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ABSTRACT

A pulsed ablative solid fuel microthruster has been studied, which relies
upon gasdynamic expansion of a heated teflon plasma for its thrust. Through
a series of experiments the dependence of the thruster's performance upon the
discharge energy and the discharge chamber geometry was investigated. It was
found that the impulse bit and the mass ablated/shot were proportional to the
discharge energy and the length of the discharge chamber. Their depéndence
upon the chamber diameter was weak. Typical values for the specific thrust
range from 7.0 micropounds/watt to 11.9 micropounds/watt. The mass ablated/
shot varies from 100 micrograms/shot to 300 micrograms/shot. The specific
impulse of the thruster was found to be proportional to the inverse of the
square root of the chamber length. Its dependence upon the chamber diameter
and the discharge energy was much weaker. Typical values for the specific
impulse range from 250 seconds to 400 seconds. The efficiency was found to be
relatively constant, regardless of configuration changes. It had values be-
tween 6% and 10% The addition of nozzles, without converging section, gener-
ally improved the performance of the thruster, by as much as 30%. Polyethylene
was tried as a propellant and produced a specific impulse greater than teflon
but with a much lower impulse bit.

A feed mechanism, employing Negator springs, was designed, to permit long-
life tests of the thruster. A life test of about 510,500 shots was conducted
in which two and one-half inches of teflon (48 grams) were fed and ablated
successfully. Problems with uneven ablation were encountered and since cor-
rected by changing the discharge energy. Material investigations showed
Mallory 1000 to be the best electrode material and quartz the best discharge
chamber side wall material. The application of such a thruster to satellite
control is discussed.

A model is proposed and expressions derived which relate the thruster's
performance to its discharge energy and chamber geometry. They predict, to
first order, the general trends found by experimentation.

Thesis Supervisor: Albert Solbes
Title: Associate Professor of Aeronautics
and Astronautics
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SYMBOLS
Latin Letters

a = Diameter described by capacitor electrodes in circular
configuration

AgxrT

Exit area of nozzle

Cross—-sectioned area of nozzle throat

ATHROAT
¢ = Dimension (height) of rectangular chamber cross-section

C = Main storage capacitor capacitance; Centigrade degrees—-
temperature

cc = cubic centimeter
C_ = heat capacity at constant pressure
D = Diameter of circular chamber cross-section
E = Discharge Energy
ev = electron volts

f = firing frequency, friction coefficient; T = average friction
factor

g = acceleration due to gravity = 9,81 m/sec2
h = length of discharge chamber
h_= heat transfer coefficient

H = total enthalpy per unit mass of plasma

P
H.D.= Hydraulic Diameter
i(t)= Discharge current

I = Impulse bit

Isp Specific impulse

I/E

Specific thrust
§:= Current density in chamber

K = Kelvin degrees-—-temperature
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Latin  jetters(cont).

2 = length of nozzle, distance from axis of rotation to center of

the pendulum assembly

' = distance from axis of rotation to center of thrust

Lc = capacitor internal inductance
L . = circuit inductance

cir

Lp = plasma inductance

m = total mass ablated during a run
M = mass of pendulum thruster assembly; Flow Mach number
M = total satellite mass
M = total propellant mass
m = rate of mass ablation
Am/E = specific mass ablated/shot = M/(N * E)
Am/shot & mass ablated/shot = M/N
ma = milliamperes
mhos = (ohms)~t
q = heat transferred from plasma to walls
N = total number of shots fired during a run

R = Universal gas constant

Rc = capacitor internal resistance
R = circuit resistance

cir

Rp = plasma resistance

SD = slope of direct fire curve

SR = slope of retro-fire curve

SCR = silicon-controlled rectifier

St = Stanton number = hv/(puCp)
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Latin Letters
t = time

T = thrust, period of pendulum assembly

toax = time of maximum overshoot of discharge waveform
tf = firing ends
ti = firing begins
Te = electron temperature
Tp = plasma temperature
Tw = wall temperature

u = mass averaged flow velocity, average exhaust velocity =IS g

P
Vc = voltage applied across the capacitors
Vm = voltage applied to storage capacitors, measured voltage

AV = satellite velocity increment

w = dimension(width) of rectangular chamber cross-section

Greek Letters

a = deflection angle of pendulum from rest position

ag = angle at which firing ends

% = angle at which firing begins

%o = asymptotic value of o as time increases indefinitely
a = maximum deflection after Nth shot

€ = energy required for ablation of a mass Am of teflon
n = efficiency of thruster = 1/2(I/E)(Isp)-g

¢ = phase angle of current discharge waveform

<
n

ratio of specific heats
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heat of ablation of teflon = 2180 joules/gm
micro—10—6(ﬁlb-sec——micro—pound seconds = 10-6 pound sec)
damping constant of pendulum

angular frequency of pendulum

o/ (1-v? /)

natural frequency of voltage discharge waveform = 1/LC

plasma density

damping voltage discharge waveform = R/2Lmn

conductivity of plasma
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CHAPTER 1

INTRODUCTION

Recent spacecraft designs have shown a trend toward multi-year missions
requiring long term positioning and attitude control. To meet this require-
ment, reliable, accurate, and long-life propulsion systems’are being developed,
with special emphasis being placed on low system weights and high specific
impulses. These propulsion systems deliver thrust in the micro- and millipound
levels and may be required to operate in either a steady or a pulsed mode.

In view of the need for long lifetimes and high specific impulses, electric
thrusters are being considered instead of chemical systems for many auxillary
propulsion applications. One candidate for such a low power, high performance
system is the pulsed ablative thruster. In a recent survey,2 this type of
thruster was compared with a number of other propulsion devic:s and, on the
basis of critical components and subsystems, it was rated the most reliable
system. An electric thruster, it can operate in either of two ways, by the
action of electromagnetic body forces, or by expansion of a propellant heated
electrically.This thesis is concerned with the development of this latter type
of tnruster.

Advantages of such systems are:3

1. Simplicity and ruggedness; the only moving part is a spring-
driven fuel rod.

2. High reliability and long life; lifetimes of tens of millions
of shots have been achieved for pulsed ablative thrusters.

3. Solid propellant advantages:
a). No tanks, heaters, feed lines or valves are required.

b). Simple feed systems; no special requirements for
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zero~g or vacuum conditions.
c). Long shelf-life (very low vapor pressure)

4, Discrete impulse bits; with pulse mode firing, the thruster is
adaptable to either 3-axis stabilized or spin stabilized
satellites, Steady thrust may be obtained by firing at a
sustained pulse frequency.

5. Zero warm-up time; little or no standby power is required.

6. Fail-safe failure mode; an inoperative thruster will produce
no thrusts. There are no escaping gases to cause forces
or moments on the spacecraft.

7. Power availability; necessary power is obtainable from low
voltage output solar cells with the use of a power
conditioner.

8. Specific thrusts greater than 11 micropounds/watt( 91 watts/
millipound) have been obtained.

Two main drawbacks to the pulsed ablative thruster are the problems of
redundancy and storage capacitor weight. In order to achieve redundancy with
this system, not only are a separate set of nozzles and electrodes needed, but
in addition a separate fuel element must be added. A new fuel element is
necessary because, in event of a chamber failure, the fuel rod in that chamber
cannot be switched to a new chamber, as can gaseous propellants with a valve.
There is no apparent way of circumventing this problem.

Capacitors are a critical component of this system. To achieve long
lifetimes ( >107 pulses), very reliable capacitors must be used, which add a

weight penalty. Presently capacitors have an energy density of about 20 joules/
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kilogram for a lifetime of 107 pulses with 0.96 reliability.4 Undergoing
tests now are capacitors with lifetimes of 1011 pulses and a specific weight
of ~13 joules/kgm .5 Therefore, at the present time, although basically
very reliable, the capacitor weight and the non-switchable fuel feed tend to
penalize redundancy in this type of propulsion system. In some cases, this
makes the pulsed ablative system less desirable than other types of thrusters.

The LES-6 thruster,7 which has been flight tested, is a typical electro-
magnetic pulsed ablative thruster. Using virgin teflon for its solid fuel,
the thruster is pulsed the necessary number of times to produce the desired
thrusts ( on the order of hundreds of thousands pulses for pound-second changes
in momentum). However, while h'gh specific impulses have been obtained using
such thrusters, in general their specific thrust has been low, ~4 ulb/watt,
and their impulse bit has been small, ~7 ulb-sec for LES-6 and 70 plb-sec for
the LES-7 thruster,8 (a higher powered version of LES-6). With investigation
it has been found that the thrust of the LES-6 type of thruster is about
evenly divided between gas-dynamic and electromagnetic contributions.9 Start-
ing from this point, my thesis has been concerned with the development of a
purely gas dynamic pulsed ablative thruster, with a high specific thrust and
a large impulse bit. The high specific thrust is desired to keep the power
conditioner weight low. The high impulse bit is necessary in order to lower
the number of times the thruster must be pulsed (cycled) to produce a given
impulse change, thereby increasing the lifetime of the thruster components,
in particular, the capacitors.

In addition to designing a thruster with a high specific thrust and a

high specific impulse, attention must be given to the integration of the
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thruster into the spacecraft and the types of mission that it is capable
of performing. Some items that must be examined are the power conditioner,
efficient utilization of the required satellite volume, and thruster noise

and exhaust effects upon the spacecraft.
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CHAPTER 1II

THRUSTER DESIGN

The principle of operation of cylindrical pulsed ablative thrusters is
as follows. A high voltage electrical discharge occurs along the surface of
the teflon propellant, which forms the discharge chamber. Teflon molecules
are ablated and heated forming a hot plasma that exhausts from the open end
of the chamber, producing thrust. Dissociation and ionization of the teflon
molecules also occur to some extent. The level of ionization is about 10%
for the LES-6 thruster and is probably comparable for the cylindrical design

studied here. Singly, doubly, and triply ionized atoms of carbon and fluor-

ine are present in the exhaust gases, as well as the teflon polymers, monomers,

and free radicals. The electrical discharge occurs axially in the same dir-
ection as the thrust. The thrust is produced by gasdynamic forces. The maj-
or Lorentz forces (3 x B forces) are perpendicular to the direction of flow
and have small effect upon the plasma compared to the effect of the gasdyna-
mic forces.

TEST THRUSTER

The test thruster was designed and constructed to fit the thrust stand
(See Chapter III) and to permit relatively easy changes in thruster config-
urations for the purposes of testing. The basic design consists of six-2
microfarad capacitors for main energy storage, an ignition circuit, the ca-
thode and anode, and the teflon fuel. (See Figure 1).

The sequence of events that occur for one shot is as follows}

1. The six-2 microfarad main energy capacitors are charged to the
desired voltage (typically 1825 volts (20 joules)). The 1

microfarad trigger capacitor (ignition circuit) is charged
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to 500 volts (1/8 joule).

2. To fire the thruster , a command impulse (6 volts, 10 milli-
second duration) switches a silicon-controlled rectifier (SCR)
which connects the trigger capacitor to the primary of the
transformer. The energy is transferred to the secondary coil
causing a spark at the surface of the ignitor plug.

3. The spark produced causes particles to be ejected into the gap
between the main electrodes.

4. An electrical breakdown occurs between the anode and the cath-
ode and is fed by energy in the main storage capacitors. The
current is on the order of 10,000 amperes.

5. Teflon molecules on the exposed surface of the fuel are ablated
and partially dissociated and ionized by the high energy dis-
charge. The resulting plasma is heated (Joule heating) and
exhausts through the open end of the thrust chamber.

This sequence of events then repeats itself. One pulse, gives typical-
ly an impulse bit on the order of 200 micro-pound-second. The electrical
discharge lasts approximately 1-3 microseconds. The gaseous efflux continu-
es for a time after the discharge is over10 and approximately 2 - 10_7 kilo-
grams of teflon are ablated. In actual operation the thruster would be
pulsed enough times to produce the désired amount of thrust, some multiple

of 200 ulb-second. By pulsing the thruster at a sustained frequency, a

steady thrust can be developed, its value is given by,

T=1I=.:f (2—1)



19

where:
| T = thrust
I = impulse bit
f = firing frequency

The basic thruster configuration is shown in Figure 2 and 3. This cir-
cular arrangement was used during most of the testing. It consists of the
six-2 microfarad capacitors in a circle, with the teflon fuel piece between
them at the center of the thruster. The front and back plates are aluminum.
The ignition circuit, SCR, and transformer are mounted on the back plate,
while, depending upon the configuration, the spark plug is either press-fit
into the cathode (attached to the base plate), or attached to an inert wall
of the discharge chamber. The two igmition circuit capacitors are strapped
alongside of the main storage capacitors.

The main discharge capacitors are high quality capacitors rated at 2000
volts, 2 microfarads each, (Dearborn Hi-Jul Energy Capacitors, ESXP 205J20001).
They are tubular approximately 2" in diameter by 2 1/2" long. Their leads
are size 10-32 bolts extending about 3/4" from either end. These leads were
placed, into the front and back plates and bolted to them. From Waltzll,
each capacitor has an internal inductance of approximately 34 nanohenries
and an internal resistance of 0.034 ohms.

The ignition circuit is the same one used for the LES-6 and LES-7 thrus-
ters. Its schematic is shown in Figure 4. A six volt pulse to the SCR,
shorts the trigger storage capacitor toc ground through the primary of the

transformer. The voltage is increased by a factor of three and from the

secondary is applied to the electrodes of the spark plug. The spark plug
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( Bendix #10-380704-1, ignitor plug), consists of a round stainless steel
center electrode approximately 0.25" in diameter. This is surrounded by an
annulus of semiconductor material about 0.05" thick. This is surrounded by
an annulus of steel about 0.75" across on the outside, which is the other
electrode. See Figure 5. When triggered, the spark jumps from one electrode
to the other across the surface of the semiconductor material, ejecting part-
icles into the discharge chamber. The outer electrode is at the same poten-
tial as the back plate and serves as the cathode when the chamber diameter
is less than 0.75".

The back plate consists of two pieces, one 3/16" thick aluminum disc
and one 1/8" thick stainless steel disc. The stainless steel disc is of a
small enough diameter to fit between the capacitors in the thruster. It is
movable, axially, to accomodate varying lengths of fuel. In the majority of
runs, the spark plug was pressed through a hole in the center of the stainless
steel disc, fitting very tightly. The teflon discharge chamber is then cent-
ered over the spark plug. With sufficient pressure forcing the teflon against
the plate, an effective seal could be made allowing no appreciable plasma
leakage. In cases where the fuel chamber diameter is less than the spark plug
center electrode diameter, a cover plate is placed over the front of the stain-
less steel disc. Approximately 1/8" thick, this plate has a small hole, 1/8"
in diameter, drilled through its center. The spark plug side of this hole is
flared out to the diameter of the semiconductor material. In this way, the
ejected particles can be funnelled into the discharge chamber.

The front plate was designed to accept a variety of cathode configuations

and nozzles. It consists simply of a 3/16" thick aluminum annulus to which
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the capacitors, electrode holders, and nozzles can be bolted. It rests
against the front surface of the capacitors and remains stationary to acc-
omodate different lengths of teflon.

The circular configuration was modified to accept the teflon feed by
replacing the front aluminum plate with a plexiglas plate. The stainless
steel back plate was mounted to the front of this. Copper leads connected
the capacitor terminals to the anode and cathode. (See Figure 6 ). The
spark plug was placed in two positions, in the cathode, as before, and in
an inert wall in the discharge chamber.

Optimization

Some of the main considerations in designing a thruster for a space-
craft are its thrust to weight ratio, its thrust to power ratio, or specific
thrust, and its specific impulse. These last two can be combined to define
an efficiency for the thruster..In addition, the volumetric size of the thr-
uster is important. The first three of these considerations arise from the
fact that for every pound of thruster, fuel, or power conditioner weight
needed, a pound of satedlite payload weight is taken away. The last consid-
eration is based on the limitation placed on the satellite volume by the
booster used.

The thruster to weight ratio will determine the thruster weight once
the thrust level needed for the spacecraft mission is determined. The high-~
er this ratio, the lighter will be the unit for any given thrust level. Al-
though difficult to determine, an estimate of this number can be made from
the previous pulsed thruster engines, LES-6 and LES-7, which were carried

through to the flight test stage of design.
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The specific thrust, I/E, will determine the power conditioner size for
a given level of thrust. Here also, the larger the ratio, the larger are the
weight savings for the thruster system. For example, if it is important that
the time necessary for a given maneuver be kept small, a pulsed thruster will
have to be pulsed at a fast enough frequency to give all the necessary velocity
increment in the given time. If the specific thrust is low, this frequency
will have to be high, requiring a large power drain from the satellite. If
the gpecific thrust is too low, it is possible that because of power condit-—
ioner cycling time, the system cannot be pulsed at a high enough frequency
to achieve the required AV within the time constraint. A high I/E has the
added advantage of reducing storage capacitor and power conditioner weight.
By reducing the number of times the capacitors must be cycled to produce a
given AV and by decreasing the amount of energy they must store, the design
specifications for the capacitors can be relaxed resulting in lighter capac-
itors. Similarly, the weight of the power conditioner may be reduced because
of the lower power and reduced number of cycles required.

The specific impulse, Isp’ relates directly to the weight problem. Be-
ing the ratio of thrust to the rate that fuel is required, the higher this
ratio, the smaller will be the amount of fuel required to achieve the desired
thrust. Especially in long missions, this ratio can be critical. For miss-
ions which require a large velocity increment, the fuel weight could be ex-
orbitant, if the specific impulse is too low.

Sometimes a design change will increase the impulse, I, and decrease
the specific impulse, Isp’ or alternatively increase Isp and decrease I. 1In

these cases, the thruster efficiency becomes an important figure of merit of



23

the thruster configuration. The efficiency is given by the ratio of the
average kinetic energy in the exhaust, based on the average particle veloci-
ty, to the energy supplied to the thruster. Losses in efficiency can arise
from electrode and capacitor resistance, energy required for ablation, exhaust
beam divergence, velocity spread, and unrecovered energy in the form of dis-
sociated and ionized species in the exhaust. In general, an overall thruster
improvement can be based on an increase in efficiency. Thus, for a given
Isp’ the maximum I is found, -or alternatively for a given I, the maximum

Isp is sought. The designer is also left with the option of selecting a
high value of thrust, or specific impulse, as needed, with decreased values
of the ISp or the I, respectively, and a reduced efficiency.

In designing the thruster for this thesis, general improvements in spec-
ific thrust and specific impulse were sought. Thus, efficiency was used to
determine the optimum design. Factors that affect the performance of the
cylindrical thruster are: 1) Discharge energy; 2) Fuel configuration in-
cluding the size and shape of the discharge chamber, its length, and parallel
or sloping walls; 3) The addition of a nozzle; the nozzle length; and, 4)
The total thruster circuit inductance; by changing the thruster design, the
inductance and energy losses of the system would be affected.

The means by which these different parameters were changed is described
below.

PROPELLANT CONFIGURATIONS

Design of the propellant (teflon) shapes for the tests was dictated by
two requirements, the first was the configuration that was to be tested---

circular or rectangular cross-section, tapered walls or straight, etc. The
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second requirement was the desirability of obtaining an ablation profile. 1In
order to test the uniformity of ablation in the axial (discharge) direction,
the amount of mass ablated as a function of axial distance had to be found.

A. Circular Cross Section

The majority of the tests run were performed on teflon with
circular cross sections. The main reasons behind this was the relative ease
of machining required, as compared to that needed for rectangular shapes.
Since the results for circular cross sections could be applied to rectangular
cross sections in many instances, the tremendous time saving was a major con-
sideration. Since the -circular shape is very difficult to feed, thus making
it impossible to maintain a constant radius, a rectangular shape was used
for the final design of the long-life thruster.

In early experiments, a 1 1/2" diameter rod of teflon was bored
with a hole of the desired diameter and then sliced into 1/4" thick discs.
These discs were numbered and placed in a plexiglas sleeve which kept them
together and kept the interior bore (the discharge chamber) aligned. By
weighing'éach disc before and after each run and noting its position, an ab-
lation profile could be plotted. In later experiments, small holes were
drilled axially near the outer edge of each disc. Then 1/8" plexiglas rods
were placed into them, keeping them together and aligned. The end of each
rod was threaded and bolts were used to clamp the entire assembly together.
In this way, not only could ablation profiles be found, but tests could be
run for different lengths of the propellant discharge chamber.

Diameters of teflon from 0.15" to 0.812" were tested in this

way. In addition, lengths from 0.5" to 2.5" were also tested. Using the
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same arrangement, different wall taper angles were examined. The angles
(full included angle) ranged from 0° to 25°. In addition to teflon, poly-
ethylene, and plexiglas were also tested.

B. Rectangular Cross Section

In testing rectangular cross sections, three cases were examined. These
included discharge chambers with two, thfee and four walls of teflon. In the
two wall case, only bars of teflon 0.44" wide by 1.1" high were tested, how-
ever, the teflon wall separation was varied from 0.16" to 0.28". Super-mica
(a mica composite), boron nitride, and quartz were tested for the two inert
walls. 1In the three tetlon wall configuration, one of the inert walls was
replaced by teflon.

The four wall design consisted of two-2" by 1" by 1" blocks of teflon,
between which were sandwiched two mcvable teflon inserts, 1" by 1" by (1/4"
and 1/8"). The two inserts could be moved apart separately and clamped. 1In
this way, tests were run for chamber sizes of 0.125" by 1.0" to 0.125" by
0.25" and 0.25" by 1.0" to 0.25" by 0.125".

C. Feed Methods

In the course of experimentation, two feed methods were used. The feed
provides for a constant supply of fresh propellant as the discharge ablates
away teflon. The first method--<using coil springs to keep the teflon bars
against the shoulder in the cathode was adequate for short term runs but
could net be used for long-life tests as the springs did not have large en-
ough deflections. The test was with four teflon bars forming a chamber 1/4"
by 1/4" by 1". Smaller 1/8" by 1" pieces of teflon were used to form seals

at the corners of the teflon discharge chamber. These were held in place by
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coil springs also.

In order to handle longer lengths of teflon, Negator springs were used
instead of coil springs. These springs, coiled strips of stainless steel
exert an almost constant force, regardless of their deflection. The Negator
springs used have a return force of ~6 pounds and a deflection length of
30 inches. A small shoulder (~0.030") in the cathode or anode retained the
fuel in proper position. Ablation occurs satisfactorily behind the steps.
(See Figure 6.)

NOZZLE DESIGN

A number of different nozzles were designed and constructed in order to
improve the performance of the thruster. The first of these was an integral
part of the teflon itself. The last three 1/4" discs of the 2.5" fuel ele-
ment were machined to form a converging throat and diverging parabolic shaped
nozzle. The area ratio for this "internal" nozzle was (Aexit : Athroat)

5.4 : 1. This corresponds to a mach number of 3.85 for gas with a specific
heats ratio of vy = 1.4,

An external nozzle was then constructed, from aluminum and stainless
steel. Using the results of G.V.R. Raolz, two nozzle contours were deter-
mined, for optimum thrust, for 0.5" bore and 0.812" bore teflon fuel ele-
ments. The respective mach numbers were 3.5 and 2.6. (See Figure 7). Al-
though the design was for the steady flow ih a perfect gas, it was believed
that the nozzle would perform adequately with the teflon thruster. The first
nozzle was tested with both a converging-diverging throat, and simply a di-
verging throat..

In many resisto-jet designs, a 15° half angle diverging cone is used

as an approximation to an ideal nozzle. In order to examine the effect of
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nozzle length on performance, a segmented five-inch, 15° conical nozzle was
constructed. This nozzle could be used in one, two, three, four, and five
inch sections, to determine the optimum length. The throat area was stain-
less steel, slightly larger in diameter than the teflon bore. it had no con-
verging portion, as seen in Figure 8.

A nozzle was also tried with a rectangular fuel configuration. Having
15° sloping sides (mach number ~3.5), it was constructed of aluminum and was
one inch long. (See Figure 9).

THRUSTER CURRENT LOOP CONFIGURATIONS

During most of the tests, the thruster components placement was basic-
ally as shown in Figure 2. The front circular plate and the back circular
plate carried current from the capacitors to the discharge, which was con-
centric with and between the capacitors. This design has a low inductance
and produces little or no ringing in the circuit discharge, as shown in
Figure 10.

However, when first testing the rectangular feed design, the entire
discharge chamber was placed on a plexiglag plate on the front of the thrust-
er. The discharge was no longer between the capacitors. Copper wires (1/8"
in diameter) carried the current from the capacitors to the plasma. This
type of design had a high inductance and produced considerable ringing, as
shown in Figure 11, and gave poor results. To circumvent this problem, a
low inductance design rectangular feed thruster was designed and constructed.
This is shown in Figure 12. The discharge chamber is again surrounded by the
capacitors and the copper leads have been eliminated in favor of aluminum
plates to decrease the total circuit inductance. See also Figures 13 & 14.
MATERIALS

A variety of materials were tested during the course of optimizing the
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thruster's performance. Materials for the electrodes, discharge chamber
walls and propellant were examined. The materials tried as propellants were
mentioned earlier, teflon, polyethylene, and plexiglas. As the energy re-
quired for ablation changes with the type of fuel, the performance of the
thruster is modified. In addition, to selecting a fuel with the best per-
formance, care must be taken to find a fuel that also "burns clean", ie.,
one that does not leave a carbon char or residue in the chamber that may
eventually short out the thruster. This is important also with regard to
the spark plug. If carbon build-up on the plug is too great, the spark plug
will short out and not fire.13

Tungsten, s:ainless steel, aluminum, and Mallory 1000 were tried as
electrode materials. The tungsten was used for the anodes only, and it was
in the form of 1/16" diameter rods. Stainless steel was used both as an a -
node and a cathode material. In addition, the nozzle throats were construct—
ed of stainless steel. Aluminum was used as a cathode in the form of the
coverplate placed over the spark plug for small chamber diameters. It was
also used for the main body of the nozzles. Mallory 1000, an alloy of Tung-
sten (90%) and copper (10%) was used for both the anode and the cathode.
While it has the very good erosion properties of Tungsten, (resistance to
the electrical discharge and the high temperature plasma), it is much easier
to machine than pure Tungsten and has good thermal conductivity. Its mach-
ining qualities are much like those of stainless steel.

Except for the tungsten rods, the anodes were generally fabricated with
the same shape as the discharge chamber opening. Being slightly larger in

diameter than the chamber, a circular anode was used for round chambers and
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flat anodes were used for rectangular fuel configurations. The tungsten ;ods
were generally raised above the front surface of the teflon about 1/16" and
slightly recessed from the edge of the chamber ("1/32"). The circular and
flat anodes rested on the front face of the teflon and were also recessed from
the edge of the chamber by about 1/32".
The cathodes generally took the shape of flat circular plates. With the fuel
feed configurations, however, shoulders were milled into the cathode (~0.03"
high) to retain the fuel in the proper position. The cathode is pressed a-
gainst the fuel piece and seals the stagnation end of the discharge chamber.

In the feed designs, an inert wall material was sometimes used in place
of a teflon wall. A material was needed that could survive the high energy
discharge and also would not build-up a layer of carbon. Quartz, boron nitride,
and Super-micé were tried as wall materials. The Super-mica is a mica particle
composite, pressed into sheets, with very good dielectric properties and dis-
charge resistance. Super-mica is similar to glass in strength, much stronger

than pure mica.
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CHAPTER 1III

PERFORMANCE EVALUATION

To measure an impulse bit on the order of tenths of millipound-seconds, a
very accurate and sensitive thrust stand is required. The sequence of opera-
tions for such a stand, the one used in the course of work for this thesis,
is as follows: The thruster is mounted upon a pendulum in a vacuum chamber
and the pendulum is started swinging. After the chamber is evacuated, and the
pendulum damping rate has settled to a constant value, thrust measurements are
taken by recording the changes in amplitude of the pendulum's swing, produced
by periodic firing of the thruster. From these measurements, the impulse bit,
I, can be determined. When the mass of the ablated propellant is determined,
the amount of mass ablated per shot can be calculated and then used to find
the specific impulse, Isp’ of the thruster. Oscillograms of the voltage wave-
form across the thruster's capacitors are also taken. From there, the average
total resistance and inductance of the thruster can be computed.

APPARATUS

The vacuum system used is an NRC Model 3316 Vacuum Coater, with a 6" oil
diffusion pump and a Welch Duo-Seal mechanical pump (10 cfm). The pendulu@ is
enclosed in an 18" diameter by 30 " high pyrex bell jar. With the diffusion
pump warmed-up and the cyro-baffle full of liquid nitrogen, the system operates
in the low 10_6 torr range. With the thruster firing one shot per second, the
steady state pressure rises into the low 10_5 torr range.

The pendulum assembly (See Figure 15, 16, 17, & 18) consists of a brass
block with a two piece, adjustable length shaft extending from it, and the
pendulum support. The shaft consists of a 5/8" diameter, five inch long

brass tube, in which slides, and is secured, a 3/8" diameter, four inch long,
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aluminum rod. This rod is attached to the thruster.

The brass block is 1 3/4" by 1 1/2" by 1 1/2". Two V-Bhaped, hardened
steel knife edges are pressed into its sides and rest on two parallel aligned
cradles attached to the pendulum support. The smoothness and parallel align-
ment of the knife edges and cradles, are critical factors in obtaining large
damping times with this system. The sharp parts of the knife edges are round-
ed to a Rockwell hardness of 60.

The pendulum support consists of an aluminum angle A-frame upon which
the cradles are attached. These cradles are arcs milled into small blocks of
carbon steel, 2" by 1/4" by 1/4". The arcs (1 inch diameter) prevent any
"walking" of the pendulum, while it is swinging, by keeping it from sliding.
As the arcs themselves are only 1/16" wide, their total contact length with
the knife edges is only 1/8". Thus the area of contact is small, keeping the
friction in the system low. With this system, damping times on the order of
13 hours have been achieved for the pressures in the 2 x 10_6 torr range.
This long damping time is also dependent upon the amplitude of the pendulum's
swing, which is below 5°. For defections greater than 6°, the damping be-
comes large.

The thruster is comnected to external circuitry through three leads,
two for power and one to trigger the thruster. To connect these leads, a
terminal strip was glued to the top of the brass block. Copper wires, 0.005
mills in diameter were then run from the terminal strip to the A-frame, where
they were attached to the external wiring. These fine wires are large enough
to carry the necessary current, but small enough to have little effect upon

the damping time of the pendulum. By keeping the wires at least 1/4" apart,
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arcing between them is prevented.

One wire connects an NJE, Model S-326, 500-2500 volts, 0-50 ma, power
supply to the main thruster storage capacitors. Another wire carries the
500 volts (10 ma) to the trigger circuit storage capacitor. The third wire
carries the 6 volt impulse used to trigger the thruster.

A, Thrust Measurement

To measure thrust, a method is needed to measure the changes in pendulum
amplitude due to the thruster firing. A very accurate system has been devised
to accomplish this. Using a helium-neon laser (University Laboratory Model
240) as a light source, a spot of light is shown through the bell jar and re-
flected from a first surface mirror attached to the front of the brass block.
The spot of light is reflected onto a meter stick three meters away from the
pendulum's rest position. With this arrangement very small changes in the
amplitude are easily measured. An error analysis (See Appendix) reveals an
uncertainty in I of about 2.5% and in the ISp of less than 3%, using this
thruster stand.

In order to achieve the most efficient transfer of momentum, the thrust-
er should fire at the bottom of the pendulum's swing, ie., where the velocity
is highest. To do this, a focused iodine lamp and a photo cell were placed
on opposite sides of the bell jar. An aluminum angle with a 1/4" wide vert-
ical slit in its center is attached to the bottom of the thruster and ar-
ranged so that light is only permitted to shine through the slit when the
thruster is at the bottom of its swing. The signal from the photo cell is
sent to a triggering circuit and a 6 volt impulse is sent to initiate the

firing of the thruster,either every cycle or every other cycle. The trigger-
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ing circuit is shown in Figure 19 1Its operation is explained in a thesis

by R.J. Radley.14

The manual stepper switch is used to change from direct
fire to retro fire.
B. Equations of Motion

The equation for the pendulum can be written

2
d”a(t) da(t) 2 __F .2 . 2
—-——d > + 2v T + w, a(t) . w, (3-1)
t
where:

o= deflection angle from rest
t= time

1/v= damping time of pendulum
W= w/ (1-v2 / w?')

w= angular frequency of pendulum= 27/T

T

period of pendulum assembly
m= pendulum assembly mass

acceleration due to gravity

0
]

2'= distance from the axis of rotation to the center of thrust
2= distance from the axis of rotation to the center of mass of
the pendulum assembly
For a particular period the pendulum starts at an angle of @ _q° Near
the bottom of its swing, the thruster begins firing at a, and finishes at
ac, then completes that swing and swings back to an angle @ to complete the
cycle, Typically, te - ti =~ 10 microseconds. Since the period of the pen-

dulum is 1 second, we can write o0, << @ _1 and therefore o, =ae . By

integrating the equation of motion from t, to t., we can develop an express-—

ion for the angle after the Nth shot. This expression, together with the
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facts that T=1l second, 1/v =10 hours, and #H=1000 shots, leads us to the

. 1
approximation,
o - -vnT
I .2 .2nm _ . % %° (3-2)
mg v 7 % T -vnT
vT 1 -e
or
2
I =ayv.mgt.T (3-3)
L' 27

I is the impulse bit and O is the asymptotic value of m-as N, t + o,

If we let nT =t, we can rewrite Eq.(3-2) as,

(@, - a) = (a - a) (1-e°5)
or

- _ __-vt
a = + (o ) (l-e )

o is the deflection angle of the pendulum after n shots. Since t << 1/v,

we can approximate o by,

@ = + (a°° - ao) (1~-(1-vt))

For direct fire o _ is positive and we have:

ap = ao(l-vt) + o vt
where: an is the deflection angle after time t of direct fire.

For Retro fire a _is negative and we have:

ap = o (1-vt) -Iaml vt

R
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where: ap is the deflection angle after time t of retro fire.

We may write these last two equations as:

R
|
Q
I

(|am| - a vt

Q
I
R
]

-la | - a vt

Note that the slopes of the direct fire and retro fire curves, respectively,

are just,

If we add these together we arrive at

SD + SR
7 =%V
Subtracting:
oS (3-4)
2 o

From Figure 20 we see that @ v is just the slope of the damping curve.
With o v, we can now calculate the impulse bit from Eq. (3-3).

If the thruster is only fired once every two cycles, the calculated
value of a_v must be multiplied by 2 in order to get the correct impulse
bit. This arises because, in the development of the solution, we assumed

that the thruster fired once every cycle. (Put n/2 shots in place of n in

Eq. (3-2).)

To calculate the specific impulse, Isp’ we need to know the propellant
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mass ablated per shot. This is found by measuring the amount of mass ab-
lated during the run, Am, and dividing it by the total number of shots, n,

which gives the mass ablated per shot, Am/shot. The specific impulse is

then,
thrust _ B I (3-5)
B Isp B Am/shot + g
weight of propellant
ablated/shot

-5
A Mettler single pan balance accurate to 5 - 10 ~ grams was used to weigh
the propellant. The number of shots was taken from a counter in the trigger-
ing circuit.

The efficiency is calculated from the impulse bit and the specific

impulse,
Kinetic energy of exhaust == 1/2mu2 - 1/2(1 - Isp) "8
energy input Eo EO
or
- - Isp " 8 (3-6)
n 2E
o

C. Determination of Circuit Resistance and Inductance

The voltage discharge waveform is found by taking a Polaroid picture of
the waveform form trace on an oscilloscope. The oscilloscope was a Tektronix,
Type 555 Dual Beam, with a type 53/54g plug-in vertical unit and a Type 21
time base unit. A high frequency compensating probe, Tektronix P6009, with
100x attenuation and a bandwidth of 150 Mhz was also used.

The discharge circuit (Figure 21) can be modeled as a series RLC circuiéﬁ

In reality the values of the plasma resistance and inductance, R.p
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and Lp’ change with time, however, in order to arrive at an estimate of the
total average resistance and inductance, the approximation was made and it
appears adequate.
The voltage variation is measured across the main storage capacitors and
is given by:
Vm(t) = Vc(t) - i(t)-Rc - Lc-di,’dt
where: R.c and LC are the capacitors internal resistance and inductance
respectively.
The voltage applied by the capacitors is
Vc(t) = L di/dt + iR (3-7)

where:

L=1L

cap t Lprasma T Lerreurr

R

RCAP + RPLASMA + RCIRCUIT

It is this voltage, Vc(t), that’is desired for analytical purposes. R
and L are the sume respectively of resistance and inductance due to the
capacitor, the plasma, and the external circuit.

It has been shown16 that the damping constant v and the angular frequency
w are approximately the same for both Vc(t) and Vm(t). The current, i{(t), in
the circuit, is of the form,

1(t) = 1 _e " Fsin(ut)
where: v = R/2L and w2 = (1/LC) —v2 and io = Vo/(Lm)

Then, we have for Vﬁ(t),

_ -vt_~ sin(wt +¢)
Vm(t) = Ve sin(¢)
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where, neglecting Lc’

1 w
v - R.cC(v2 + w2)

¢ = tan

The phase angle ¢ approximately 3nw/2 for the values of v and w found
from the oscillographs (~106/second). Then, v and w can be determined, and the
the total resistance and inductance of the circuit can be calculated from
v (1),

“VE os(ut) (3-8)

Vﬁ(t) = Ve
(The sine term is neglected, as cos(¢)= 0)
For the underdamped case, C>4L/R2, the value of w can be found directly
by measuring the period of the signal trace. (See Figure 22), Then v can
be calculated from the expression:

1In(V(t)) - 1a(V)
° (3-9)

t -t
o

where: t - t, = n-2n/w; n =0, 1, 2, +«+; a multiple of the period T.

By considering as large a combination of points as possible, an average
value of v can be determined and R and L calculated.

If no oscillations are present in the waveform, w cannot be determined
directly. (See Figure 23). For those cases,(the majority of the runs), a
value of w andy can be found by comparing the waveform to normalized curves
of the step responses of a second order system for different values of damp-

ing and natural frequency. We can rewrite Eq. (3-7) as:
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L (dzq/dtz) + R (dq/dt) + q/C =0
or

§ + 260 & + w 2q = 0 (3-10)

where: wnz = 1/1C

g = R/2Lwn
The time of the maximum overshoot for such a system is given by:

£ n/m[gl-gz) (3-11)

The percent of overshoot at tmax can be written,
%0.8. = 100-exp[ -m&/vY 1 -52] (3-12)

The percent of overshoot and the time of the maximum overshoot are easily
found from the oscillograms, thus average values of R and L can be determined.

For some eonfigurations the discharge was overdamped. (See Figure 24).
In these cases a value for resistance and inductance could not be found.

D. Life Test

The same vacuum system is used for the life tests of the thruster. Minor
modifications had to be made to the system, however. The pendulum was put on
blocks, to prevent it from swinging as the thruster fired. Since the light-
photocell arrangement could not be used for triggering, a circuit was designed
and constructed to trigger the thruster at the desired frequency. The sche-
matic is shown in Figure 25. The pulse rate frequency could be raised from
8 pulses/minute to 180 pulses/minute. During the life testing, a frequency of

4o pulses/minute was used. A faster rate could not be used because the steady
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state pressure increase in the vacuum system became unsatisfactory (>5-10"5
torr). At this pulse rate, it took approximately 42 hours for 100,000 shots.
A continuous liguid nitrogen feed was used to keep the cryo-baffle full.

The longest life test was terminated at 510,000 shots, because the nec-
essary information had been gathered and the pressure in the system was begin-
ning to rise. This was brought about by the degradation of the diffusion

pump oil from teflon contamination. Approximately 48 grams of teflon were

ablated during the test.
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CHAPTER 1V: DATA AND ANALYSIS-~--REVIEW OF EXPERIMENTAL RESULTS

The first part of Chapter IV presents an analysis of the data gathered
during the testing of the various thruster configurations. As there was a
large amount of data gathered and the analysis is of a detailed nature, the
following summary has been included which presents the major relationships be-
tween the thruster's performance and its configuration. For a more detailed
analysis, the reader may refer to the appropriate section in Chapter IV and the
summary at the end of Chapter IV.

Figure 64apresents an overall view of the thruster's performance. The
envelope shown encompasses the limits in performance of the thruster configur-
ations tried. The LES-6 and LES-7 data points are included for reference.

The specific impulse of the cylindrical pulsed ablative thruster was found
to be mainly a function of h ;s where h is the length of the discharge cham-
ber. height. The dependence upon energy and the chamber diameter was weak.
Typical ISp values range from 250 seconds to 400 seconds for teflon.

The impulse bit is proportional to the discharge energy times h1/2. It
also had a weak dependence upon chamber diameter. Typical impulse bits range
from 100 micro-pound-seconds to 238 micropound-seconds.

The efficiency is approximately a constant, regardless of the configuration

changes made. Typical values ranged from ~67% to ~9%.

The addition of different nozzles improved the performance of the thruster

and increased the value of three parameters from 107Z to 30%.

The mass ablated per shot is propmrtidnal to the discharge energy and the
chamber length. It is also weakly dependent upon the chamber diameter. Typ-
ical values of mass ablated per shot range from 100 micrograms/shot to 300

micrograms per shot.



43
CHAPTER IV

DATA AND ANALYSIS

During the course of testing, the thruster performance parameters were
determined for all of the configurations discussed in Chapter V. The exper-
iments with propellant geometry can be divided into two main groups: Circul-
ar and Rectangular. Under the heading, Circular, the tests can be further
divided into subgroups defined by their configuration--parallel or sloping
walls, variable length, variable diameter, variable energy, type of propell-
ant, and with, or without a nozzle. For the rectangular geometries we have
a variable cross-section, variable length, variable number of teflon walls,
and the effects of nozzles. In addition, data was gathered on the behavior
of materials used for critical components and the practicality of fuel feed.
Semi-empirical expressions relating the thruster configurations and the per--
formance parameters are derived and presented.

PRESENTATION OF DATA

The data gathered for all of the runs is presented in Table I at the end
of this chapter. Also included at the end of the data is a comments section,
further describing each configuration. The data is gathered into the two main
categories mentioned above, with the appropriate subheadings as applicable.

Vm is the initial voltage applied to the main storage capacitors. Since all
runs used é-2ufarad capacitors, in parallel, the initial energy stored, E, can
be calculated directly. I, Isp’ and n are calculated from Eqns. (3-3), (3-5),
and (3-6). The values of R and L are calculated from Eqns. (3-10), (3-11),
and (3-12).

CIRCULAR CONFIGURATION

A. Energy Variation
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In Figures 26 and 27, we present the variations in thrust, specific im-
pulse, efficiency, and mass ablated per shot with energy. Figure 28 presents
specific mass ablated per shot and specific thrust variations as a function of
the discharge energy. The diamcters of the chambers for these rums were 0.5"
and 0.812", The length of the discharge chamber was 2.5". From Figure 26, it
can be seen that the impulse bit is nearly proportional to the discharge ene-
rgy. The results are similar for both diameters shown. The slope of the 0.5"
diameter line is ~ 8.77 ulh-sec/joule. The slope of the 0.812" diameter line
is ~ 8.1 ulb-sec/joule. The specific impulse inc}eases also, but not linearly,
with increasing emergy. A plot of ISP vSs. (energy)1/2 is shown in Figure 29.
The dependence appears to be linear. Neither I, nor Isp appear to be strongly
dependent upon the diameters, 0.5" and 0.812", however, their relation with
diameter is shown later.

Figure 27 presents the variation of mass ablated as a function of the
discharge energy. The amount of mass ablated per shot seems to be proportional
to the discharge energy. The efficiency, n, also varies linearly with the
discharge energy, however, the relation is weak and 7 appears almost constant.

Figure 28 presents another view of the variation of mass ablated with
energy. The specific mass Am/E, decreases slightly as E increases. It is
also seen than that the specific thrust, I/E, is only weakly dependent upon
the energy in the range shown. Note that in all of the above cases, there
appears to be little dependence upon the diameter G.5" and 0.812".

B. Diameter

The effects upon performance of changes in the teflon bore diameter are
shown in Figures 30, 31, 32, and 33. The results are for 15 joules and 20

joules, discharge energy. In all of the parameters, I, IS I/E, n, Am/shot,

p’
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and Am/E, we observe a peaking between 0.2".and 0.4" in diameter, with a sharp
decrease for small diameters and a much moré gradual tail-off at large diameters.
The results of the 0.5" and 0.812" diameter show the gradual decrease in per-
formance as the base diameter beccmes large. The curves are suggestive of a
square root dependence upon diameter for small diameters, changing to an in-
verse relationship (1/Diameter) for large diameters.

From Figure 31, one can see that the dependence of Isp’ upon the diameter
is not strong. The very weak dependence of I/E upon energy is shown here also,
as the 15 joule and 20 joule points are evenly mixed throughout the diameter
range.

In Figure 33, the dependence of Am/shot, and Am/E on diameter is not
nearly as strong as with the other parameters, however, the peaking between
0.2" and 0.4" is still observed.

C. Length and Wall Taper

The results for changes in chamber length and wall taper are presented in
Figures 34 through 37. The bore diameter for the straight wall case was 0.376".
The smaller diameter for the tapered wall runs was close to ~0.39". A dis—
charge energy of 20 joules was used for all of these runs.

In Figure 34, it can be seen that the impulse bit increases with increas-
ing length, h, while the specific impulse, Isp’ decreases as h increases. The
Plot of specific thrust, I/E, would be similar to the plot of I, as the dis-
charge energy was constant in all of these runms.

In Figure 35, n is a convex function of length showing a maximum efficien-
cy around h = 1.0". Figure 36 presents Am/shot vs. h. Here, as above, Am/E

vs. h, would have a similar form, since E was constant for all of the runs.
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From Figures 37, 38, 39, and 40, we can see similar results for tapered
wall chambers. In general, the shape of the performance curves versus lengths,
for the different lengths, are similar for all of the angles tested. In all
cases, the 15° and 20° data points fell very close to each other and sometimes
coincided. 1In the mass ablation curve, the points for 10°, 15°, 20°, and 25°
appeared to group around a single line. For one angle 10°, performance was
equal to or greater than that for 0°, for almost all of the lengths tested.
ISp (10°), was greater than Isp (0°) in all cases. However, the highest eff-
iciency point is h = 1.0" and 6 = 0°. The decrease in performance at large
angles may be due to a loss of sonic conditions in the bore as a result of
the taper.

D. Nozzle Addition

As stated in Chapter III, a number of different nozzles were tested to
examine their effect upon performance. Two interesting observations can be
made. First, a decrease was noted with every nozzle that had a converging
throat diameter smaller than the teflon bore. Second, the addition of nozzles
did not in general, change the amount of mass ablated per shot from that of
the original configuration. These two facts tend to support the idea that the
flow at the end of the discharge chamber is already sonic (choked). Thus, any-
thing constricting in the flow path would introduce losses. This was borne
out by the performance improvements achieved with nozzles that simply expand-
ed the flow from the bore diameter.

The teflon nozzle (M = 3) produced an increase in performance of approx-
imately 10%Z. The parabolic nozzle (Rao, optimum thrust, M = 3.5) gave a

specific thrust of 13.45 ulb/watt with a specific impulse of 346 seconds for
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a teflon bore diameter of 0.44" and a length of 2.5", (Run #31, Log #76).
This amounts to an increase in performance of approximately 30% over the N
same configuration without the nozzle.

Figures 41 through 43, show the éffect on performance of changes in noz-
zle length, for a 15° half-angle cone. The bore diameter of 0.4" is near the
optimum diameter found and is large enough (>0.35") to fit over the spark plug
without the use of a coverplate. The length of the teflon was 1". The mass
ablated/shot remained almost constant regardless of nozzle length. The best
performance resulted with a 2" nozzle. With the optimum teflon diameter of
0.375" and length 1", an impulse bit of 232 plb-sec was achieved, with I/E =
11.6 plb/watt and ISP = 477 seconds. This gave an efficiency of 12%Z, (Run
#133, Log #63). This is an improvement of approximately 15% for I and Isp
and 30% for efficiency, over the results with the same configuration without
the nozzle, (Run #77, Log #49). The performance of the 1" cone nozzle and the
1" parabolic nozzle were compared for h = 1", D = 0.44". The results were
about identical, with the straight cone nozzle performing slightly better.

E. Propellants

Polyethylene and plexiglas were the two propellants tried in addition to
teflon. With both, carbonization proved to be a problem. With polyethylene,
after the first few shots, carbon coating the spark plug would cause a short
preventing the sparking action. In order to run polyethylene, the spark plug
voltage had to be increased (~700 volts) and the main discharge voltage had to
be increased to 2100 volts (26.45 joules). The carbonization with plexiglas
proved to be so great that even these adjustments were inadequate. The spark
plug short could not be remedied. After a few shots (710), the sparkplug

resistance became so low that no spark was emitted. Upon investigation, the




48

entire discharge chamber was found to be coated with a film of carbon dust
that could be easily wiped off.

An interesting phenomenon occurred when discs of teflon were alternated
with discs of polyethylene in forming the discharge chamber. After firing
once, the thruster would not fire again even with’the main voltage increased
to 2500 volts. This occurred for 5-1/4" discs of polyethylene and 5-1/4" discs
of teflon, as well as for 1-1/4" inch disc of teflon and 9-1/4" discs of poly-
ethylene. However, once the teflon disc was replaced with a polyethylene disc
the thruster fired normally at 2100 volts. With the mixed fuel a thick coat-
ing of carbon dust was noted covering the chamber after the first shot. The
sparkplug continued to fire but the spark itself appeared weak. No explana-
tion has yet been found to explain the behavior of the mixed fuel as opposed
to the behavior of pure teflon or pure polyethylene.

With the higher voltage, the results with polyethylene were as expected.
The ISp increased because of the smaller molecular weight and the impulse bit
decreased. For a diameter of 0.455" and a 2.5" length, an Isp of 505 seconds
resulted, with I/E = 5.25 plb/watt. This gave an efficiency of 5.77%, (Run
#66, Log #152). The values for teflon of approximately the same geometry are
ISp = 282 seconds; I = 11.0 plb/watt and n = 6.9%, (Run #68, Log #35). With
a nozzle (1", parabolic), a length of 1" and a bore of 0.38" diameter, and
E = 30 joules, polyethylene had an ISp = 810 seconds, I/E = 4.25 ulb/watt
and n = 7.62% (Run #116, Log #153). Teflon in the same configuration (Run
#115, Log #65), gave an ISp = 470 seconds, I/E = 10.6 plb/watt and n = 10.9%.

At high discharge energies and small chamber sizes, the teflon surface

was often observed to become speckled with small black particles, at the end

of the run. They did notscrape off easily and appeared to be carbon particles




49

imbedded in the teflon. This agrees with Wentink's observations,17 who found
that under certain conditions, CZF4 + C+ CF4. This reaction occurs for
pressures greater than 8 atmospheres and temperatures higher than 1350°C.
These conditions may well have been present for runs at small diameters. For

a 200 plb-second impulse, lasting 5 psec, in a 0.3" diameter chamber, an aver-
age gasdynamic pressure of about 30 atmospheres is calculated. The temperature
is very high also, as eﬁidenced by the amount of mass ablated per shot and

the values of specific impulse. (See p. 64).

RECTANGULAR CONFIGURATIONS

It is much more difficult to present data for the rectangular configur-
ations than it is for the circular configurations. This is due to the addition
of another parameter in the propellant geometry. Instead of being able to
consider only the radius and length of the teflon bore, now, width, height,
and lerngth must be considered. A combination of the first two dimensions
yields a term that can be thought of as the "diameter" of the rectangular
cross-section. This is the hydraulic diameter, given by four times the ratio
of the ross-sectional area to the wetted perimeter of the teflon bore. When
plotting performance parameters as a function of the rectamngular shape, this
diameter was used as the independent variable (abcissa). The results for I/E,
Isp’ Am/E, and n are presented in Figures 44 through 49. Frém Figure 44, it
is seen that the specific thrust decreases with the increasing hydraulic dia-
meter. The relationship is fairly linear with a noticeable change ir specific
thrust for a chaage in hydraulic diameter. Figure 45 presents the variation
of the specific impulse with the diameter, it appears that ISP varies as the

square root of the diameter. This in fact is a reasonable statement as shown

by Figure 46, where Isp is plotted as a function of the square root of the
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diameter. Figure 47 presents the variation of specific mass ablated/shot
with the hydraulic diameter. As shown, these are two definite curves corres-
ponding to the four teflon wall and the two teflon wall configurations. .n
both cases the relationship appears to be one where Am/E is proportional to
the inverse of the diameter. This plot is presented in Figure 48, and it
correlates well with the data.

The variation of efficiency with hydraulic dimeter (Figure 49) seems to

be uncorrelated. An average value of n can be determined to be ~7.7%Z, but

there is no strong reiationship discernable.

The optimum performance,(Run #147, Log #134), was for a rectangular cross-
section of 0.25" by 0.25". This gave: Isp= 400 seconds, I/E =11.4 ulb/watt,
n = 9.95%. The addition of a rectangular nozzle increased the performance of
(Run #121, Log #125), (0.25" x 0.7" x 1.0") by about 10% (Run #122, Log #149).
As can be seen, the variation in performance parameters is not as drastic
with changes in cunfiguration as it is with circular geometries. This is esp-
ecially true for the Isp’ where all rectangular configurations of 0.25" by x"
(Run #135 to 139, Log #126 to 130) had an ISp in the range of 365 seconds.
INERT WALLS

Replacing part of the teflon chamber with an inert wall led to decreases
in performance of all of the configurations tested. Two inert walls produced
poorer performance than just one inert wall. This can be seen by comparing
(Run #164, Log #147), using three teflon walls to (Run #163, Log #146), using
two teflon walls, and to (Run #137, Log #128), having four teflon walls. The
efficiency decreased with each inert wall added. The materials tested as in-

ert walls were boron nitride, Super-mica, and quartz. Boron nitride was not used
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extensively, as it would develop a thick carbon coating after a.few hundred
shots. Since carbon tends to short the discharge, the performance is lowered.
The Super-mica did not carbonize like the boron nitride did but after a few
thousand shots it began to erode rather severely. This erosion can be seen in
Figure 50. The hole in the middle of the wall is for the exhaust of the spark
plug discharge. In the runs with the spark plug placed in the backplate, the
material from the mica composite slowly builtup over the plug causing it to
become inoperative. In addition, the surface of the Super-mica became very rough
after erosion began and probably lowered the performance of the thruster.

The quartz side walls appear by far to be the best material of those tested.
There was very little carbon buildup on the walls and very little erosion. The
walls maintained their smooth surfaces throughout the tests.

ELECTRODE MATERIALS

Only Tungsten and Mallory 1000 were able to survive thousands of discharges
without serious erosion. Tungsten rods (Thoriated 2%) were not visibly affected
by the discharges, unfortunately Tungsten is difficult to machine. There was
some slight pitting of the Mallory 1000, but not serious enough to affect the
thruster's performance. Aluminum gave the poorest performance of all the mat-
erials tested and is unacceptable as an electrode material for long-life app-
lications. With only a few hundred shots, its surface becomes severely pitted.
It was useful as the body of the nozzles, as long as it was not exposed to the
direct discharge as an electrode. For this reason, stainless steel was used
for all throat or nozzle sections which served as electrodes. Stainless steel
performed adequately in short runs (< 10,000 shots), however, for larger numbers
of shots, erosion became evident. The anode was affected more than the cathode,

becoming severely eroded after approximately 50,000 shots; however, the cathode
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eroded also and allowed a deposit buildup, as seen in Figure 51.

FEED MECHANISM

The coil spring feed system demonstrated the feasibility of feeding the
teflon, however, it encountered a number of problems. The ablation profile
of the teflon was such that more teflon was ableted from the stagnation end
of the chamber than the exhaust end, thus a curved surface formed. The use of
teflon as a sealing wall at the corners of the chamber was unfortunate, as it
began to ablate considerably, as soon as the uneven chamber ablation profile
exposed it to the discharge. Since the chamber did not retain its original
shape the performance was decreased. However the teflon bars did feed appro-
ximately 0.1" to 0.125", as 4.6 gm of teflon were ablated in 19,600 shots.

The Negator spring feed system fared much better. In the majority of
runs with this system, two teflon walls and two inert walls formed the dis-
charge chamber. In the long-life test, the thruster fired 510,580 times.
Approximatelyl.4" of teflon was ablated offeach bar , (total ablated mass =
48 gm), demonstrating successfully the feed mechanism. Unfortunately, the
ablation was uneven in the axial direction, as more teflon ablated off of the
bars at the stagnation end of the chamber than at the exhaust end. Thus a
converging chamber was formed resulting in very poor performance, (Run #155b,
Log #139). In all runs with the Negator springs, the spark plug was mounted
onto one of the inert walls forming the side of the discharge chamber. In
Figures 52 and 53, the ablation profile of the teflon can be seen. Each grid
square is 1/4" x 1/4" in the photographs. The "Front View" denotes that the
front surface of the teflon i1s towards the top of the photograph. Thus the
plasma exhaust would be heading toward the top of the photograph. 'Spark

plug side" refers to the wall side that contained the spark plug. As evid-



53

enced by the length (73" total) of teflon that fed and was ablated, ablation
behind the retaining shoulders occurs satisfactorily.

It was found that with the spark plug in the side wall position, the
spark plug ignition circuit ground had to be partially isolated from the
main discharge circuit ground (the cathode). Otherwise, the discharge would
not only take place from the anode to the cathode but also from the anode to
the sparkplug, as that current path is shorter. Then, even with the isolation
transformer, the SCR and diode would be burned out by the discharge~induced
back emf generated in them. After a number of shots with the sparkplug in this
position, it became evident that more teflon was being ablated on the spark
plug side of the fuel bars, than on the opposite side. This probably is the
result of the discharge initiating on the sparkplug side of the chamber, where
the particles are first ejected. (See Figure 54). To assure even ablation
laterally across the face of the teflon, spark plugs should be placed in both
inert walls and fired alternately. This arrangement will also give an extra
degree of redundancy.

ABLATION PROFILE

Much useful information was found by studying the ablation profiles from
circular configuration tests. This information was later applied to solve the
previously mentioned rectangular feed ablation problems. It was found with
the rectangular life test designs that, as the teflon assumed a shape, as in
Figure 52, the performance of the thruster decreased markedly. Thus a means
had to be found assuring even ablation in this axial direction. The ablation
profile was found to be dependent upon two factors, the diameter of the chamber
and the discharge energy. These two factors are interrelated in their effects

upon the ablation profile. The results are summarized in Figure 55 and 56.
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The profiles were determined for the relative amount of mass ablated from
each disc in the fuel element. In general, for a high E and a small D, the
discharge chamber began to assume a conical shape with the vertex towards the
exhaust end and the base at the stagnation end of the chamber. For a low E
and a large D, the exact opposite occurred, with the vertex towards the stag-
nation end of the chamber. For a very large D, even a high energy (20joules)
discharge kept the vertex towards the stagnation end of the chamber. Between
these two extremes, for a discharge energy of approximately 15 to 17 joules
and a chamber diameter of 0.5", the ablation profile was even.

These results were applied to the rectangular feed design. The discharge
energy was lowered from 20 joules to 17.5 joules. The chamber size was 0.44"
x 0.160" by 1.0", where the fuel bars had a cross-sectional area of 1.0" x
0.44", After 20,000 shots, the ablation profile appeared almost perfectly
even, a considerable improvement over the 20 joule runs. From the circular
results, it seems certain that in order to achieve even ablation a new opti-
mum energy will have to be found for each new chamber size. Comparisons with
the results from the circular ablation profiles in different chamber sizes
may previde a guide.

RESISTANCE AND INDUCTANCE

Figures 57 through 63 present the total circuit resistance and induct-
ance as a function of circular bore diameter, chamber length and hydraulic
diameter. Examining changes with diameter first, it must be noted that for

a certain range of diameters (0.25" to 0.35") the discharge waveforms were

overdamped, and R and L measurements were not made. Fig.37 shows very large
values of R and L (0.187 ohms and 385 nanohenries) for small chamber diameters.

For large chamber diameters, larger than ~0.3", the tresistance and inductance
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drop sharply and then tend to level off. Figures 58 and 59 show these regions
with an expanded scale. For runs at a diameter where more than one energy was
tried, the values of R and L were averaged to produce one value for that dia-
meter. Generally, they were approximately equal for any one diameter, as
would be expected, as the geometry was not changed.

Figure 58 shows L proportional to diameter, for small chamber diameters,
then assuming a constant value for diameters greater than 0.5". There appears
to be a discontinuity in the results between 0.45" and 0.5". This cannot be
satisfactorily explained. Figure 59 shows that the circuit resistance increases
as diameter decreases, in what appears to be a 1/Diameter relationship. This
relationship is seen more clearly in Figure 60, which plots resistance vs.
the inverse of the diameter.

The variation of R and L with the chamber length is presented in Figure
61. Both resistance and inductance are seen to vary proportionately with the
length of the chamber. The approximation for L is crude, however, the appro-
ximation for R is much closer. Figure 62 presents the variation of resistance
and inductance with changes in hydraulic diameter (H.D.). The relationship be-
tween R and H.D. may be approximated accurately by a straight line, with R
decreasing as the diameter increases. R is not linearly proportional to 1/H.D.
as can be seen in Figure 63. The results for L vs. H.D. are tooscattered to
allow definite conclusions, although L seems to follow a relationship to H.D.
similar to that of resistance.

‘It is interesting to note that in the run with the potential reversed
on the electrodes (reverse polarity, the cathode was at the exhaust end),

(Run #152, Log #161), the plasma resistance dropped to one-half of its value

in the previous run, which had the same geometry, The inductance was not
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affected.

The result of the low inductance design can be seen by comparing (Runsi
162 to 165, Log # 145 t0 148), the low inductance design, to (Runs #149 to
161, Log #139 to 143 and Log #158 to 163), the high inductance design. The
inductances for the low L design are about one-half to one-quarter of those
for the high inductance design, while the plasma resistance remains about
the same. The lower inductance design helped improve the performance of the
thruster. This can be seen by comparing I/E, Isp’ and n (respectively, 6.4
to 8.35 plb/watt, 414 to 392 seconds, and 5.81 to 7.15%), for (Run # 161 to
165, Log # 144 to 148). Although a nozzle was added to the low inductance
design to keep the plasma from impinging upon the capacitors, it is believed
to have had only a slight contribution to the performance improvement of the
thruster. This assumption is based on the fact that the nozzle was circular
and has a throat diameter of about one inch. The chamber, hbwever, was rect-
angular and only 0.44" by 0.23". As expected, changes in energy for a fixed
configuration (Runs #2 to 5, Log # 36 to 39) and (Runs # 7 to 10, Log #41 to

44), had no apparent effect upon the circuit resistance and inductance.
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ANALYSTS~--THEORETICAL CONSIDERATIONS

[
Figure 64apresents a plot of the performance characteristics of a part-

icular thruster, using the three most important parameters, I/E, Isp’ and n.
The optimization of the thruster design can be greatly facilitated, if the
mechanisms by which it operates are known and understood. For this reason,
a model of the operation of the thruster needs to be developed, which will
relate the thruster's performance (I/E, Isp’ & n), to its configuration. Us-
ing the results of the preceding section as a guide, a model for the operation
of the thruster will now be developed.

A. Mass Ablated Per Shot

Our first aim will be to establish an expression for the mass ablated
per shot as a function of the thruster parameters. The mass ablated can be
calculated by evaluating the amount of heat transferred from the hot plasma
to the teflon walls, the amount of heat transferred being subsequently equated
to the mass of the teflon ablated times the specific energy of ablation of
teflon.

The energy, €, required for the ablation of a mass Am of teflon will be:

€ =Am ¢ )
where:
Am = mass ablated
A = heat of ablation; A = 2180 joules/gm for teflon17

The energy transferred per unit time and area as heat from the flow to

the walls of the chamber can be written as:
q = pu(5/2)R - (‘1‘p - Tw) « St
where:

p = plasma density
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u = mass averaged flow velocity

R = Universal gas constant = 8.31 joules/mole - °C
Tp= plasma temperature
Tw= wall temperature << T

St = Stanton number = hv/( pu-ER

hv = heat transfer coefficient;

For turbulent flow in pipes, the Stanton number can be related to the
friction coefficient of the flow by the Reynold's analogy, St = £/2, which is
reasonably valid for all gases.18

Assuming that the plasma flow per unit time and area is zero at the
stagnation end of the chamber and increases linearly with distance along the
chamber (assuming uniform ablation) becoming (pu)e at the exit, we may write
the total enthalpy transferred per unit time as:

h
£ q(x) » m + D dx

€

7Dh (pu(S/Z)RTp)e . St/2
= MmA

This can be rewritten:

. JI(HP-S/z-(y-n/y)

where:
Hp = total enthalpy/unit mass of plasma

f = average friction factor
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This leads to:
tm = (5/2)(h/D) « £ « (E/}) + (y-1)/y (4-1)
Where it has been assumed that all of the discharge energy goes into

fluid (E = Ame).

Am versus (h/D)E is plotted in Figure 64B. The slope of the straight
line approximation correlating the data is 2.98 » 102 kg/joule.

Equating this to Eqn. (%4-1), we have;

= 2.98 + 1077 kg/joule

(N[

-F - =t ., 1
Y A

The ratio of specific heats, Yy, was chosen to be 1.2. This value is
close to values computed for convential rocket exhausts. The friction co-

efficient is then:

E = 1.5+ 107
or
§t = 0.0078
To provide a check on this value, the friction coefficient was compared
to a graph of f vs. Reynold's number, with the roughness of the channel as a
third variable.19 The Reynold's number for this flow can be estimated as
~105. With these two values, the relative roughness of the chamber, found
from the graph is E/D = 0,04. This would mean that the average height of the
rough spots in the chamber is approximately four percent of the chamber dia-
meter. For D = 0.5", this would be 0.02", which is a high, but not unreas-
onable value for the chamber roughness.

The mass ablated per shot is then,

Am = (2.98 - 10”2 kg/joule) +(h/D)E
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Typically, h/D = 2.5"/0.5" = 5; E = 20 joules, hence
Am = 298 pgm/shot

The actual value for this geometry is 310 pgm/shot. Thus, Egn.(4-1) accurate-
ly predicts, to first order, the amount of mass ablated per shot.

B. Efficiency

Next an estimate of the thruster efficiency will be derived. Based upon
the experiments performed, we can assume that the flow is sonic at the exit,
hence, we may estimate the efficiency from the equation:

Amu2 —L}]—.— MZ

2 1+ x;l M2

where:

Amu

the kinetic energy of the exhaust

E

the stagnation energy, ( = discharge energy)

M

Flow Mach Number

For M = 1, we have: [(Amuz)/Z)/E = n]

n = —%‘_i— (4-2)

For y = 1,2;the efficiency is n = 9%. This value is within the correct
order of magnitude for the values of efficiency measured for the thruster
(76-9%). This result also agrees with the graphical data for n, where it has
been seen that n was generally constant, regardless of geometry changes. The
close agreement between the predicted efficiency and the actual efficiency tends
to support the assumption made concerning y (1.2) and the flow characteristics.

C. Specific Impulse

Knowing the efficiency and the mass ablated per shot, we can calculate

the specific impulse from the following relationship:
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o tep
n= 2E ‘g

We determine that Isp is given by:
I =.1_.__.}1/2=l{2.._.._. }
sp g ‘Mm " 2 'h 5T st v+l (4-3)

For the values used ahove, we predict:
Isp = 345 seconds

This is slightly high (Typical values are ~280 seconds], but again it is the
right order of magnitude. The model also predicts correctly the variation
in ISp as changes in configuration are made. 1In Eqn. (4-3), there is no
dependence of ISp upon energy. This is essentially what Figure 26 shows, as
ISp varies on1§ by “15% from its mean value as the energy is varied from 5 to
20 joules. Thus, ISp is almost independent of the discharge energy.

The dependence of ISp on Dllzagrees with the actual results for the
diameters less than 0.4". Above 0.4", the model fails to predict the 1/Dia-
meter dependence Isp upon the diameter(See Figure 31). Here also, the actual
variation of ISp with the diameter is small.

The third relation shows that, Isp « h-l/2. This agrees with the graph
given previously, Figure 34, in predicting a strong dependence ir ISp upon
h. However, as seen in Figure 66, this relation does not hold precisely.

D. Impulse Bit

The impulse bit can be determined from the aefficiency and the mass ab-
lated per shot also. It is given by:

I= (2E-(Am/shot:)-r|)1/2

or

I = Ei(5+(h/D)(St/A) » (y=1) 2/~ (y+1)) /2 (4-4)
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This predicts an impulse bit of 1000 ;N-seconds. For D =0.5", the
actual value is ~750 yN-seconds. Again, the model has been accurate to
first order, predicting a value the same order of magnitude as the actual
value (~30% in error).

The relations between I,,L, D, and E are in agreement with the test
results. I is proportional to E as seen in Figure 26. The variation of I
with D tends to fit the curve, Figure 30, for d >0.04". The direct relation
between I and Y h 1is also shown for the actual thruster in Figure 34. As
with Isp’ the VY h relation does not hold exactly. This is shown in Figure
67.

The fact that these relations predict the performance values , as close-
ly as they do, tends to support the assumptions made in the development of
the formulas for the mass ablated /shot and the spe;ific impulse. The heat
transfer model, while simple, predicts many of the dependencies between I,
Isp’ and n and the configuration parameters of h, D, and E.

E. Calculation of Inductance and Resistance

RESISTANCE

Theoretical approximations to the plasma resistance and inductance can
also be made. Assuming a uniform plasma column in the discharge chamber,

with a conductivity,o, we can eliminate the total resistance of the plasma

as,
1 h
R == —
P 0 nD2/4 (4-5)



63

The variation of plasma resistance with chamber length is clearly seen
in Figure 61, This linear relationship suggests that the conductivity, o,
is a constant. From the slope of the line in Figure 61, we may estimate ¢
as: 0 = 116 mhos/cm.

INDUCTANCE

The inductance of plasma can be calculated by modeling the plasma as a
conductor with uniform properties. Assuming a current density, 3; a conduct-

or of diameter, D, with a concentric return path of diameter, a, ( here the

capacitors), we may determine the inductance from the following formula.20
¢ h
= —2 .7l a -
L= 2 [ + ] (4-6)

A proportional dependence of L on chamber length, h, is predicted. This
is, in fact, true for the thruster, as seen in Figure 61. To further check
this model, the slope predicted by Eqn. (4-6) for L vs. h [(pO/Zn) » (1/4 +
2n(a/D) )], is compared to the slope of L vs. h from Figure 61. We predict:
a=5"; D= 0.5").

(L/h) ~13 + 1077 henries/inch
From Figure 61; the slope of the curve is approximately:
(L/h) ~12.8 - 10_9 henries/inch

Thus, the model for the inductance of the thruster yields a result that
is very close to the actual value. The dependence of L upon diameter is
predicted to be a weak logarithmic function, with L increasing as D decreases.
From Figure 58, there appears to be little dependence of L upon diameter.

F. Estimation of Plasma and Electron Temperature
From the models just presented, estimates of the plasma temperature

and the electron temperature can be made. The plasma temperature may be
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estimated from the specific impulse by the following relation:

1/2
= 5 -
ISp 1/g [( /2)RIP/MJ (4-7)

where:

g = accelaration due to gravity---9.81 m/sec2

=
]

Molecular gas constant---8.31 joules/mole °C

L]
/]

b Plasma temperature

M = average molecular weight of plasma (Assuming complete dis-

sociation—-—CzF4 + 2C + 4F = 6 particles

M = (100gm/mole/6 particles)
= 16.7 gm/mole
The plasma temperature is then, for Isp = 300 seconds.
T_ =~7000°K
P
The electron temperature may be calculated from the following relation be-
tween the plasma conductivity and the electron temperature.
o = 3000-1 %2 (4-8)
where:
o is in mhos/meter
Te = electron temperature in electron volts
The coefficient of 3000 is based upon a reasonable estimate of the elect-

4

ron density of ~2-1019/cc and the plasma temperature of 10 °K.

The electron temperature is then:

T 2.46 ev

e

1

R

28,500 °K

where:
1 ev =~ 11,606 °K
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CHAPTER 1V---DATA AND ANALYSIS~-~SUMMARY OF EXPERIMENTAL RESULTS

The following summary presents a brief review of the experimental and
analytical results presented in Chapter IV. The major relationships between
each configur~ntion examined and the thruster performance parameters are given,
as well as the results of the material studies. The basic features of the

model representing the operation of the thruster are present also.

CONFIGURATION PARAMETER PERFORMANCE PARAMETER
l.Circular
A. Discharge Energy I, Am/shot = Energy

(Figures 26-29) « yEnergy

I,
sp
n = constant

B. Chamber Diameter All parameters (I, Isp’ n, Am/shot),

(¥igures 30-33) relatively insenstive to changes in

diameter for D > 0.4". A peaking was
observed between 0.2" and 0.4". Am/
shot more insentive than other para-
meters to changes in D.

C. Chamber Length All parameters strongly related
(Figures 34-36) I--increases as h decreases
Isp--decreases as h increases

Am/shot « h
n = constant

D. Chamber Wall Taper Angle Same relations with length as for the
(Figures 37-40) 0° case(lc). For half angles >5°,
performance was decreased from the 0°
case. For half angles 0° to 5° per-
formance parameters were approximately

constant.
E. Nozzle Any form of constricting throat, de-
(Figures 41-43) creases performance.

Performance improvements of~307 were



2. Rectangular

A. Hydraulic Diameter

B. Teflon Fuel Feed

C. Inert Chamber Walls

D. Electrode Material

3. Ablation Profile

4, Resistance and Inductance
(Figures 57-63)
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obtained using an optimum length
(2"), 30°(£full angle) conical
nozzle.

I--linear with H.D.; decreasing as
H.D. increases
ISP——constant, 0.2"<H.D.<0.5"--

decreases, H.D. <0.2"
Am/shot « 1/H.D.
n = constant

Life test--(two teflon wall, Nega-
tor spring feed) successfully com-
pleted ~510,000 shots, 48 gm teflon
ablaced; ~1 1/2" off of each bar.
Problems with ablation profile.

Performance decreases with each
inert wall added.
Quartz--best inert wall material
tested.
Super-mica~-erosion problems.
Boron nitride--becomes coated with
carbon.

Tungsten and Mallory 1000 performed

best.

Stainless steel——sergius erosion
problem

for > 50,000 shots
Aluminum~-serious erosicn after
few hundred shots.

Dependent upon discharge energy &
chamber diameter. As E increases
D decreases, stagnation end of
chamber ablates more than exhaust
end. As E decreases, D increases,
the exhaust end ablates more than
the stagnation end.

R « 1/D; R « h; R decreases with
increases to H.D.

L increases with increasing D, and
increasing H.D. L « h.



5. Thruster Performance Model
Am/shot = (2.98 - 10—9.kg/joule) + (h/D): E
n = (y-1)/(y+1)= 9% = constant

Isp= (2.51 . 10_3 seconds) -« (D/h)]'/2

I = (2.32 -.10"-5 sec/meter) -(h/D)l/2 - E
6. Characteristics
Plasma Temperature = 7000°K

Electron Temperature = 24,000°K
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TABLE I: COMMENTS ON CONFIGURATIONS
Section I: Circular Configuration, Straight Bore, No Nozzle

Log Number

1-18-~~Aluminum cover plate over spark plug----Six Tungsten anodes

(1/16" diameter rods).

19-20---Stainless steel cover plate over spark plug; same anodes as #1.

21-30---Aluminum cover plate over spark plug; same anodes as #1l.

31---Stainless steel back plate, no cover plate over spark plug; same

anodes as il.

32-35---Aluminum cover plate over spark plug; same anodes as #1.

36-50---Stainless steel back plate, no cover plate over spark plug; same

anodes as #1.

Section II: Circular Configuration, Straight Bore, With Nozzle

Log Number

51-56~~-Internal nozzle--Front three discs parabolically flared-M = 3;
y = 1.66; no throat; same anodes as #l.

57-58---Same as #51, but converging-diverging throat added--0.375" Dia;
M = 3.85.

59---Same as #57, but Anode (Tungsten electrodes) replaced by Aluminum

Ring anode.

60-61---Same as #57.

62-63-~--External nozzle--2" long, 15° full angle cone; no converging
throat; diameter at throat—-0.44".

64-66———External nozzle, 1" long, parabolic (RAO), diverging throat;

diameter at throat--0.443".
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67---External nozzle; 15° conical; diverging throat--0.44" dia;

Length = 5",
68--—Same as #67; Length = 4",
69——-Same as #67; Length = 3",
70---Same as #67; Length = 2",
71---Same as #67; Length = 1".

72---Same as #67, Length = 2",
73-78---Same nozzle as #64.
79-80---Parabolic Rao Nozzle; Length = 1"; With throat for chamber diameter
= 0.5".
81-86---Parabolic Rao nozzles, with converging throat---for chamber dia-
meters of D = 0.5" and D = 0.812"); Length = 1".

Also Tungsten Electrodes used--nozzle rested on top of electrodes.
Section III: Circular Configuration, Tapered Bore

Log Number

87-91---Stainless steel Backplate, no cover plate over sparkplug, 6-Tung-
sten rods formed the anod2; small end diameter--~0.40" against
backplate.
93-94---Same as #81, with small end diameter---0.42".
95-100--Same as #81, with small end diameter--~0.43".
101-102--Same as #81, New teflon, anode has 12 Tungsten rods; small end
diameter = 0.38".
103--Same as #101, but anode has 6 Tungsten rods.
104-105--Same as #81---with small end diameter = 0.385".

106--Small end diameter = 0.39",
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107-109---Small end diameter = 0.40".

0.41". (Note: Very small diameter (<0.05")

]

110-112---Small end diameter
caused by ablation, large changes from machining).

0.49".

113-116~--Small end diameter

117-118---Small end diameter = 0.50".
119-122-~-Same as #81.

Section IV: Rectangular Configuration, Straight Bore, No Nozzle

Log Number

123-133---Stainless steel backplate, no coverplate over sparkplug; anodes
of Tungsten rods. Annulus of semiconductor material in sparkplug
entirely covered with epoxy cement except for one small section
~1/16" x 1/8" long.
134——-Same as #123 except two inert walls of Boron nitride replace two
two teflon walls. Separation between remaining two teflon walls
is 0.25",

135-137---Same as #134; wall separation is 0.125".

Section V: Rectangular Configuration, Straight Bore, With Feed Mechanism
Log Number
138~~-4 wall ‘teflon feed; square step-in cathode retains teflon to
form chamber. Tungsten rod anodes.
139---2 wall teflon feed, Mallory 1000 electrodes; step-in anodes
(exhaust end) to retain fuel. Teflon bar separation = 0.4";
Sparkplug mounted on one of the two Super-mica inert walls.

140---Same as #139, with wall separation = 0.28",

141-~-Wall separation = 0.205".
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142---Wall separation = 0.160".
144~-~Same as #139, with step-in cathode and quartz side walls. Wall
separation = 0.23",
145-146---Same as # 144, however, thrust chamber/electrode assembly placed
in low inductance configuration between the capacitors.

147-148---Same as #145, with one quartz wall replaced with teflon.

Section VI: Rectangular Configuration, Straight Bore, With Nozzle

Log Number

149-150---Stainless steel backplate as cathode; nozzle also anode; 15° taper
walls; 1.0" high; throat section 0.3" x 0.7"; Mach number = 3.5:
Y = 1.4; nozzle rested on teflon and had no converging portion.

151---Same as #144, with nozzle extended to 2.0" long.

Section VII: Miscellaneous Configurations, Propellants

Log Number

152---Same configuration as #31 with teflon replaced by polyethylene;
Length = 2.5"; diameter = 0.46".

153---Same as #65, with teflon replaced by polyethylene; length = 1.0";
diameter = 0.38".

154~--~Same as #153.

155---Same as #123, with the rectangular configuration replaced by a
cross, 0.69" high and 0.625" wide Each arm of the cross was 1/4"
wide.

156---Same as #91, with the 2", 10° taper teflon fuel piece reversed,
so that the flow is constricted at the exit; for mass ablation

study.
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CHAPTER V

SATELLITE-THRUSTER SYSTEM

Using the results of the experiments performed, a flight thruster can
be designed to fulfill the objectives stated in the introduction. A rect-
angular design with fuel feed is necessary in order to meet the requirements
for long-life and high total impulse. The basic configuration is shown in
the schematic in Figure 65. The cross-section of each bar of the four wall
feed system is typically 1" by .25" to 1" by .44". The seals at each corn-
er are constructed of quartz. The spark plug placement is in the cathode.
Even axial ablation can be assured by using the optimum ablation energy. As
found in Run #160, this will be approximately 17.5 joules. The main storage
capacitors should bg placed.circularly around the discharge chamber, to min-
imize circuit inductance. The performance of this system can be estimated
by Run #147 (Log #134). Vith the fuel size 1.0" by .25", using Run #162
(Log #145) and Run #163 (Log #146), as an example, we must derate the per-
formance parametersof Run #147 by approximately 10% to take into account the
lower discharge energy. This gives I~ 200plb-second; Isp = 360 seconds. This
will result in I/E = 1lulb/watt and n = 9%. With the addition of a properly
designed rectangular nozzle, these values can be raised by at least 10%, based
on previous results, Run #121 and #122 (Log #125 and #149 respectively).
This will give an I = 220ulb-second and Isp = 400 seconds; I/E = 12,5plb/watt
and n= 11%.

WEIGHT CALCULATIONS

Rough estimates can be made to approximate the weight of this system.

For the thruster itself, the weight may be approximated by the LES-7 thrust-

er2 » as an upper limit, since it includes two nozzles. The thruster mass,
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without fuel, is then approximately 4 kilograms (8.8 1bm), including capac-
itors ( “20 joule/kg -+ ~1 kg)2 » nozzle, electrodes, Negator springs, and
case, plus the ignition circuitry. The power conditioner mass can be esti-
mated at “3 1bm (1.3 kg) with 20 to 40 watts of conditioned power supplied
at 85% efficiency?’ 21

The power necessary for the thruster's operation can be provided from
the power bus already present in most satellites. Communications satellites,
especially, have large power requirements, usually met by the use of solar
cell arrays. Lightweight 1.5 kilowatt arrays have been flight tested.6
In some cases large thruster power drains can be timed to occur during per—
iods of low power drain by the satellite itself.

This type of configuration has the added advantage over LES-6 and LES-7
types of thrusters in that the propellant is not directed radially into the
satellite. Instead it is oriented tangent to the satellite's surface. Thus
for high total impulse systems, the configuration will not require large

6
parts of the satellite's volume, as would an axially fed design.

THRUSTER/SATELLITE MISSIONS

There are a number of missions that a pulsed ablative thruster, such
as the one described above, can perform satisfactorily. Typical missions
22, 23
are
a) Precision Satellite Pointing; As narrow beam widths are em-
ployed in communications satellites to reduce transmitter
power, the satellite must be accurately stabilized with very

fine altitude controls of greater than 0.1° accuracy. The

pulsed thruster, with its very small and sharply defined im-
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pulse bit, is well suited for this task.

b) Precession Control of Spinning Satellites; Spinning spacecraft
require spin-axis precession control. Very short pulse dur-
ations are needed to precisely increment the spin-axis point-
ing direction. The pulsed ablative thruster performs the task
well, as its pulse length is on the order of microseconds.

c) North-South Station Keeping; The orbits of geosynchronous sate-
llites are affected mainly by three forces; one arising from
earth's oblateness, solar/lunar gravity fields, and solar
radiation pressure. The primary disturbance is the effect of
the moon. Typical rates of change of inclination are on the

order of 0.9° per year.22

4

Velocity increments of approximately
170 feet/second/year are needed to counteract this drift.

d) East-West Station Keeping; Because of disturbances caused by
earth's gravitational field (from the asphericity of the earth),
the satellite's longitude will be affected and need mainten-
ance to counteract daily drift, eccentricity, accelerations.z3
A velocity increment on the order of ~ 6.8 ft/sec/yr (2.1 m/
sec/yr) is required.

The design requirements for East-West Station Keeping for typical sate-
llites are shown below. Using the design thruster, with teflon 1" by .25"
in cross-section, it is assumed that the total satellite weight is 1000 1bm
and the mission is five years long. Then the total velocity increment requ-
ired is 34.0 ft/sec = AV. The propellant required is given by:
é‘V/u)

M? = Mb(l -
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where:
Mb = propellant mass
M.o = total satellite mass
AV = velocity increment
u = average exhaust velocity =1 - g

sp
For the design thruster, (Isp = 400 seconds),‘Mﬁ = MOGV/u), forAV/u <<1.
Then Mb = 2,64 1bm of teflon ( ~1.2 kg). Assuming the satellite carries four

thrusters for East-West Station Keeping (like LES-6), and a cross section

area of each propellant bar of 0.25 inchesz. each bar will be approximately

9 inches in length. (A total of 38"/thruster is needed). The total number
of shots required would be given by the total impulse required, which is
1055 lbf-second. this requires a total of 4.8 - 106 shots. To fully util-
ize the capabilities of the thrusters, they would also be used for precess-
ion or altitude control. The optimum design is for the propellant mass re-
quired to equal the thruster's fixed weight (essentially the capacitors).

A typical thrusting program for East-West Station Keeping is shown in Figure
66."

The design requirements for North-South Station Keeping are now invest-
igated. Using the same system as described above, with a velocity increment
of 170 ft/sec/year, the total impulse needed is 26,400 1bf-second. This
would require a propellant mass of 133 1lbm (~60kg) and approximately 1.22 -
108 shots would be needed. It would be impractical to carry straiznt bars
of teflon of the necessary length (~100" 1ong,Aeach). So in order to be

practical, either a larger teflon cross-sectional area must be used, or a

higher ISp engine is needed. A shorter mission would be necessary .for the
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thruster to be practical for North-South Station Keeping. The problem of
unwieldly fuel bar lengths has also occurred with other teflon thrusters,
thus, investigations are being carried out on the possibilities of coiling
the teflon bars in circular shapes.24 A typical thrust program for North-
South Station Keeping is shown in Figure 67.4 Since the coiled teflon
technique has proved unreliable so far,4 and because of the Isp’ require-

ments, the design would not be suitable for a North-South Station Keeping.

THRUSTER EFFECTS UPON THE SPACECRAFT

There are three main effects that the thruster can have on the space-
craft. These include the contamination of spacecraft surfaces, interference
with light sensors, and RFI noise generation. From investigations by Lyogs’ 26
and Hall?7 on the LES-6 thruster, a number of design considerations can be
listed. The most reactive components of the exhaust appear to recombine
within a few inches of the exhaust opening and little recombination takes
place further downstream. Anything placed in the path of the exhaust, will
become coated with exhaust material. This material has been found to be
unreactive and non-erosive on surfaces coated with the exhaust. As virgin
teflon is very pure, impurities should not present a problem. Most of the
ablated material is contained within a 40° included angle.26 In the space-
craft design, a cone of 40° to 50° semiangle around the exhaust centerline
should be kept free of components, preferably a 90° semiangle cone should be
used. Some reflection is possible from objects placed in the exhaust path,
but as the beam is neutral, there are no space charge buildup effects to at~
traet the particles back to the spacecraft.

As a visible light plume is evident from the exhaust for a few useconds
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and a few inches from the nozzle, when the thruster fires. This must be
taken into consideration when placing light sensors that may be affected by
the short pulse. Electromagnetic noise interference behavior to be expected
from such a thruster is still uncertain. With the high energy discharge,
some RFI noise is certainly generated. Its effects upon the satellite will
depend greatly upon the thruster-antenna configurations. The LES~6 thruster
presented no problems.26 To prevent stray RFI noise leakage from the thrust-
er case, the case was machined from a solid piece of aluminum. Similar care

will have to be taken with the present thruster.
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CHAPTER VI

CONCLUSION

A practical pulsed ablative thruster, suitable for satellite control, has
been designed and tested. It derives its thrust from gasdynamic forces gen-
erated by the ablation and heating of teflon in a high energy electrical dis-
charge. By this means it produces a higher specific thrust than previous pul-
sed teflon microthrusters, which rely on both electromagnetic and gasdynamic
forces. This high thrust is obtained at relatively low values of specific
impulse, but the efficiency is comparable to that of more conventional geo-
metries (LES-7). Specific thrusts on the order of 11.4 micropounds/watt, with
a specific impulse of 400 seconds, and an efficiency of 10%, have been achieved
in a thruster with teflon feed. In life tests, a thruster operated for more
than 510,000 shots, feeding and ablating two and one-half inches of teflon
(48 grams). This successfully demonstrated that the thruster was capable of
being fed with teflon.

This thruster would find applications in satellite control, particularly
where a high impulse, pulsed thruster is needed. While requiring a larger mass
of teflon because of a lower specific impulse, weight savings are achieved
over higher specific impulse pulsed thrusters, because of reduced capacitor
and power conditioner weight. This latter is a consequence of fewer shots
being required by a high specific thrust engine, over a low specific thrust
engine, to achieve a desired thrust.

Further investigation is necessary to develop the full potential of this
thruster., A more precise mathematical model describing the thruster's opera-
tion would be helpful in guiding optimization experiments. The development

of an efficient nozzle compatible with the rectangular discharge chamber is
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of prime importance. The choices of quartz, as a sidewall material, and
Mallory 1000, as an electrode material should be confirmed with further test-
ing. The development of a four-wall teflon feed design should be pursued in
light of the performance losses in designs incorporating inert discharge
chamber walls. Finally, a life test of the thruster system should be con-

ducted to at least 107 shots.
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APPENDIX

ERROR ANALYSIS

4, in 1969, to determine the

An error analysis was performed by Radley1
accuracy of thrust measurements found by using the thrust stand described in
Chapter III. The same analysis is valid here except for changes in the mag-
nitudes of some of the quantities used:

1. The total firing time for the thruster was reduced to ~30 min-
utes, with approximately 1000 shots.
2. Readings were taken every minute, rather than every five min-

utes, to l-second accuracy.

The relative error in the impulse bit is found from:

b _ A, A(va ) (A-1)
I A (va,)
where:
I = Ao v
2
_ A
A - Mg z' 2'"
AA AM AR AL! 2AT
T + ary + % + T
and:
Ava ) .007; (no change from Radley)

(va_)

where: M, &, &', and T are the same quantities as defined in
Chapter III.
In computing the value of AA/A, only AT/T is affected. AT/T is equal to

the uncertainty in the firing time measurement plus the uncertainty of the
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reading for the number of shots. This is given by:

ar _ e
T t; N

From number 1 above, this is;

AT _ 5 seconds + 1 shot
T 30 minutes 1000 shots
= ,003 + .001
= 0.47
Then;
AA - _ .003% + 0.25%2 + 0.7%Z + 0.8%
A
= 1.75%
Then;
I S Y S
I A (a_v)

0.0175 + 0.008

= 2.6%
For the specific impulse, ISp = I/Amg

AISB_ - A(Am) + AL
I Am I
sp

= A(AM) , AN AL (A-2)
AM + N + I
where:

Am = AM/N
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This gives, using the previous value found for AI/I;

AL
—ISP_ 0.001 + 0.001 + 0.026

sp

= 2.8%
Thus the uncertainty in the measurements of both I and ISp is less than

3%.
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Figure 1: SCHEMATIC OF THRUSTER COMPONENTS



106

NOIIVINDTANT )

SVTNOUI0-——dALSAYHL ISAL 40 MIIA INO¥L

‘¢ NOI4




106

NOILVENDIANOD dVINDYID--—JILSAYHI ISIAL A0 MIAIA INO¥L

‘¢ HINOIA




107

NOIIVINIIANOD ¥VINOYID---¥AILSMAYHI ISIL J0 MIIA INVIS

‘¢ H4NOI4




107

NOTILVYIDIANOD ¥VINOUID—-—¥IISANHIL ISdL 40

MITIA

INVIS

EES

JANDTA




108

IswmioFsuell ¢:1
C69NT

9POTP Z%#69NL

103ToRdED
98e103s urew--3i 7T

OIIVWAHOS IINOYID NOILINOI % 2an8T1d

oaa

—mnle— )

/K oczar

Momi/’ 1983T1a],

1o3toeded 1988Far--3i T
8n1d
Yieds pojunou
TTeM SPTS 30
UOTIBTOST 10J~-SWYo g

suyo 00T

nn
Moo

J oaqA
006G+

S101STSIY

Sur8aey)
pue

$10303UU0)H



109

0.25"

0.75" |
0.35"

Semiconductor
Spark Gap

Carbon Steel
Cathode

1.0"

XAX

Porcelain
Insulator

XAXX
IOAAXAX A XX XXX

Stainless
Steel
Anode

Figure 5: BENDIX IGNITOR PLUG
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For y = 1.23

Nozzle #1--M = 2.6 (Chamber Diameter-7.812")
Nozzle #2--M = 3.5 (Chamber Diameter-0.5")

R R

0.8" 0.6" 0.4" 0.2" 0 0.2" 0.4" 0.6" 0.8"

E l. 2"

1.0"

+0.8"

T 0.6"

+ 0.4"

T 0.2"

Interchangeable Throats-—-!S #2-——~/’

Figure 7--TWO NOZZLES (For 0.5" and 0.812" Dia. Chamber) BASED ON RAO

CALCULATIONS WITH INTERCHANGEABLE THROATS AND
COMMON EXIT PIECE
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FIGURE 13: SIDE VIEW OF TEST THRUSTER--~RECTANGULAR CONFIGURATION
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FIGURE 13: SIDE VIEW OF TEST THRUSTER---RECTANGULAR CONF1GURATION
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FIGURE

15:

THRUSTER ATTACHED TO PENDULUM
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FIGURE 15: THRUSTER ATTACHED TO PENDULUM
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FIGURE 18: THRUST STAND/VACUUM SYSTEM--SHOWING METER STICK

—-LASER--ARRANGEMENT



FIGURE 18:
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Figure 20--METER STICK READING VS. TIME
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L R

CIRCUIT T
I, AV

LPLASMA

LASMA

Vm(t) = Vc(t) - 1(t)-RC - LC di/dt
where: Vc(t) = L di/dt + iR
with: L=1L

+ L . ., + L
c circuit plasma

R=R + R, ., + R
c circuit plasma

Figure 21--RLC REPRESENTATION OF THRUSTER DISCHARGE CIRCUIT
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UNEVEN ABLATION OF TEFLON---SLANT VIEW

Figure 53:
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