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ABSTRACT

The solid teflon propellant pulsed plasma thruster was scaled to operate
in the millipound thrust regime. The performance of the thruster was determined
and compared when operated either as a short pulse discharge thruster or as a
quasi-steady thruster. Erosion was also quantitatively evaluated, The periormance
of propellant breech fed short pulse discharge thruster configurations scaled
predictably into the millipound regime from earlier microthruster results.
Exploratory tests with propellant side-feed configurations showed éigniﬁcanﬁ:
performance improvements could be realized over breech fed configurations. A
power to thrust ratio of 156 watts/milli-1b was measured at a specific impulse of
1245 sec. Erosion was found to depend upon electrode material and the duration
of the test. In particular, erosion expressed as the ratio of mass eroded to
propellant mass used was found to vary directly with specific impulse. When erosion
is expressed as the ratio of mass eroded to total impulse delivered, this erosion

parameter is also found to have a slight dependence upon specific impulse.

The somewhat limited number of results show thrust efficiency of short
pulse discharge operation to be better than quasi-steady operation when compared
at the same specific impulse. Erosion measured during short pulse discharge
operation was found to be much lower than that measured for quasi-steady discharge

operation compared at the same specific impulse.
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SECTION 1

INTRODUCTION

Previous studies of either short pulse discharge thrusters or quasi-steady
thrusters have been treated as separate studies. The work to be described
compares the propulsive performance and erosion behavior of an accelerator
nozzle assembly when if is operated either as a short pulse discharge thrusier

or as a quasi-steady thruster. Unlike most previous quasi-steady thruster studies the

discha rge energy used in the present studies was kept at a level compatible with
auxiliary propulsion requirements. Furthermore, the present study was limited
to the use of solid teflon as the propellant. Such a solid propellant thruster
eliminates gas propellant injection valves, electric switches, and the timing
circuit required to match propellant flow to the eleciric discharge. The
practicality of the solid propellant approach has been esta‘blishedi by more than
two and one-half years of operation in space. The thruster used in the latter
flight application was a microthruster. The present study required that thruster
operation be first scaled from the former micropound thrust regime to the
millipound thrust regime yet retaining a specific impulse in the range from 1000
to 3000 sec., After the short pulse discharge thruster was successfully scaled to
operate in the millipound thrust regime the dynamic impedance of its arc was used

to design the pulse forming network required for quasi-steady operation.

Propulsive performance and erosion were quantitatively determined for both
short pulse and quasi-steady operation with comparable initial discharge energies.
The scope and duration of the program limited the number of data points obtained.
While the present results show short pulse thruster operation to be better than
comparable quasi-steady thruster operation, it is important not to consider the
present results as conclusive proof that short pulse operation is generally superior
to quasi-steady operation. It is hoped the present results will suggest future studies

of a similar nature to provide more data over a wider range of operating parameters.
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SECTION 2
MEASUREMENT AND EVALUATION TECHNIQUES
s THRUST AND IMPULSE BIT

The thrust levels presented are the directly measured thrust obtained by
mounting the entire thruster and its solid propellant feed system on a Republic
designed and built thrust balance. Figure 1 shows the quasi-steady thruster mounted
on the thrust balance in the vacuum test chamber. The vacuum chamber is 6 feet in
diameter and 8 feet long. Chamber pressure during thruster operation is typically
10-4 mm Hg. Calibration of the thrust balance is performed just prior to measuring

thrust without disturbing the vacuum or the thruster during thruster performance tests.

Figure 1. Quasi-Steady Thruster on Thrust Balance in Vacuum Chamber

The thrust balance is a ""soft" thrust measuring stand and has been described in detail
elsewhere. 2 The thrust is measured directly. The impulse bit of each discharge is
calculated from the relation

measured thrust
pulse frequency of operation

Impulse bit amplitude =

with the pulse frequency measured during a run by using a stop watch to time the

elapsed time of from 30 to 60 consecutive pulses. Thrust measurements are recorded



from four to six times during a typical diagnostic test of several hours of thruster
operation. This technigue provides a significant amount of data to assess thruster
performance and also allows any temporal performance changes, if present, to

be recorded. The thrust and impulse values presented are the test average values
recorded during the entire period of operation. Generally small variations observed
during a run are either statistical in nature or are due to small variations in

applied voltage and are within the general accuracy of the measurement of about +5%.
The repeatability of test results can best be demonstrated by using data generated
during final erosion studies where test conditions were repeated a number of times
in order to obtain erosion data as a function of consecutive discharges. Table 1
presents data of 7 repeated tests and the ratio of test average applied voltage,
measured test average specific impulse and ne asured test average impulse bit

to the respective mean value of the 7 tests, The data illustrates that deviations
from the respected mean values are well within +5% with most of the data being

within +2% from the mean value.

Both the calibration and thrust readings are permanently recorded on a
Sanborn recorder. Figure 2 presents a view of the test equipment exterior to the

vacuum test chamber,

Figure 2. Typical Test Equipment Exterior to Vacuum Chamber
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2,2 MASS MEASUREMENT

Mass measurements were made on propellant consumption and anode,
cathode and insulator assembly erosion. For purposes of evaluating thruster
performance propellant mass measurements are those performed on the weight
change of initially stored solid propellant mass. These latter measurements are
performed by measuring the weight change of the initially stored solid teflon
propellant rod before and after operating the thruster a given number of discharges.
The propellant rod is measured to the nearest 0.2 milligram on a Christian
Becker style AB-8 analytic balance. This balance has a capacity of 2 kg, The
quantity of propellant mass consumed per thruster discharge is calculated from

the relation

Total propellant masg change
al number of thruster discharges

Propellant mass per discharge = Tot

The number of thruster discharges are recorded by a counter. If is important to

note that the latter quantity of propellant mass per discharge is based upon the

weight change of stored propellant mass per thruster discharge. This latter
parameter enables a meaningful propulsion system propellant specific impulse to be
calculated. Diagnostic mzasurements for determining mass utilization efficiency
were not carried out. While such diagnostic measurements are useful for determining
the percent of propellant mass that can be attributed to the impulse bit delivered,

they are extremely difficult to perform and are outside the scope of the present

studies.

2.3 EROSION

Electrode and insulator erosion were measured in the same manner as
propellant mass changes. The anode, cathode and insulator assembly of a thruster
were weighed before and after thruster operation. The mass change per discharge
of these subcomponents is calculated as described in Section 2.2, Since quasi-steady
thruster operation could only be carried out with the anode permanently sealed to
the discharge circuit it was not possible to make anode erosion measurements during

quasi-steady thruster operation.



After performing a diagnostic test the thruster was allowed to cool to room
temperature while soaking in a vacuum (of the order of 1()“5 mm Hg). This soaking
period usually lasted about 15 hours. This procedure was adopted to prevent

significant mass changes due to surface effects.3

2,4 CURRENT AND VOLTAGE

Discharge current was measured by using a calibrated Rogowsky coil. The
discharge voltage was measured by using two Tektronix P6013 high voltage probes and
connecting one to each of the two electrodes. The cathode was used as the common
ground. The output of the two probes was recorded on a Type G wide band
differential amplifier in a 551 Tektronix Oscilloscope. The zero voltage reference
line was obtained by removing voltage from the capacitor bank and remotely

switching a dead short across the two electrodes.

2.5 PERFORMANCE PARAMETERS

Several operational and thruster performance parameters were determined.

These include:
a. Stored capacitor energy: This energy is calculated from the relation
E=1/2 CV2

with C the measured capacitance and V the initial voltage (just
prior to a discharge) on the capacitor as measured with the voltage
probes described in Section 2.4,

b. Delivered energy: Due to capacitor and discharge circuit losses not
all of the stored capacitor energy is delivered to the accelerator
nozzles, The electric energy actually delivered is determined by

evaluating the integral:
Ed=f E (8 i(t) dt

with E(t), i(t) the instantaneous terminal discharge voltage and
instantaneous discharge current, respectively. This latter integral

is evaluated graphically using a polar planimeter,



Impulse Bit: The impulse bit per discharge is calculated as described

in Section 2. 1.

Thrust: The thrust is the thrust measured directly by a thrust balance

as described in Section 2.1.

Propellant mass: The propellant mass per discharge is the change in
initially stored solid propellant mass used per thruster discharge and

measured as described in Section 2.2,

Total mass per discharge: The total mass per thruster discharge is
comprised of the sum of the propellant mass per discharge plus the
total eroded mass per discharge. Unless otherwise noted, the eroded

mass includes anode, cathode and insulator erosion.

Propellant specific impulse: This parameter is calculated from any

one of the relations:

Spp W fw,C w

where T, w, f, w,, n, I, w denote test average thrust, test average

propellant weight fiow rate, test average pulse frequency, stored propellant
weight change for an entire test, total number of discharges of test,

test average impulse bit, test average stored propellant weight change

per discharge, respectively. As mentioned in Section 2.2, the propellant
specific impulse as calculated above, provides the most meaningful

specific impulse for propulsion system analysis.

Total mass specific impulse: This specific impulse (Igp¢) is caleulated
by also including the eroded mass. Since no attempt was made in the
present study to determine either material or electrode nozzle
configurations having the least erosion, the total mass specific impulse
is presented to illustrate the range of performance that may be quoted

for a given set of test data when erosion is included.



i. Thrust efficiency: Generally it is understood that this parameter is
given by the expression:

T2

2mP

"ﬂ:

with T, m, P the thrust, propellant mass flow rate and electric
power, respectively. Depending upon whether one is interested only
in basic mass acceleration processes or only in propulsive system
aspects, one can evaluate thrust efficiency in any of a number of ways.
This latter possibility is due to the fact that for diagnostic purposes
one may be interested only in the propellant mass actually used in the
accelerétion process, or in the power actually transferred into the
propellant accelerated. For propulsion system considerations one
may be interested only in the quantity of power and propellant mass that
must be supplied to the propulsion system. To avoid ambiguities in
the experimental data presented in this study, thrust efficiency will,
on occasion, be calculated and presented as four different sets of
numbers., This latter presentation will be useful when comparisons
are made between short pulse and quasi-steady thruster operation.

In such cases, the notation to be used will clearly define the thrust

efficiency calculated.

For a pulsed plasma thruster the above definition of thrust efficiency may be

rewritten in the form

T
= s%E

with I, m, and E the impulse bit per discharge, the quantity of propellant mass per
discharge and the energy per discharge respectively. It is important to note that
the specific impulse and thrust efficiency of each single discharge of a given plasma
thruster configuration are the same as are determined when the thruster operates

repetitively at a pulse frequency f.

The four calculations of thrust efficiency that may be presented in this study
are as follows: (in all cases the impulse bit is the value me asured as discussed in
Section 2,1):



1, n="n (ES, mp) with (ES) the energy initially stored in the capacitor and
(mp) the change in stored propellant mass per discharge. This
calculated efficiency will generally be of interest for propulsion system
considerations. Furthermore, unless otherwise denoted, the symbol T

will always denote T (Es,mp) in this study.

2. T=(E az mp) where the energy (E d) is the quantity of electric energy
delivered to the accelerator nozzle {(see Section 2.4), and mp the

change in stored propellant mass per discharge.

3. n = (Es, mt) where the energy (ES) is the energy initially stored

in the capacitor and m_ the total mass, i.e., propellant mass plus

t
eroded mass per discharge.

4, N=(E 3 mt) where the energy (E d) is the delivered energy and m . the

total mass, i.e., propellant mass plus eroded mass per discharge.

While the limited number of different electrode material that was selected and
tested was believed to represent material having a low level of erosion, it is possihie
that other muaterial not evaluated during the present study could have a lower level
of erosion compared to the ones examined. Furthermore, electrode configurations
examined are not based upon configurations having the lowest level of erosion. The
performance data presented which includes mass lost by erosion could possibly be

different for different material or different electrode configurations.

10




SECTION 3
SHORT PULSE THRUSTER

3.1 DESIGN

The short pulse discharge pulsed plasma thruster used during the present
studies uses solid teflon as the propellant, The accelerator nozzle assembly is
configured 4s a parallel rail electrode nozzle and is ¢oupled to the capacitors to form

a series LCR cireuit. A schématic representation of the thruster is shown in

Figure 3.
PLASMA
PROPELLANT sGiid EXHAUST
FEED SPRING PROPELLANT IGNITER PLUG
[Necator] L CATHODE

i ,\ ANODE
Y FUEL

RETAINING
SHOULDER

CAPACITOR

I,

Figure 3. Thruster Schematic

The terminals of the energy storage capacitor are conrected by a low inductance, low
resistance path to the anode and to the cathode of the thruster accelerator nozzle,
respectively. A fuel retaining shoulder is machined into the anode in order to
properly position the teflon propellant rod with respect to the thruster nozzle. A
constant force steadily provided by a Negator spring assures that an edge of the

propellant is held against the fuel retaining shoulder.

The capacitor bank utilized energy storage capacitors from an earlier
program. The number of capacitors and their rating could easily be varied during
the program. While a relatively low inductance discharge circuit was used, no

attempt was made to minimize total circuit inductance to the lowest possible value.

11



Conceptually, many of the features of the ghort pulse digcharge thruster of the present
program resemble features of the solid teflon pulsed plasma microthruster, ! Ag with
the microthruster, a simple Negator spring is used to feed the propellant during
thruster operation, Figure 4 shows a rear view of the thruster, The twelve energy
storage capacitors as well as the teflon propellant rod and its feed spring can be geen.

Figure 5 shows the front view of the thruster with an open sided parallel rail nozzle

having a large propeliant area fed from the breech end of the nozzle,

rod, anode, cathoede and insulator assembly can be easily removed in order

measurements of their weight change, Figure 6 shows these four subcomponents

o
Yy

fter their removal from the thruster., The insulator assembly is fabricated of M
the cathode of 17~7 ph stainless steel, and the ancode of tungsten on 2 17-7 ph stainless
steel substrate, respectively., During a special erosion test series both the anode
and cathode set were fabricated of sets of 177 ph stainless steel, molybdenum and
2% thoriated tungsten, respectively, With the exception of this latter erosion test
series and the molybdenum test series, the same set of electrodes and insulators
were used for all performance tests, During these diagnostic performance tests

the electrodes and insulator were cleaned and weighed before and after each test.

Figure 4. Rear View of Short Pulse Discharge Thruster

12



Figure 5. Front View of Short Pulse Discharge Thruster

Figure 6., Insulator, Anode, Cathode and Propellant Rod
of Short Pulse Thruster After Typical Performance Test

13



Most of the performance tests were performed with propellant supplied fc the
discharge from the breech end of the accelerator nozzle such as shown in Figure 5.
Toward the end of the program a few exploratory tests were performed in which the
propellant was supplied simultaneously from the breech end as well as the downstream
sides of the discharge. Two of the latter exploratory propellant configurations include
V-shaped propellant rod and a breech-plus~side~feed configuration. Figire 7
presents a schematic representation of these latter configurations., These new
propellant configurations increase the propellant flow rate to the discharge more
effectively than breech fed configurations thereby significantly increasing the thrust/power

ratio compared to breech~fed configurations.

TEFLON

BREECH LOCATION BREECH LOCATION

TEFLON

T PLASMA PLASMA
)______, EXHAUST A EXHAUST
TEFLON
TEFLON
a) V-SHAPED b) BREECH PLUS SIDE FEED
Figure 7. Propellant Side-Feed Geometries
3.2 EXPERIMENTAL RESULTS

3.2.1 Performance

Table 2 presents a summary of the performance data obtained with the short
pulse discharge thruster. Because of the relative ease by which capacitors,

propellant rods and electrode nozzles could be incorporated and tested in the basic

14



short pulse discharge thruster shown in Figures 4 and 5, a number of tests were
performed before the quasi-steady thruster was available for testing. For convenience

in comparing the test results obtained, the data in Table 2 is presented in four major

columns:
1 Breech fed configuration, fixed propellant area of 1. 69 in™, varving
discharge energy
II Breech fed configuration, fixed propeliant area of 2, 54 mﬁ*"ﬁ, varying
discharge energy
I Breech plus-side-fed configuration, varying propellant avea, nearly

constant discharge energy
v V-shaped propellant,

The first horizontally grouped data in Table 2 provides details of test
conditions. The second group presents propulsive system performance data. The
third horizontal grouping presents the performance data including energy logses in
delivering the capacitor energy to the thruster nozzle and also mass losses due to
erosion. This latter data therefore reflects the quality of the particular set of energy
storage capacitors used and also the suitability of electrode and insulator material

used in the thruster.

Figure 8 presents thrust efficiency 1 (ES, mp) as a function of propellant
specific impulse using the nine data points in the second horizontal grouping of Table 2,
Also presented are data points of breech-~fed microthrusters.4 The discharge energy
of these latter thrusters range from about 1 to 20 joules with impulse bit levels varyimng
from about 3 u lb-sec to about 100ulb-sec. The results presented in Figure 8 show that
the solid propellant breech fed short pulse discharge plasma thruster scaled in a
predictable manner from the micropound to the millipound thrust regime. As with
the microthruster, the present large energy results of breech fed configurations also
operated at a thrust/power ratio (I/E S) of about 4 milli-lb/kw, This value was
increased about 50% by also introducing propellant into the discharge from the gides,
downstream of the breech., The data in the last two vertical columns of Table 2
present this latter performance improvement that was realized, Similar results have
also been obtained with propellant side-fed microthrusters. ® The three experimental

o
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data points of the side-fed configuration are not described by the same straight
line data trend line shown in Figure 8. The higher side-fed thrust/power ratio
data points fall along another data trend line rotated counterclockwise with respect

to the trend line that describes the performance of breech fed thrusters.

To interpret the information contained in Figure 8, it should be remembered
that a pulsed plasma thruster delivers discrete impulse bits of amplitude 1. The

specific impulse {Isp) and efficiency (N} of a single impulse are then:

=T/
Isp Vmg

1 = I/(2mE)

With the impulse bit/energy ratio given by I/E and the quantitiy of propellant mass
per discharge denoted by m, the specific impulse and efficiency of the pulsed plasma
thruster can be presented without involving the concept of thrust or electric power,
These latter quantities become meaningful only when a given thruster is operated at
some pulse frequency f. In cases of repetitive operation one finds the specific
impulse, efficiency and thrust/power ratio of steady state operation at a pulse
frequency f to be numerically equal to the corresponding values of each single

discharge and independent of pulse frequency, as seen from the following relations:

Isp =T/W = §f I/f W=1I/W
noo= T2/2rhp = 12/2mE
T/P = I/E

Hence the performance of a given thruster appears as a single data point on a plot of 7
versus Isp (Figure 8) independent of its power level or thrust level of operation,

The thrust level of a given thruster is varied merely by changing pulse frequency. The
thrust level (or power level) can thus be varied over a very wide range -at

constant Isp and M. The specific impulse and efficiency of a pulsed plasma thruster

are varied by changing parameters other than pulse frequency. For example:

18



a. Changing applied wltage for otherwise fixed conditions
b. Changing capacitance for otherwise fixed conditions

C. Changing thruster electrode nozzle geometry

d. Changing the quantify of propellant consumed per dis¢

or any combination of these.

Table 2 also presents the results of performance calculations which include
capacitor losses and ma ss losses due to erosion. These results show the range

of performance that may be quoted for a given set of test data if such effects are

included. Caution must be exercised in making generalized conclusions from these
latter results which include erosion. Since the same set of electrodes were used
during all of the performance tests, the rate of erosion encountered during any given
test was not only a function of the particular test conditions of that test, but also of
the prior history of the electrodes. This latter effect will be discussed in more
detail in Section 3. 2,2 which presents erosion data obtained by repeating a given set
of test conditions with a given set of electrodes. Furthermore, it will also be shown
that the selection of electrode material can substantially affect erosion and therefore

also affect any performance figures quoted which include the effect of erosion,

While for practical applications it is important to reduce loss mechani

]

to an absolute minimum, the effect of loss mechanisms on the general range of
performance of the short pulse discharge thrusters examined has in most cases not
been too important, The performance of a given short pulse discharge thruster is

sufficiently well described (i.e., to within a few percent) by the propellant specific

impulse and the thrust efficiency 1 (ES, mp). It is perhaps interesting to note that
not only do the side feed geometries examined provide a higher thrust/power ratio
than the breech fed geometry, but also has the smallest change in performance due

to erosion., This latter observation will be discussed in more detail in Section 3.2.2.

3.2,2 Erosion

Three test sets of erosion data were taken during the present study. The
first set was taken during the short pulse discharge thruster and quasi-steady thruster
performance evaluation tests. The same set of electrodes were repeatedly used

being cleaned only between individual performance evaluation tests. The second set




of tests examined erosion of three different electrode materials. For this fest
series three identical sets of electrodes were fabricated and subjected to the same
test conditions, The third test series examined the change in erosion by subjecting
a given set of electrodes repeatedly to the same test conditions. In no cases were
electrode geometries sought for minimum erosion, The results of these three sets

of tests will now be presented.

3.2.2.1 First Test Series: The first set of tests in which erosion data was

taken were performed with a 17-7 ph stainless steel cathode and a tungsten anode
mounted on a 17-7 ph stainless steel substrate. This set of electrodes was used
during all of the thruster performance evaluation studies reported upon. The elecirodes
and insulator (see Figure 6 for a typical set) were weighed before and after each
performance test, Table 3 presents the results of these tests. These include the
shart pulse discharge thruster tests of Table 2 and the quasi-steady thruster tests
of Table 7. Erosion of the anode, cathode, insulator and combinations of these

are presented as percent of teflon propellant consumed. Since the given set of
electrodes is irreversibly minutely changed from test to test, the erosion data of
the first test series is believed to be somewhat limited for quantitatively assessing
erosion of a given set of test conditions, This statement is based upon the resulis
of the third test serks where it was found that erosion of a given set of electrodes

repeatedly used under the same test conditions can give a pulse life dependent result.

In Reference 6 it was found that for a given electrode material the gquantity
of eroded ma ss dependend primarily upon the charge g passing between the
electrodes. The present short pulse discharge thruster results do not show a
correlation between erosion expressed in grams/discharge with the charge q.
Maﬂiarustf recently has shown erosion for a quasi-steady thruster to depend upon
molecular weight and the parameter 112/1’;1 with i and m the discla rge current
and propellant mass flow rate, respectively. The simplified andlyses presented
helow shows the parameter i2/ 1;13 rewritten in terms of the mean of the square of the
current, to be directly related to the gpecific impulse. The simplified analyses is

therefore also suitable for encompassing data of short pulse thrusters.
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Since specific impulse was measured for all performance tests presented
in Table 2, Figure 9 presents erosion as a function of propellant and total mass
specific impulse respectively. Even though the data encompasses different initial
conditions and slightly varying geometry from test to test due to erosion, the correlation

between total erosion (expressed in percent of propellant mass) and either total mass or

propellant specific impulse is considered reasonably good.

.
2 2 1 [ i2dt 1 i2a o1t
.1_... “ __.._.._1 = T by — il =

. - 1 [ madt m/T m
m m T

Suppose we now assume the propulsive action to be entirely electromagnetic in origin.

Then the instantaneous force Fi due to magnetic pressure Pm will be

Now the magnetic flux density B can be written as

B = Ki%

with K some constant depending upon electrode geometry. The impulse bit I due to

the ejection of a quantity of mass m is then
.2
I= f Fidt = KA AFI dt

But the specific impulse Isp is:

[t
m

sp g m

KA

0Q =

Thus a direct relation is observed between the parameter

[ at

iz/r'n ( o< = ) and specific impulse
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At first glance, the erosion trend as observed in Figure 9 would suggest
prohibitive erosion with increasing specific impulse. For practical applications, one
is generally interested in delivering a certain total impulse over a given m.is sni(m
time. As the specific impulse is increased for a given total impulse the required
quantity of propellant mass decreases. This trend is not reflected by presenting the
data in the form of Figure 9. Figure 10 (also see Table 3) presents the quantity
of eroded mass per unit total impulse (i.e., 1b/lb-sec) as a function of specific
impulse. From this latter figure it is seen that when specific impulse is varied
from about 2200t03300 sec, the rate of erosion, expressed as 1b/lb sec, increases
only by about 18% compared to an increase of 77% as inferred from Figure 9 where
erosion is expressed as percent of propellant weight. The lowest rate of erosion

(Ib/1b-sec) was found in the 1200 sec specific impulse range.

Since no attempt was made to evaluate electrode configurations or to seek
for the electrode material that provides the lowest possible erosion, the above
results must be considered valid only for the conditions tested. For example,
the results of the second and third test series will demonstrate that electrode
material as well as repeated use of a given electrode under the same test conditions
can change any general conclusions one may infer from the data of the first test
series. The effect of electrode geometry on erosion was beyond the scope of this

study.

3.2.2.2 Second Test Series: Three identical sets of electrodes fabricated of 17-7 ph

stainless steel, molybdenum and 2% thoriated tungsten were each discharged for

10, 000 consecutive discharges. An attempt was made to maintain applied voltage and
pulse frequency the same. The pulse frequency was maintained at 1Hz and

discharge energy between 278 to 317 joules. TFigure 11 shows the three sets of
electrodes, the insulator assembly and the teflon propellant rod after each of the
electrode sets was subjected to 10, 000 consecutive discharges. It should also be
observed that the teflon propellant remained quite flat during each run. The region
of erosion of the anode appears as a light region. Table 4 presents the results of
these tests. The data is also presented in Figure 10. The difference in erosion
noted is attributed to differences in electrode material. These preliminary results

suggest that proper selection of electrode material may reduce erosion considerably,
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Figure 11. Electrode Sets After 10, 000 Consecutive Discharges

1. Molybdenum
2, 17-7 ph Stainless Steel
3. 2% Thoriated Tungsten
Top Row ~ Cathodes
Lower Row -~ Anodes

The rates observed during the first test series and the results of the first test series

presented in Table 2 are to be considered as preliminary results. Of the three
electrode materials tested the 2% thoriated tungsten set showed the highest rate of

erosion while the molybdenum electrodes experienced the least erosion,

TABLE 4. Electrode Material Erosion Studies (10, 000 Consecutive Discharges)

17-7 ph stain- | 2% thoriated

Cathode Material Molybdenum less Steel Tungsten
Anode Material . " " "
Anode weight loss/propellant wgt loss, % 1.35 1,483 4,83
Cathode wgt loss/propellant wgt loss, % 0,262 0.892 0.538
Insulator wgt loss/propellant wtg loss, % 0.337 +0, 0617 0.0769
Anode, Cathode and insulator wgt/ - s

propellant wgt loss, % 1.95 2,313 2049
Mass loss eroded/Impulse, 1b/lb-sec 1.235x107° 1.67x107° 3.38x10™°
Discharge energy of test 327 j 278 j 304 3
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Ducati compared the erosion of five different anode materials in his quasi-
steady thruster studies. 8 Since no quantitative data was provided, it is not possible
to compare his results with those reported herein. Of the five materials tested
(aluminum, copper, molybdenum, tungsten, and graphite) Ducati notes that graphite
experienced the smallest change in geometry due to erosion - graphite was followed
by tungsten and then molybdenum. Certainly, besides the relative mass change due
to erosion for practical applications it will also be necessary to consider the

relative geometry change with time due to erosion such as observed by Ducatl,

3.2.2.3 Third Test Series: During this test series the molybdenum electrodes were

repeatedly subjected to the same test conditions. After operating the thruster for a
prescribed number of consecutive discharges (20, 000 - except the first test which

was the 10, 000 discharge test result of the second test series) the electrode, insulator
and propellant were removed and weighed and without otherwise disturbing them,
reinstalled for the next firing sequence. As with the first test series after each

firing sequence the thruster assembly was allowed to return to room temperature
while soaking overnight in an evacuated condition. Table 5 presents the results

of this test series. The data is also presented in Figure 12, Figures 12a and 12b
present erosion expressed as mass eroded/impulse and as percent of propeliant

mass as a function of consecutive discharges, respectively. Both figures show
erosion essentially constant for about 20, 000 consecutive discharges. Erosion was
then found to become smaller as testing continued. Visual inspection of the electrodes
showed that sharp corners and edges (see Figure 6) of the electrodes eroded faster
than the flat surface of the electrode. It would be interesting to have tested

Rogowsky electrodes9 in which electric field effects are minimized.

The results of this erosion test show erosion to depend upon the number of
consecutive discharges. Some caution must therefore be exercised in attributing
erosion exclusively to operating parameters which do not include the duration of the test.
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3.2.3 Parametric Studies

3.2.3.1 Impedance Considerations

Studies of the dynamic impedance of gaseous propellant thrusters have been
reported by Michels.10 Studies of the dynamic impedance variation of a 320 joule
discharge teflon propellant thruster were performed during the current program by
M.Beguﬁ. The discharge current and ter minal voltage (iR drop and d/dt (Li) term)
were displayed simultaneously on an oscilloscope. The thruster was operated steadily
at about 1 Hz at initial capacitor voltages varying from about 200 volts up to 1500 volts.
Discharge voltage and current traces were taken for these various initial velitages., The
magnitude of instantaneous discharge voltage and current were subsequently
determined at fixed times of 1, 2, 3, peak current, 5,7, 9 and 10 u sec from the
various traces obtained for the different initial voltages. For each of these latter fime
values the instantaneous discharge voltage (corrected for the L di/dt term) was
presented as a function of the corresponding -discharge current. The dynamic
impedance at each time was then determined from the slope AE/A i of the voltage
and current data points plotted for that time. These latter values of dynamic
impedance were then replotted as a function of time from which they were evaluated.
This latter technique provides more details on impedance behavior than that from the
single point obtained by evaluating the dynamic impedance at peak current where the
di/dt term vanishes. Figure 13 presents the variation in dynamic impedance. Except
during the early part of the discharge, the dynamic impedance of the discharge of the
teflon propellant thruster was found to be between 5 to 7 milliohms during most of
the discharge. The pulse forming network was subsequently designed using a value

of 6.5 milliohms as the arc impedance.

Assembling a thruster discharge circuit with a total initial impedance C
of 5 to 7 millichms is not an easy task. A technique was developed to readily facilitate
an evaluation of the discharge circuit impedance at the instant the arc is initiated. This
technique was found to be necessary since the shape of the arc at the instant it is
initiated can affect the value of the initial inductance (and impedance) of the discharge
circuit, This effect can be illustrated by some sample results. Table 6 presents
discharge circuit parameters calculated from the ringing pattern obtained by shorting
the circuit at the breech end of the thruster nozzle using two differently shaped "shorting
bars''. One shorting bar was in the shape of a flat plate simulating a plasma sheet
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TABLE 6. Initial Circuit Parameter Measurements

Shorting Configuration Initial Inductance, H Initial Impedance, Chms
Flat plate 2.4x 1078 9.21 x 1073
Thin wire 7.6 x 1070 16.4 x 107
Initial arc (171 joules) 10.5 x 1072 19.3 x 107°
Initial arc (318 joules) 8.78 x 1070 17.6 x 1073

located at the breech of the nozzle, The second configuration was a thin wire simu~

lating a line discharge at the breech of the nozzle. Also presented are experimental values
of initial inductance and impedance obtained by operating the thruster at 171 joules

and 318 joules, respectively., The inductance at the instant the thruster discharge

is initiated was determined from the rate of change of discharge current with time

att =0, i.e., from the relation di/dt 0= Vo/Lo with Vo, Lo the initial voltage

and inductance (including the plasma afc—: which closes the circuit at ¢ =0). This
latter relation was shown by Andreev11 to be valid for soft discharges. For such
discharges the inductance is sufficiently large so that the voltage drop across the

arc resistance can be neglected. For hard discharges, i.e., extremely low inductance
circuits, the voltage drop across the arc cannot be neglected and the relation used is
not valid. Thus for soft discharges (such as are presently encountered in the short
pulse discharge thruster), the rate of energy release is governed by circuit inductance
while arc resistance governs the rate of energy release for hard discharges. The
discharge circuit impedance of the short pulse discharge thruster at arc initiation is
thus zo = [Vo/ (c di/dt t=0) ]1/ 2. The experimental data presented in Table 6
shows that the initial inductance and impedance of the thruster resembles a series
LCR circuit in which the initial arc configuration resembles a thin wire (i.e., a line
discharge). The lowest initial circuit impedance that has been measured with the
available research thruster has been about 15 x 10_3 ohms. Studies are in progress
to determine the design and the components to reduce this impedance to a level

comparable to that of the arc during the time of mass acceleration.

3.2.3.2 Specific Impulse as a Function of Discharge Energy/Propellant Area Ratio

A correlation found useful in the design of short pulse discharge thrusters is
the correlation of propellant specific impulse with discharge energy per unit propellant
area being depolymerized4. Figure 14 presents the high energy short pulse discharge

thruster data of the study including earlier low energy data of coaxial and rail type



gaay juepedoad jrun aod ASxeuj o81eyosiq Jo uonounyg e se asindull oroeds T 9andrg

oNI/sa1nor ‘YyHUV/A9¥ANA
00€ 007¢ 00T 0g 0T T

T _ I O O T T T T T T T 1 I 00T

00¢S

000°T

00S°‘T

000°¢

000°¢

000°%

‘ASTAdWI DIJAIDAAS

0ES



thrusters. Also included are V-ghaped propellants and the breech~plus-side-feed
configuration (see Figure 7). A reasonably good correlation of specific impulse with
the parameter energy per unit propellant area is found to exist for a wide variety

of thruster configurations.

3.2.3.3 Discharge Energy/Propellant Mass Ratio

Simple idealized calculations™ of thrusting mechanisms in the short pulse

dischargé thruster show thrust efficiency to depend upon the ratio of discharge energy

function

to propellant mass per discharge. Figure 15 presents thrust efficiency as a
of this ratio. This discharge energy is the energy stored in the capacitor (1/2CV 2}
uncorrected for losses and the mass is the total stored propellant mass change per
discharge with no correction for mass utilization efficiency. The data of bresch-fed
thrusters is obtained from tests ona large number of thrusters with thrust levels
varying from a few micropounds up to a few millipounds, and at discha rge energies
ranging from a few joules to a few hundred joules. The data of breech-fed thrusters
presented shows a good correlation between the thrust efficiency and the energy/mass
ratio., The two data points for breech~plus-side-feed (see Figure 7) shows efficiency
significantly higher than breech-fed thrusters for the same value of the energy/mass
ratio, It appears that more of the initial energy is transferred into kinetic energy

of the mass aceelerated when propellant is also fed from the sides. Feeding propel-
lant into the discharge from the downsteam side walls d the accelerator nozzle
appears to provide sufficiently improved performance compared to a breech-fed

thruster to consider side~fed thrusters as a separate class from breech-fed thrusters,

3.2,3.4 Electric Discharge Behavior

The earliest tests performed with the short pulse discharge thruster in the
program were performed at an initial capacitor voltage of 1.1 KV, The digcharge
current was observed to be essentially critically damped. As capacitance and voltages
were subsequently changed it was found that the discharge current became underdamped.
The current reversals encountered, indicate that the interelectrode spacing designed
for the low voltage (high capacitance) capacitor bank becomes mismatched when a

high voltage-low capacitance capacitor bank is used. Since capacitor life is adversely

(]
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affected by such reversals oscilloscope pictures were examined in an attempt to
qualitatively establish conditions for which a critically damped discharge will

be observed. Figures 16a and 16b qualitatively present the general trend of the
type of discharge as a function of parameters interelectrode spacing and voliage,
initial field stress and capacitance, respectively. The results reveal changes to be
made to convert a thruster having an oscillatory discharge to one which is critically

damped.

a. For fixed capacitance, fixed gap: decrease voltage
b. For fixed capacitance, fixed voltage: increase interelectrode spacing
Cc. For fixed capacitance: decrease field strength (voltage/gap spacing)

d. For fixed field strength: decrease capacitance.

While oscillatory discharges are known to adversely affect capacitor life
the slightly oscillating discharge (less than a 43% current reversal) encountered during

the 3KV tests did not appear to adversely affect thruster performance.

3.2,4 Performance Extrapolation

An inspection of the performance data presented in Figure 8 shows that peak
performance capability has evidently not yet been reached. This observation is
made since the trend line of the data still shows no departure from a straight line
variation. The straight line variation cannot extend indefinitely since it would
eventually reach and exceed 100% efficiency. Starting at some value of specific
impulse not yet reached, the data will eventually depart from the straight line, With
the available data it is possible to determine the level of performance and the conditions

that provide such performance that may be expected upon further development.

Figure 17 presents the product (impulse bit amplitude) x (specific impulse) as
a function of discharge energy for a large number of short pulse discharge thrusters that
have been experimentally evaluated during the present and previous microthrusisr
programs. Several lines of constant efficiency are also shown. It is interesting
to note that the experimental data obtained to date is roughly described by a straight
line over approximately 4 decimal orders of magnitude of the parameter { IS§§ x (I},
It is important to observe that the slope of this latter trend line is inclined relative

to constant efficiency lines. While a range of efficiency can exist at a given discharge
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energy, the efficiency is seen to generally increase with an increase in discharge
energy. If one extends the trend line of experimental data points to the intersection

of appropriate efficien cy lines, one finds approximately that:

N = 0.5 at a discharge energy of 1700 joules with I Isp = 40, 000, 000 w lb—se02
TN = 0.4 at a discharge energy of 1100 joules with I ISp = 21, 000, 000 lb—sec2
TN = 0.3 at a discharge energy of 600 joules with I Isp = 8,500,000 u lb-sec:2

Since a number of data points exist to the right of the trend line, it is anticipated that
it should be possible to reach the latter efficiencies at lower discharge energies than
the general trend line predicts, The above extrapolations are interesting since they
enable predictions to be made of the performance to be expected at energy levels not
yet examined in this country. One Russian reference12 has already examined certain
aspects of teflon propellant accelerators up to 4950 joules. However, no propulsion
data was reported in Reference 12 or any other Russian references. 13,14
From the above extrapolated data one finds the specific impulse to be given
by the values presented in Table 7. While in the present program a performance level
has already been experimentally reached by a few research thrusters compatible with
stationkeeping requirements of either 3-axes or spin stabilized satellites, the extra-
polated performance of Table 5 reveals that substantial improvements over present
results may be expected at higher discharge energy levels than those used in the present

study.
TABLE 7. Extrapolated Performance
7 I ISp - P/T 156. 5 125 100 watts/milli-1b
(%) § (w-Ib-sec?d | (joules) T/P 6.39 8.0 10, Op 1b/watt
0.3 8,500, 000 600 2220 1770 1415
0.4 § 21,000, 000 1100 2980 2390 1910
0.5 | 40,000, 000 1700 3680 2940 2350
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SECTION 4

QUASI-STEADY THRUSTER

4.1 DESIGN

‘The comparison between solid propellant quasi-steady thruster operation and
solid propellant short pulse discharge thruster operation was to be ma de under similar
as possible conditions. As design inputs, it was therefore assumed that: (1} the elec-
trode nozzle and solid propellant geometry of either configuration being compared
would be the same, and (2) the magnitude of the dynamic impedance of the plasms
during the acceleration phase of the short pulse discharge thruster (see Section 3.2.2,1)
could be used as the load impedance in the design of the pulse forming network (PFN}
for the quasi-steady thruster.

Due to the low dynamic impedance of 6.5 milliohms either of two approasches
could be followed in the design of the PFN., In one case a pulse transformer could be
utilized toachieve a good impedance match between the discharge circuit and the plasma,
in the second case no transformer would be used but a bank of capacitors having a
large capacitance. The latter approach was selected for economic reasons. In
order to be able to accommodate the weight of the bank of capacitors on the available
thrust balance it was necessary to use electrolytic capacitors. Since electrolytic
capacitors had been previously used for such purposes7’ 8 no outstanding problems

in the design and use of such a network was expected.

Besides the above congiderations it was desirable to have a peak power of
the order of 106 watts during the quasi-steady acceler ation phase, a pulse length of
at least 100y sec and a discharge current of the order of 10Ka,

Since the PFN must be placed in a fairly compact package on the thrust
balance it was decided to minimize the effects of mutual inductance in the PFN by

using a Type C instead of a Type D (equal capacitance) netWOI'k15 conventionally used.

Figure 18 shows a schematic of this idealized 5-section circuit used:

]
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Figure 18, Schematic of 5-Section Circuit

The numerical values for inductance and capacitance were calculated from
the nondimensional values presented for an idealized network in Reference 15, For
a pulse duration of 100 sec with a parabolic rise and fall time of 5% one has the

following nondimensional values of inductance and capacitance.

Ll = 0.2507 Cl = 0.4042

LS = 0.2547 CS = 0,04420
L5 = 0,2632 05 = 0,01539
L.‘, =0.2773 (77 =0, 00745
Lg = 0.2961 Cg = 0,00422
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For a load impedance of 6.5 milliohm and a desired pulse duration of

100 v sec one finds actual inductance and capacitance to be as follows:

L, = 0,162 x 10~ Henries Cc, =6212 fd
Ly = 0.165 x 107" Henries C,= 679 ufd
"Ly =0.171 x 107° Henries C. = 236 fd
L, = 0.180 x 10~ Henries C,= 1l4u1d
Ly = 0.192 x 107 Henries Cq =69.9 0 fd

It is perhaps interesting to note that a Type D (equal capacitance) circuit
would require 5 x 1398 or 6980 pfd. The total capacitance of the unequal section
circuit will be 7310 pfd., While either circuit would weigh about the same, it was

believed that the Type C circuit would be easier to assemble in a smaller package.

The above idealized considerations neglect the inductance due to the
capacitors and the current collection assembly of the network, Since no control
existed on the inductance of the electrolytic capacitors, the network was designed
to have as low an inductance as possible. The above listed idealized coil inductances
were then considered to include the inductance of capacitors. The 5 sections of
the network were assembled of custom 450 volt Aluminum electrolytic capacitors
provided by the Mallory Capacitor Company. A comparison between theoretical
and actual capacitance for each of the five sections is as follows:

Section Theoretical Cap. Actual Cap. Cact/ Cth
6212 ufd 6380 pfd 1,027
2 679 | 644, 4 0.949
3 236 213 0. 902
4 114 104 0.912
5 69.9 83 1,187
Total 7310.9 7424, 6 1,016
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The theoretical circuit was reasonably well simulated with respect to capacitance.
To minimize circuit inductance the capacitors of each section were first collected
in parallel by a low inductance disk assembly. The current of each disk assembly
was then transferred through a short low inductance coaxial section into a common
low inductance strip line, The thruster electrode nozzles were fastened directly
to one end of this strip line. Figure 1 shows the final thruster and PFN network.

Before the network was used for performance studies it was bench checkad
at low voltage (below 10 volts) for discharge current waveform. In order to facilitate
bench testing the plasma load whose impedance was measured {o be 6.5 x 10"3 ohm
was simulated by a 4.45 cm long thin wire. The inductive impedance XL =2m § fﬁiﬁwim
was calculated and found to be roughly two orders of magnitude lower than its
resistance*, Initial bench tests revealed that the inductance of the Mallory
electrolytic capacitors was sufficiently high such that the original design values of
theinductors had to be modified. After readjusting the circuit parameters (L and C)
an acceptable square wave was obtained (see Figure 19) at low voltage. The long
exponential decay and reversals are undesirable but could not be impr oved upon
with the capacitors in the circuit. The final capacitance was 7134, 6 4 fd and the pulse

duration of constant current at low voltage is about 83p sec,

Prior to the installation of the quasi-steady thruster on the thrust balance,
a thermocouple was attached to each capacitor of the network. The output of each
thermocouple was fed into a thermocouple switch whose output is fed directly into
a Honeywell Model 906C Visicorder with a M-100-120A galvonometer. This setup
readily enables the temperature variation of all capacitors to be quickly monitored and
recorded during thruster operation. As suspected, one capacitor was found to heat
up faster than the remaining ones. Duration of thruster operation is limited by the
temperature of this one capacitor. Operation was stopped whenever the temperature

of this one capacitor reached about 110-130°F. The subsequent temperature rise

still keeps the peak temperature below 140°F,

* Measured by Kelvin Bridge Ohmmeter No, 4285 I.eeds & Northrup Co.
range 0.0001 ohms to 26,6 ohms
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Voltage

Current

Figure 19. Square Wave of Pulse Forming Network
(Low Voltage Bench Test)
50 u sec/cm

Acceptable operation without localized arcing could only be accomplished by sealing
the anode to the strip line, Unfortunately this solution made it impossible to measure
anode erosion. Cathode and insulator erosion and propellant consumption were
measured in the same manner as with the short pulse discharge thruster.

4.2 EXPERIMENTAL RESULTS

Initial full voltage thruster tests with the quasi-steady thruster showed a
strong current overshoot on the initial sharp current rise. Since attempts to
eliminate the overshoot affected the duration of the constant current region,
performance data was taken with the current overshoot. Figure 20 shows a typical
discharge voltage and current trace at the same sweep speed as the low voltage
test (Figure 19). In comparing the thruster data with the low voltage bench test
data (Figure 19), it is noted that a roughly 50% current reversal occurred in
both cases.
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Current

Figure 20, Typical Discharge Voltage and Current Trace during
Quasi-Steady Thruster Operation 501 sec/cm (n=906)

The duration of the steady current is roughly 80 u sec in both cases as well as a

duration of positive current for about 220 p sec. The essential difference between

both cases is the presence of the strong initial current overshoct observed during
quasi-steady thruster operation, TFigure 21 shows another typical discharge voltage

and current trace at a sweep speed of 20p sec/ecm. Both the voltage and current are
seen to be relatively free of noise. Mailiaris?finds that quiet voltage traces such as those
presented in Figures 20 and 21 are for conditions which he refers to as being below
critical, i.e., not too severe an erosion. Data tobe presented in Section 4, 3, 2 will
show that even though according to the voltage criteria relatively low erosion is

expected, the erosion measured was substantially larger than encountered during short

pulse operation.

44



Voltage

Current

ﬁwﬂw%«;«m&\%‘*

R TS R SR

Figure 21. Typical Discharge Voltage and Current Trace during
Quasi-steady Thruster Operation (201 sec/cm)

4,2,1 Performance

Performance data of the quasi-steady thruster was taken in the same manner
as for the short pulse thruster. Four sets of experiments were performed. The
data of these four tests are presented in Table 8, in the same format as the results
for the short pulse thruster studies (see Table 2). During all four tests performed
with the quasi-steady thruster unsatisfactory depolymerization of the teflon propellant
was observed. An examination of the propellant after operation showed that the face
of the teflon had black regions of teflon. Figure 22.shows the propellant, cathode and
insulator assembly after breech fed tests 128x-1 and 128x-2 and breech plus side feed
tests 128x-3 respectively. The propellant face after test log 128x-1 was found to be
darker than that encountered with 128-x-2. Prior experience at Republic with short
pulse discharge thrusters show that a darkened propellant face provides performance

corresponding to a higher than normal specific impulse and a lower than normal

S
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TABLE 8. Quasi-Steady Thruster Data

Breech Breech~plus-side~
_ feed
Capacitor energy in joules | 321<E<376 484.5 529, 2 349
Propellant area, im2 1.69 1.69 5,51 5,51
Capacitance, wid 7134.6 7134. 6 7134.6 7134, 6
Initial voltage,V 301<v<325 369 385 313
Shots of Test 5730 1970 1636 1502
Pulse frequency, Hz 0.560 0.581 0.67 0,696
Test duration at £, Hrs 2,84 0.945 0.678 0.600
Test avg thrst, u 1b 264 758 1211.8 616
Impulse bit, I, u1b-sec 472 1306. 8 1809,1 884
Propellant spec. Imp. , sec 3070 A 2680 1340 975
Thrust eff, M (Es,mp),% 8,4<N< 9,85 15.75 10.0 5,38
Thrst/pwr ratio, (I, E.)
mib/kw 1,25<I/E< 1,47 2,70 3.42 2,53

Pwr/thst ratie, (E_, 1) ‘ '

w/mlb s 6.80<P/T< 800 370 292 396
Delivered engy, joules 185.3 339.5 327.4 228
Engy trnsf eff (Ed/ES),% 49,2<M <57,8 70 61.7 65.4
Total mass spec, imp.,, s€c | ==-- 1970 1265 925
Thrst.eff, N (Ed, mp), % 17 22.5 16.1 8. 24
Thrst, eff. W}(Esgmt),% e 11,58 9.45 5,1
Thrst,eff. 1M (Ed, mt),% — 16.5 15,2 7.81
i/m 34 21 6.5 8.6
Log # 128x1 128x2 128x4

128x3
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b) Log 128x-2

¢) Log 128x-3

Figure 22, Propellant, Cathode, and Insulator Assembly after
Quasi-Steady Thruster Operation




thrust/power ratio, Generally such a condition is eliminated by operating the given

thruster at a higher initial voltage in order to increase the discharge energy.

The performance of the first set of data, Log 128x-1 in comparison to the
remaining three sets of data does not have the same general trend as the latter data
when propellant specific impulse is presented as a function of efficiency T (E’.«,& mp}@
A comparison of the discharge current and voltage traces of the four tests show that
the discharge current for test 128x-1 was occasionally '"noisy' during the test.
Figure 23 presents one typical 'noisy’ discharge current trace observed during

test 128x-1,

Voltage

Current

Figure 23. 'Noisy' Discharge Current Trace During Test 128x-1
(204 sec/cm)
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This latter trace can be compared to the ""quiet" type of discharge cu@mm ohserved
during all three of the other quasi-steady thruster fests performed. Interestingly
Malliaris observes the discharge voltage to be noisy when his quasi~steady thruster
is operating in the propellant underfed condition. This latter condition is marked
by a high erosion rate. The terminal discharge voltage of test 128x~1 shown in
Figure 23 is seen to be as free from spikes as the voltage traces of the other three

quasi-steady thruster tests (see Figure 22 for example).

While values of impulse bit amplitude and either propellant specific impulse
or total mass specific impulse have been measgured in a regime of interest to
propulsion, the relative merit of the values is more meaningful when compared with

short pulse di scharge operation. Such a comparison is presented and discussed

in Section 5.1,

4,2,2 Erosion

Erosion studies were made of the cathode and insulator assembly for the last
three tests. As mentioned earlier, anode erosion could not be measured since
satisfactory operation of the quasi-steady thruster was only possible when the anode

was sealed to the strip line assembly.

Table 3b presents the quasi-steady thruster erosion data in the same format
as the short pulse erosion data. Since anode erosion could not be measured it is
not possible to quantitatively assess relative erosion between the ancde, cathode and
insulator. Visually, the anode appeared to experience a greater erosion than the
cathode. Essentially all of the anode erosion took place at the two downstream corners
of the anode. The erosion results are more meaningful when compared with the
results obtained during short pulse thruster operation. Such a comparison is presented

in Section 5. 2.






SECTION 5

PERFORMANCE COMPARISON

5.1 PROPULSIVE PERFORMANCE

In Section 2 it was shown that propulsive performance can be calculated in
any one of a number of ways. When making comparisons between short pulse
discharge and quasi-steady thruster performance such differences must be
considered. From propulsive system considerations the thrust efficiency T €E§@$ mp}
and propellant specific impulse are important parameters. Figure 24 presents thrust
efficiency as a function of propellant specific impulse for both breech-plus-gide-fed and
breech fed thruster operation of short pulse discharge and quasi-steady thrusters.
Compared in this manner, the breech-plus-side-fed short pulse discharge configuration
provides a significantly better level of performance than either the breech fed short
pulse or either of the quasi-steady thruster configurations. For example, at a given
specific impulse the efficiency of the short pulse breech-plus-side-fed configuration
is twice that of either type of quasi-steady thruster configuration and about 50% higher
than the short pulse breech fed configuration.

In making the above comparison, it must be remembered that tesis were
performed with the same accelerator nozzles. It is quite possible that nozzle
geometry requirements for optimum performance of a quasi-steady thruster differ
from those of a short pulse discharge thruster. Such considerations were beyond the
scope of the present study, however, such a possibility is not excluded since a visual
inspection of the erosion pattern of the electrodes and side propellant suggests that
the arc during most of the discharge of the short pulse thruster remains attached at
the fuel retaining shoulder while for quasi-—isteady operation it is swept downstream
and remains most of the time at the downstream extremities of the electrodes,

(see Figure 22c for example).

The above comparison does not take into account that the electrolytic
capacitors in the pulse forming network of the quasi-steady thruster dissipate more

energy than the energy storage capacitors of the short pulse discharge thruster circuit,
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Presenting efficiency T (E a mp) as a function of propellant specific impulse com-
pares performance using only the quantity of electric energy delivered into the
accelerator nozzle, Figure 25 presents such a comparison of the performance of
short pulse discharge thruster and quasi-steady thruster. Because of the rela-
tively few data points and the differences in performance noted between breech fed
and breech-plus-side-fed configurations some caution must be exercised in drawing
general conclusions, Based upon the available data, it is seen that again the short
pulse breech~-plus-side~fed configuration has a somewhat better performance than
any of the other configurations tested. With the exception of one quasi-steady data
point (Log 128x~1) the data points of either short pulse breech fed or the quagi-steady
configurations tested are very nearly described by a single {rend line. With the
exception of the short pulse breech~plus~side~fed configuration there doss not appear
to be any marked superiority in performance of any one of the three other config-
urations when compared on the basis of delivered energy and propellant specific

impulse.

5.2 EROSION

Table 3 summarizes erosion data obtained during diagnostic tegts of the
short pulse discharge and quasi-steady thrusters. Since anode erosion could not be
measured for the quasi-steady thruster, a direct comparison of erosion can only be
made for the sum of cathode plus insulator erosion. In Section 3.2,2 it was pointed
out that erosion may be examined either as percent of propellant mass consumed or
eroded mass per total impulse delivered. Figure 26 presents percent cathode plus
insulator erosion as a function of propellant specific impulse, Compared in this
manner, it is seen that erosion (%) during quasi-steady thruster operation is signi-
ficantly larger than that encountered during short pulse discharge operation.

Figure 27 presents erosion (cathode plus insulator) as pounds of eroded cathode plus
insulator per pound-second of total impulse delivered. In this comparison it is
again seen that erosion (Ib/lb-sec) during quasi-steady operation is about an order
of magnitude larger than short pulse discharge operation.

The data presented in Figures 26 and 27 show that cathode plus insulator
erosion expressed either as percent of propellant mass used, or as pounds per pound-
second total impulse delivered is significantly lower during short pulse discharge
thruster operation. While anode weight measurements could nat be made on the quasi~
steady thruster, strong erosion of the anode was always observed. It is belisved that
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even if anode weight measurements could have been made that total erosion

(anode plﬁs cathode plus insulator) would have been lower on the short pulse discharge
thruster., It should be remembered that the same electrodes were used for the

tests. As mentioned in Section 5.1, it cannot be ruled out that an electrode geometry
appropriate for short pulse operation may be undersirable for quasi-steady operation.
Such electrode geometry considerations were beyond the scope of the present effort.







SECTION 6

CONCLUSIONS

Conclusions drawn on the basis of the work performed are briefly summarized
below. Details of the results upon which these conclusions are based are presented

in the main body of this report.

A, Results have shown that providing propellant from the downstream sides of the
discharge in addition to that provided from the breech end significantly improves the
thrust/power ratio and substantially reduces erosion compared to normal breech fed
thrusters. Furthermore, since the performance data of such configurations does not
correlate with breech fed thruster data, the technique is considered to provide a new

class of thruster having substantially better performance than breech fed thrusters.

B. The breech fed teflon propellant short pulse discharge microthruster can be
scaled predictably from the micro-pound thrust level regime to the millipound thrust
regime using the correlation of Isp with E/A. In the millipound thrust regime the
measured performance of T with Isp and I ISp with E a respectively, was found fo

be in the general range of interest to North~South stationkeeping of satellites.

C. Even though a thrust efficiency of 30% was realized, optimum propulsive
performance has not yet been achieved with the short pulse discharge thruster,
Substantially higher efficiency is expected by increasing the discharge energy to
values several times larger than those examined in this study.

D. Expressing erosion as percent of propellant consumption is found to vary
linearly with specific impulse, Such a correlation can erroneously suggest prohibitive
erosion when the thruster operates at higher levels of specific impulse. The proposed
erosion parameter which expresses the ratio of the quantity of eroded mass to the

total impulse delivered is believed meaningful for practical applicationg. ‘This latter

~ erosion parameter was also found to increase wi th specific impulse bit at a rate which
does not suggest prohibitive erosion when a thruster is operated at a higher specific

impulse to deliver a given value of total impulse.



E. Results show electrode material and the duration of a test to affect either
of the two erosion parameters cited in this study. Since the scope of the effort

was limited with regard to the number of different material evaluations further
experimental studies should be carried out to comprehensively compare material
guantitatively before any final conclusions are made on the level of erosion expected

in practical applications.

F. While the present results show solid propellant short pulse discharge thruster
operation to provide a better performance at a lower erosion level than solid

propellant quasi~steady operation when compared under similar conditions, it is
important not to consider the present results conclusively proving that short

pulse operation is generally superior to quasi-steady operation. The scope and duration
of the program limited the number and range of data points obtained. It is hoped

the present results will suggest future studies of a similar nature to provide more

data over a wider range of operating parameters.
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APPENDIX A

NORTH-SOUTH STATIONKEEPING CALCULATIONS WITH
A PULSED PLASMA PROPULSION SYSTEM

The simplified analysis presented below were performed in an attempt to
assess pulsed plasma propulsion system performance requirements to perform
North-South stationkeeping of synchronous satellites:

Let I = total impulse (lb-sec)
i = total impulse per thruster
ip = total impulse at each nodal pass per thruster
ip = impulse bit amplitude per thruster
A = mission time of I (in years)
W = weight of spacecraft (1b)
g = gravitational constant (32.2 ft/ secz)
A€WV = velocity increment ft/sec/year
R = weight of propellant required (lb)
0 = degrees of firing about a nodal point to delivery required total
impulse
T = thrust level (1b)
P = power (kw)
T = duration of thruster firing about a2 node (hrs)
ISp = specific impulse (sec)

The totaltimpulse required for a mission time of A years is:

W
g

I=A AV

PART 1, 3-AXES STABILIZED SATELLITE WITH N/S THRUSTER PAIR

For this case each thruster must provide I/2 lb-sec of impulse

coq/0= A W 2
1—1/2—2 : AV (2




The quantity (R) of propellant required is thus:

The spacecraft will pass 2 nodal points per day or (361)/ (2) = 730
nodal passes/year. The total impulse to be delivered at each nodal point

is thus (I/730), or

i = =

1 w AV
n 730 g

Thus each of the two thrusters must provide this total impulse daily.
With the above relation one can now examine several cases of interést:

Case 1 - Thrust level fixed a a value of T.

Once the thrust level is fixed one has automatically fixed the total firing
time T or the number of degrees about each node, that will produce the

required impulse at the node. This firing time (7) in hours is thus

c - __=__1 wooAY
2~ 3600T (730) (3600) g T

Since the rate of change of spacecraft position is 15 degrees per hour, the total
number of degrees of thruster firing a wut a node to deliver the required total

impulse is thus

g =

s (730) (3600)

15° WAV
g T
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The corresponding total system bus power required is P : = T/ (T/P) i
with T/P the thrust/power ratio of the thruster (T is Uof and P in kw} and
T is the power conditioning efficiency.

Case 2:
a) The impulse is to be delivered in the time " interval T

From equation (5) one finds the required thrust level to be

1 1 wWw

T=735 3600 ¢

{7
s

and the corresponding total bus power level of operation

_ 1 1 W1l _w
P=T/MT/P) = 757 3600 ¢ = (/%) (8)

when T is in l‘bf and P in kw.

b) The impulse is to be delivered over Gs degrees:

In this case the thrust level of operation is automatically defined. The

value of thrust that must be provided is thus:

T

.18 W AV (9)
(730) 3600) g B

If the thrust/power ratio (T/P) is known, the required total system bus power
level is thus:

— T 1
PT e o

where T is in lbf and P in kw.

The accuracy of the calculation decreases as 6 increases.
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Case 3: Power level of Operation is Fixed

This constraint lends itself to meaningful calculations only if the thrust/power ratio of
the system is known. Once (T/P) is known one immediately defines the (maximum)
thrust level of operation, i.e., T = P (T/P) and calculations can be carried

out as for Case 1. 1i.e.,

T et W &V (11)
s (730) (3600) g P 1 (T/P) '
and
5 = 15 w AV (12)
s (730) (3600) g NP (T/P)
The total number of thruster firings of each thruster during the mission life
is thus:
e A W (13)
n= ifiy= -2-?0- z AV
with ib the impulse bit amplitude per thruster firing.
The pulse frequency (f) during any cycle of thruster operation is thus:
f= —L (14)

Several observations can be made regarding the selection of a pulsed plasma
propulsion system to meet a particular mission requirement. Simple consideratinns
show that a trade-off exists between the propulsion system weight and its
reliability for performing the mission., The propulsicn system weight is
comprised of certain fixed weights and the weights that are a function of
discharge energy. Both the specific impulse and the capacitor weight are known

to be functions of discharge energy. Figure A-1 schematically depicts propellant,
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capacitor and the fixed weight as a function of discharge energy for a system capable
of delivering a fixed total impulse. Furthermore, the total weight is also

shown. . .
minimum weight

Total system weight

capacitor weight

Weigint

Propellant weight

Fixed weights

Discharge Energy

Figure A-1, Weight as a Function of Discharge Energy

For a system capable of delivering a certain total impulse and operating
at some fixed power level, there exists one configuration having minimum
weight., This minimum weight configuration requires that the system use
a capacitor having a particular value of discharge energy. Configurations having
a higher discharge energy will generally be more reliable. However, this
increased reliability is had at the expense of increased total system weight.
Changing either the total impulse capability or the power level of operation will
change the required discharge energy level of operation for minimum total

system weight.,

PART II - SPINNING SATELLITES

In general, all of the relations of Part I are also applicable for
spinning satellites. However, an additional constraint is imposed if the
location of one or more thrusters on the satellite and the direction of the spin
axis relative to the orbit plane is such that any one thruster can fire at most only once
per spacecraft revolution to perform either the North or the South stationkeeping
function. This additional constraint automatically defines the pulse frequency
of thruster operation and also the amplitude of each impulse bit (i) to be

delivered.

(&3]
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The average overall thrust level T (in 1bs) that must be delivered to perform
stationkeeping is related to propulsion system firing frequency, the satellite spin

rate and the impulse bit amplitude (i, in Ibf-sec) of each discharge as

- w0 g ; 159

=2

with @ the satellite spin rate in rpm, « the number of thrusters to be used
to perform the stationkeeping function (@ = 1, 2, ....) and B to take into
account that if one thruster is used ( i.e., & =1) it may be discharged once

every B revolution (8=1,2,3....)

A general expression for the system power can also be readily

presented. In general the power going into the capacitors will be

Eq

_w x
Pc‘ 60 B

with E a the energy (joules) of each discharge. Now,

where ib-/E d of a given thruster is numerically equal to its thrust/power ratio
(in appropriate units), Hence,

i

P = _(1_)_ Q b
c 60 B i, /E,)
kT d (16)
with ib in Ibf—sec, Ed in joules and PC inwatts. I T denotes the power
conditioning efficiency the overall bus power P, becomes
P = PC = ) (o} ib
t mn 60 e i /E
(U 7 Eg) (17)
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Expressions corresponding to those presented for the 3 cases for 3-axes stabilized

satellites can now be presented for spinning satellites:

Case 1: Thrust Level Fixed at a Value T

Fixing the overall thrust level also automa tically fixes the impulse bit
amplitude of each discharge of each of the o number of thrusters. From

Equation 15:

i = —080B 4 (18)

The system firing duration 7 s and 6s are also given by Equations 5 and 6,
respectively, with the overall thrust T being the input value. The system bus

power is given by Equation 17 with i'b determined by Equation 18.

Case 2: a) The Impulse to be delivered over 6 , degrees

The systems thrust level is determined by Equation 7 with the amplitude
of each discharge given by Equation 18. The corresponding total bus power
can then be evaluated from Equation 17,

b) The impulse to be delivered in the interval of time s

Equation 9 defines the required thrust level of operation. The amplitude
of each impulse bit will then be defined by Equation 18. Total system bus
power can then be evaluated for Equation 17,

Case 3: Power Level of Operation is Fixed

Defining total system bus power automatically defines the impulse bit
amplitude (i) to be provided by each discharge., From Equation 17 one finds

601 B (ib/Ed) P
m Qo t

Further calculations can then be carried out as for Case 3 of Part 1.
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Case 4: Impulse Bit Amplitude Fixed

For structural reasons it may, in some cases, be desirable to limit
the amplitude of each impulse bit. In such cases one can either limit the system
thruster level to a value defined by Equation 15, or adjust the number of thrusters

() to provide any desirable thrust level.

The total number of discharges n d that the propulsion system must
provide over a mission life of A years in which I lb-sec of total impulse

is produced (See Equation 1) is also found from Equation 13.

Case 5: Extremely Slow Spin Rate

In the special case where the satellite rotation is very slow, it may be
desirable to discharge the thruster twice about the desired firing direction
i.e., ) before and 0° after the desired direction. The effective impulse bit
amplitude is then 2I cos 8 . The available change time per discharge
willbe © /3w sec (with & in rpm and © in degrees). The effective thrust

level is:

Total effective impulse  _ 2Icos 6 _ Twcos @
Spin Period 60/w - 30

and the average power consumed during the charge cycle will be:

b - Ed 3w Ed
av B /3w B

-

while the average power during a thrusting cycle becomes:

P = __2_}3{1“_ - Y Eq
c 60/w 30
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Example:

Suppose W = 2000 Ib, w=10rpm, AV =160 ft/sec/year and each
impulse bit is 3 x 10"3 Ib sec. The average thrust level is thus I/7 = 500 u 1b, If
the thrust/power ratio is 61 lb/watt, then P = 500/6 = 83.4 watts, With a power
conditioning efficiency of 0.9, the bus power becomes 83.4/0.9 = 92,6 watts,
The impulse to be delivered per node is (2000/32,2) (160) (1/730) = 13,6 Ib-sec.
Hence the nunb er of pulses/node equals 13. 6/3x10™° = 4530. Since the spin period
is 6 seconds a total of 7, 58 hours will elapse before the required impulse is
delivered. If the total mission requires 30, 000 lb-sec of total impulse, the thrusier

must provide a total of 30,000/3 x 107 = 10 x 10° pulses.

The above considerations assumed AV tobe a constant. This assumption
implies that the impulse should be delivered at the node. 16 Since the euntire impulse
is not delivered at the node by the pulsed plasma propulsion, a correction to the
AV requirements must be made., Using the data from Ref. 17, one can approximate

the latter data by the empirical expression:

AV =150 (1+3, 6x10'3t2) ft/sec-year

with t the thrusting time in hours. For increased accuracy one can ' rederive

all of the expressions presented using the empirical expression for A V.
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APPENDIX B

CORRELATION OF SPECIFIC. IMPULSE WITH
PARAMETER | i2dt/m

The simplified analysis presented in Section 3. 2. 2.1 suggested a
relationship between the parameter f izdt/m and propellant specific impulse.
Available data of short pulse and quasi-steady operation is presented in
Figure 28. The data presented shows that'a reasonably good correlation exists
between these two parameters., It is interesting to note that the quasi-steady
data falls along a different trend line than short pulse discharge data. It is seen
that at a given specific impulse the parameter f izdt/m of short pulse
operation is several times larger than the value evaluated for quasi-steady
thruster operation. Malliaris7 has found in his quasi-steady studies that
erosion is severe above a critical value of jz/rh. The results of the present
study showed that the short pulse discharge thruster could operate with
little erosion at values of f i%dt/m corresponding to a region of severe erosion
for quasi-steady operation. The present results would therefore suggest
that the regime for the onset of severe erosion is different for both types of
operation.
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