 6.25)
Photo Sensor Scale Factor..= . > -
= 6.357 x 10"%mV/Min
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Fig. A-2. Lamp drive circuit
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Fig. A-3.
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Voltage-dividing network and thruster schematic
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Fig. A-4. Standard inertia disk (material, Al; weight = 3,719 kg

or 8.2 1b)
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Test Equipment and its Characteristics
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Table B-1.

Test equipment and its characteristics

Description Range M;x;\i-fta;t:r;%z; jmd Quantity
Pulse Generator Range 1074 - 100 Hewlett Packard
1K - 100K Function Generator 3310A
Square
Pulse
Functions Sine
Ramp
Triangular
D.C. Power Supply, 0-50 VDC, 5 Amps Hewlett Packard 1
Ignition Command 0-25 VDC, 1 Amp Harrison 6220B
or Optical Coupler
Digital Voltmeter 1-10K-Ohms Non-Linear Systems Inc. 1
1-1000 Volts AC Series X-2
10-1000 Volts DC
100-1000 Millivolts DC
D. C. Power Supply, 0-60 VDC Lambda Electronics 1
Photo-Readout Assy. 0-2.4 Amps LH-128 AFM
Regulated -~
High Vacuum System Mechanical Pump: Veeco 1
42.5 §m3/min 775
_ (15 £t /min)
Diffusion Capacity:
2000 dm3/sec
(70.7 ft3/sec)
Bell Jar Size:
45,72 em x 76.2 cm
(18" x 30')
Vacuum Level:
133.3 x 108 N/m?
(1 x 10-8 Torr)
High Voltage Powér 0-4 Kilovolts Hewlett Packard, 1
Supply 0-50 Milliamperes Harrison 6525 A
Accumulative Mech- 0-7 x 106 Counts
anical Output Counter
D. C. Power Supply, 0-50 VDC Power Designs 1
Mechanical Counter. 0-1.5 Amps 5015A
X-Y Plotter X-Axis 0.039-19. 69% (0.1-50%%) Honeywell 1
Y-Axis 0.039-19. 69%(0.1-50%%) 520
*Division per cm X-Y Reorder
:Division per inch sensitivity
Rate: 0. 025-5,08 cm/sec:
(0.01-2 inch/sec)
Frequency Counter Time Base (0.1 psec Hewlett Packard 1
{to 107 sec 5325B Universal
Double Attenuation
Channel X1 to X100
Accumulative Input Sensitivity: 0,1-10 V-RMS Hewlett Packard 1
Pulse Counter Frequency: (0. 01-10 KC) 5532A Electronics
Time Count Sec.
Periods: 1-100K, Micro-Sec
Oscilloscope, Volts/Div,: 0.01-20 Tektronix Inc. 1
Storage Time/Div. 0.5-50 psec/ Type 564
{0. 1-50 msec/ Time Base: Type 383 .
0.1-1 sec/ Dual Trace: Type 3A72 .
Calibration Scale:
0.2 mv-50 mv _ _ --
0.1V - 100V
Torsion Pendulum Torsion wire 0.41 mm (16 mil) General Electric 1
K=8. 05 uN-m/deg Spacecraft Dept.
(5.915 1b-ft/deg) S/N TP-3
Standard Inertia:
2.182 x 10-2kg-m?2
(1. 609 x 10-2 slug-ft2)
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