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ABSTRACT

In this thesis, ways of improving the performance of
the LES-6 pulsed solid fuel microthruster are investigated.
To measure the impulse bit, a thrust balance was constructed
utilizing a pendulum mounted in an evacuated bell jar. The
mass expended during each run was measured to compute specific
impulse and efficiency. These three quantities were measured
with less than a 3% error.

The methods of improvement concentrated upon were
designed to increase performance by increasing the self-
induced magnetic field. This was accomplished by using a
yoke, and by changing the current path using loops of wires
next to the sides of the thrust chambers. In the best
configuration, the specific impulse was increased from 348
to 1002 seconds, the impulse bit being decreased from 6.83
to 2.lll/ulb—sec. and efficiency from 2.8% to 2.5%.

Thesis Supervisor: Albert Solbes

Title: Associate Professor of
Aeronautics and Astronautics
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NOTATION

constant in the formula for impulse bit

L 7z
m?f 27

capacitance of main capacitor

average speed of gas molecules

total energy stored in main capacitor = -é:CV2
frequency of pendulum

acceleration due to gravity = 9.81 m/s2
impulse bit of the thruster

specific impulse

current in main capacitor circuit
total inductance of main capacitor circuit
dimensionless inductance ratio = (L, + Ll)/Lo

inductance of original thruster configuration
additional inductance due to modifications

average change of circuit inductance with
respect to the coordinate x

characteristic length (as used in Chapter 2)

distance from axis of rotation to center of
mass of the pendulum (as used in Chapter 3
and Appendix)

distance from axis of rotation to center of
thrust of pendulum

mass of pendulum



gas

nteflon

w £ Y o

mass of pendulum

mass of the slug of teflon ablated in each shot

mass of teflon expended during an experimental
run

number of gas molecules impinging on the face
of a fuel element between pulses (as used in
“Chapter 3, Section D).

total number of thruster pulses fired during
a run (as used in Chapter 3, Sections E and
F, and Appendix)

number of gas molecules in electrode gap between
shots

number of teflon molecules ablated per shot

total resistance of main capacitor circuit
average circuit resistance

magnetic Reynolds number

surface area of the face of a fuel element
(as used in Chapter 3, Section D).

slope of O(N versus t curve for direct fire

(as used in Chapter 3, Section F).
slope of D(N versus t curve for retro fire
time
period of pendulum

total firing time during a run

velocity of plasma (discharge)
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= final (exhaust) velocity of plasma
u, = initial plasma velocity = O

V = voltage of main capacitor
X = coordinate along the electrode which

characterizes the position of the discharge

&« = deflection angle (in radians) of pendulum
from rest position

a&::angle at which thruster stops firing near
the bottom of the pendulum's swing

of- = angle at which thruster starts firing near
the bottom of the pendulum's swing

¢xz= pendulum deflection angle which is a function
of time

of = deflection angle for zero thrust = o(,e'"’t

of, = initial deflection angle of pendulum

OQ': deflection angle at the start of retro firing

7 = thruster efficiency

//(==magnetic permeability (Note: When used as a
prefix to units,/l( means micro- and equals
1076)

%’ = damping time of pendulum

O = conductivity of the plasma

W = angular frequency of pendulum = 21 /T

l.q:=w/(-97ar)
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l. Introduction

Electric propulsion has been shown to be superior to
more conventional acceleration systems for certain space
missions because of its high exhaust velocities. This
feature results in more efficient use of the propellant and
hence makes pos§ible a larger payload for a given initial
vehicle mass. Successful electric thrusters have been built
and tested, and could be useful for high specific impulse
space missions provided a high power density energy source
can be built.

Pulsed solid propellant thrusters have a number of
advantages over chemical thrusters and other types of
propulsion. The first is that of simplicity. There are no
valves or moving parts, and there is no need for pressurized
fuel tanks for zero-gravity environments. These thrusters
require no warm-up time and can be easily and precisely
controlled. They have a lifetime of several million pulses
and simply no longer fire when failure occurs. Chemical
thrusters do not have this fail-safe mode. Finally, with the
use of a power conditioning unit, the low voltage output of
solar batteries is sufficient for operation,

These features make a pulsed solid fuel microthruster
ideal for station keeping of synchronous satellites and
Justify a more intensive investigation to improve its,perfor-

mance,
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2. Thruster

A. Generalities

The thruster under study is the LES-6 pulsed solid fuel
microthruster which was built for the M.I.T. Lincoln Laboratory
by Fairchild Hiller.l The unit is approximately 7 inches
long, 6 inches high, and 3-3/4 inches wide and weighs about 3
pounds. It has two thrust chambers arranged side by side, each
consisting of 2 electrodes, 1 spark plug, and the rectangular
face of a spring-fed teflon fuel element. This microthruster
provides an impulsive thrust of about 3 microseconds duration
and can be pulsed as often as 10 times a second for several
million times. It has an impulse bit of 6 to 7 micropound-
seconds and a specific impulse of 270 to 350 seconds. Although
the LES-6 is a prototype for larger microthrusters, it is
presently being used in earth orbit on a Lincoln Lab experi-
mental satellite (LES).

The thruster operates by the gasdynamic and electro-
magnetic acceleration of ablated teflon. This is accomplished
by the discharge of 1.85 joules of energy, stored in the main
capacitor (charged to 1360 volts), across the face of one of
the teflon fuel elements. The main discharge is initiated by
a 6-volt pulse which triggers the discharge of a 500-volt
capacitor across the spark plug gap (see Figure 1 for the
thruster circuit diagram). The spark plug firing in the inter-

electrode gap initiates the breakdown at only 1360 volts.
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The 1.85 joules of total energy in the main capacitor
ablates off about lO-5 grams of teflon per shot from the
3 cm by 1 cm rectangular face of the fuel element, breaks up
the molecules, ionizes the atoms, heats the electrons to a
high temperature, and accelerates the gas out of the thrust
chamber. A significant part of the thrust (perhaps as high
as 50%) is probdﬁly due to the thermal expansion of the hot
gas. The rest is due to the self-induced magnetic field
(i.e., the J x B force on the plasma). Hence, as much as
150 seconds of the specific impulse may be the result of gas-

dynamic acceleration of the exhaust gases.

B. Slug Model

One model which can be used to describe the thruster
performance mathematically is the slug model. This model is
based on the assumption that the ablated teflon is a slug of
gas travelling at the same velocity as the main electrical
discharge.

The main capacitor circuit equation can be written in

the following way:

V=Ri+ f(LA)
V is the capacitor voltage, i the current, L the total
inductance, and R the total resistance. A schematic side
view of this circuit is shown in Figure 2. In order to account

for any possible modifications (see Chapter 4), L must include

the additional inductance. In general, L = Lo + L1 where LO is
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the inductance of the origindl circult and L, is the induc-

1
tance change due to any modifications. The resistance R is
the sum of the resistance of the main capacitor and of the
plasma,

Multiplying both sides of the circuit equation by i1 and

integrating over time for one pulse gives the following:

/thf E//&‘/z‘f- ’/ //1"///2‘
Teo
The first term on the right-hand side is the power

dissipated in the circuit resistance. The second term is

zero because the current i equals zero at t = O and t =00 .
The last term is the work done by the g'x'ﬁ force on the
plasma. It will eventually be desirable to increase this last
term. The slug model implies that %% = u, u being the velocity
of the plasma and X being a coordinate which characterizes the

position of the discharge. The efficiency“7 can be defined as

p/‘.‘%z{fx/{ ° y
7= A LT

For the normal configuration of the thruster, dL/dx is

nearly constant and depends on electrode geometry. Also

[
_ Up-U; - Ue
uZ'.?."'.'z‘

where U, = the final velocity of the plasma, so that

SN P
7"‘27)(_2["
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An average resistance <R)> may be defined as follows:

“REAE L
<R> = : /f,/“’*

Using the above definitions, the expression for the energy E
stored in the main capacitor becomes
o» 2 {
<Ry [ 424
E = . 7 o /
/-7

Solving for 7¢7 and eliminating E gives the first important

equationt

/ </[//X> U‘Q (2_1)

77 = F LR
Another expression for 1’/-7] can be written by noting that
resistance R =5'L£~—(’“6-':é' where 0 is the conductivity of the
plasma and / is a characteristic length. The quantity dL/dx
is on the order of /d , the magnetic permeability of vacuum.

These two approximations put into equation 2-1 give the

following result:

/_%N;,’-/adll/,c---;— (2-2)

Rm is the magnetic Reynold's number characterizing the thruster.
The order of magnitude of 7 and Rm will be examined in the next

section.

An alternative definition of efficiency is the following:

_ Kinetie energy of exhaust _ 7 &(;z/z
7 Folal ererF) —E

where m is the mass of the slug of ablated teflon. But the

impulse bit I is equal to msuf and the specific impulse ISp
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is uf/g so that equation for 7] can be rewritten

7 = Ldysa (2-3a)

£

or
7: z __—L'Z-[ (2‘3b)
Z £
Substitution of equation 2-3a into equation 2-1 gives

an expression for I/E:

z /- 7 </[//X> (2-4)
V) <RY

Eliminating 7 from the above equation it is found that:

7 s LA /LRS

-2 7 ALK
£ 2 i s

When <dL/dx7/ GR» > 1, I/E=2/u, or E e'ﬂig*fandy - 1.
This 1limit serves as a check on the above equation to insure
that it provides a reasonable result when 7 is high. In
reality, for the thruster under consideration, {dL/ax> / <R

is much less than 1 which leads to the final expression for 1/E:

7 Ldlpx>

el —%

T2 T2 (2-5)
Therefore, to improve the impulse bit for a given energy level
of this thruster it is necessary to increase {dL/ax’y and

decrease {R) .

C. Performance and Possible Improvements

Some of the actual performance parameters of the LES-6



17
microthruster have been mentioned previously. The rest will
be presented here.

The main capacitor has a capacitance of 2 4«f, and the
electrode gap breaks down reliably at about 1360 volts
so that the energy of the discharge is 1.85 joules. The
total circuit inductance of the original configuration is
about 4 x 10'8 henry. The total resistance of the main
circuit is approximately 0.065() , of which about 0.03{2 is
the internal resistance of the main capacitor, and the rest
is the resistance of the plasma. The specific impulse is
about 300 seconds on the average so that the exhaust velocity
Up is about 3000 meters per second.

Since the resistance R”}j? and permeability
//7 -4 x 107 kg - m/coul®, it is found using equation
2-2 that R~ 0.05 and 7 ~ 1%. This is a low efficiency,
low magnetic Reynold's number device. Also, the impulse bit
I~1.8x 1072 nt-sec = 4 slb-sec from equation 2-3b. The
results of this order of magnitude analysis are low since,
in reality, 7 Z 2% and I £ 6.5 /alb-sec.

In the previous section it was mentioned that the
important parameters were <dL/dxp and {R) , and that to
increase the performance the former must be increased or the
latter decreased.

Decreasing circuit resistance means decreasing capacitor

resistance or decreasing the resistance of the plasma. The

first is very difficult due to the restrictions on the
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capacitor's performance characteristics (size, weight, life-
time, charging time, etc.). The second involves a detailed
diagnosis of the plasma in order to find other fuels which
have less resistance than teflon.

The quantity (HL/dx>' can be increased in a number of
different ways. One method is to change the current path in
the circuit to increase the self-induced magnetic field and
hence the Lorentz force on the plasma. Another way is to
concentrate the magnetic field lines in the interelectrode
gap using a yoke. These will be discussed subsequently in

Chapter 4.
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3. Thrust Balance

A. Generalities and Principle of Operation

The impulse bit of the thruster under study is very
small, and it is necessary to have a measurement system
which 1s accurate to within a few per cent and, at the same
time, insensitive to random vibrations. A scheme which
combines these two features at low cost involves hanging
the thruster on a pendulum inside a bell jar. By evacuating
the bell jar and firing the thruster once per period at the
bottom of the pendulum's swing, the impulse bit can be deter-
mined from the change in amplitude. From this and measure-
ment of the mass of teflon ablated, the specific impulse and
efficiency can be calculated.

The entire system (shown in Figure 3) has several compo-
nents. These subsystems have been put into three groups:
(1) the pendulum, (2) the triggering and power circuits, and
(3) the vacuum system. Each of these is discussed in detail

in the next three sections.

B. Pendulum .

The most critical part of the apparatus is the pendulum
(shown in Figures 4 and 5). The top is a 1-3/4"x1-1/2"x1-1/2"
brass block. Into two opposite sides of this block are pressed
two hardened steel "v'"-shaped knife edges. From the bottom of
the block extends a two-piece, adjustable-length shaft. It

consists of a 5/8" diameter, 5" long hollow brass rod into
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Figure 4. PHOTOGRAPH OF PENDULUM, SUPPORT STAND, AND LASER
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which slides a 3/8" diameter, 6"1ong aluminum rod. (The end
of the brass rod was tnreaded and fitted with a tightening
nut.) This arrangement made possible changes in the period
of the pendulum. The thruster was bolted onto a 3/8" thick
aluminum plate mounted on the end of the aluminum rod.

A 9" length of aluminum angle with a 1/4" wide slit in
the center of one of its legs was bolted to the bottom of
the thruster. This permitted a beam of light to shine through
it onto a photocell only at the bottom of each swing.

Pieces of aluminum angle and channel were welded together
to provide a rigid stand for the pendulum to rest on. The
most important part of this support is the two hardened steel
grooves on which the knife edges rest. Initially, "y"-shaped
grooves were used, but these caused very high damping due to
friction. Flat pieces of nardened steel reduced damping by a
factor of two, but the pendulum had a tendency to "walk."
Narrow, rounded grooves, which combined the feature of small
contact area between knife edge and groove with the prevention
of pendulum sliding, further reduced damping to an acceptable
level. In a vacuum of 2 X 10’6 torr (mm Hg), damping times
of up to 13 hours were achieved with these rounded grooves
for initial deflections of 50 from equilibrium.

There were four leads which connected the thruster to
the external circuitry: one carrying about 10 ma at 1360 v.,
one carrying about 5 ma at 500 v., and two for the 6-volt
triggering pulses. The critical connection was from the

contact strip mounted on top of the support frame to the one
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mounted on top of the pendulum. Two mil (0.002" diameter)
tungsten wires were used for these leads. This was thick
enough to carry the current but thin enough not to affect
pendulum damping time. The four wires were separated by
at least 1/4", so that in the 10'6 torr pressure range,
arcing did not ‘occur.

It was observed that damping time was strongly
influenced by three factors: (1) pendulum amplitude,
(2) bell jar pressure, and (3) pendulum center of mass. In
the large amplitude range (i.e., deflections from rest of
over 61°), damping was higher than at lower amplitude.
Consequently, all ruhs were made at deflection angles of
less than 5%0. It was also found that damping was proportional
to bell jar pressure. Accurate damping data could not be
recorded until pressure was within the 10"6 torr range.
Pendulum damping was also significantly affected by changes
in the center of mass of the pendulum. It was necessary
before each run to insure that the pendulum in its
equilibrium position (i.e., rest position) hung vertically.

This thrust balance is potentially a very accurate
measuring system, as long as a precise method of amplitude
measurement is used. For the first two runs, a 42 cm long,
1/16" diameter aluminum pointer was used. This pointer was
mounted on a brass rod which extended from one side of the
brass block. With it, maximum displacements of about 4 cm
could be measured to within about 5%. This large error

arose from the fact that the pointer was mounted inside the
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bell jar so that each end of the swing had to be determined
and the value read simultaneously.

For greater precision it was necessary to separate the
acts of finding the maximum position on a calibrated stick
and reading the value at this position. Also, it was
desirable to iﬁbrease the scale of the pointer displacement
to further increase the accuracy of reading it. This was
accomplished by using a laser and mirror arrangement. A
first surface mirror was mounted on the "nozzle side" of the
brass block at the axis of rotation. A helium-neon laser
(University Lab Model 240) was used for the concentrated
light source to shine througn the bell jar onto the mirror
and be reflected onto a meter stick which was at a distance
nf about 8 feet. The total error in deflection angle
measurement was 0.5% with this arrangement (see Appendix for

detailled error analysis).

C. Triggering and Power Circuits

To trigger the thruster at the right time, an electric
circuit was needed which would supply a 6-volt pulse of
1 to 10 millisecond duration at the bottom of every other
swing (i.e., once per period). Since the bottom of the swing
is the point of maximum velocity, it is the most efficient
point for the impulsive addition of energy. Another require-
ment of the circuit was the ability to fire one side or the
other or both sides alternately with no more than a 10 ms

delay. Also, the system must not interfere with the pendulum's
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motion.
To meet these requirements, a light and photocell arrange-

ment was used. An iodine lamp focused by a convex lens was

used for the high intensity light source. The slit in the
aluminum angle mounted on the bottom of the thruster allowed
the light to sf}ike the photocell only at the bottom of each
swing. A variable-sized aperture controlled the amount of
light which reached the photocell.

A series of three relays and a 1l2-position stepper switch
were used to provide the proper logic. This circuit (shown
in Figure 6) gave a 6-volt pulse with only a 10 ms delay, and
operated in the following way. When the light shined on the
photocell, its resistance decreased and this increased the
available voltage from a 12-volt battery sufficiently to
close two relays in series with it. One relay (Iron Fireman
R423-2-AB-1.1K) caused a 6-volt pulse to be sent to the
stepper switch and on to the thruster on every other step.
The other relay (Sigma 5RJ 2500-SIL) cut the 6-volt puise
short (to about 1 ms) by causing the stepper switch to step
once. When the light was off the photocell, the relays
opened and the Sigma relay caused a counter to move once.
The mode selector switch, connectedlto 6 of the 12 stepper
switch contacts, determined the side of the thruster to be
fired. The manual single-step switch was used to change the
thruster from direct to retro fire or vice versa.

The two power circuits provided the 1360 volts and
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500 volts to charge the two capacitors inside the thruster
between firings. For the main capacitor, a 2 kv Sorenson
power supply (Model 5002-10) was used. For the smaller
capacitor, a 1.2 kv Kepco power supply (Model 1220) was
used. A Brush Mark 240 two-channel paper recorder was used
to monitor the éwo power circuits to insure that both
capacitors were fully charged at each period throughout

the run.

D. Vacuum System

The vacuum system used for all experimental runs was
the NRC Model 3316 Vacuum Coater. The primary parts of the
system are a 17" diameter, 30" high bell jar which is
evacuated by a mechanical pump (Welch Model 10 CFM 1376 BG),
a diffusion pump (NRC Model NHS6), and a Model 0315 6" cryo-
baffle (using liquid nitrogen). Vacuums in the lO'7 torr
pressure range can be achieved with this system. It was
observed that a pressure of about 2 x lO'6 torr was low
enough to prevent shorting between the electrodes due to
carbon deposits during the 2 to 3 hour firing times.

6

It was necessary to insure that the 2 x 10 - torr
pressure was low enough to prevent two adverse effects from
occurring. These two problems which have invalidated the
results of many electric propulsion experiments can be

stated as follows: (1) What is the ratio of fuel molecules
to foreign gas molecules during and after each shot?, (2) How

many foreign gas molecules are adsorbed on the surface of the

teflon block between shots? Question (1) arises from the
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phenomenon of entrainment and acceleration of foreign gas
particles in experiments with high self-induced and applied
magnetic fields. Question (2) is significant when a large
number of gas molecules is adsorbed on the surface of the
fuel element solthat the actual fuel is not pure teflon but
a mixture of teflon and foreign gas molecules.

To answer question (1), we can make the following
estimate: the pressure is 2 x lO"6 torr (i.e., 2.63 x 1077 atm).
Since the bell jar is at room temperature and the volume of the
discharge is about 1 cm3, then the number of gas molecules in

10

this volume is about 7 x 10 The mass of teflon expended per

shot is 107> gram, so that n, 3.6 x 1017, Taking the

eflon
ratio gives nteflon/ cas ~5x 106 hence entrainment of gas
particles is negligible.

The worst possible case is taken to answer question (2)
so that the result will be conservative. The number of gas
molecules impinging on the fuel element is given by the

following:
N=n, &5t

Here ¢ = the average speed of the gas molecules ~ 4,000 cm/s,
S = the surface area of the face of the fuel element ~ 3 cma,

Dogs ~ 7 X 1019 (from question (1)),and t = the time between
shots ~ 1 second, With these values N is about 2.1 x 1014,
and, taking this as an upper limit for the number of gas

molecules adsorbed, the ratio n, /N ~1700. Consequently,

eflon
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this effect 1s negligible.

E. Equation of Motion
Now that the pendulum has been described conceptually
and physically, it remains to be described mathematically.

The equation of motion is as follows:

fi’ i A “mg 4 5 (3-1)
The symbols in this equation are defined in the following way:
o = deflection angle from rest position (in radians)
t
%
W= w/(1-%
W = frequency of pendulum = 2 /T

i

time

damping time of pendulum

T = period

m = pendulum mass

g = acceleration due to gravity = 9.81 m/S2

Jf;=distance from axis of rotation to center of thrust

/V= distance from axis of rotation to center of mass
of pendulum.

The second term on the left-hand side of equation 3-1
(i.e., the damping term) assumes that the damping of the
pendulum is proportional to its velocity. This corresponds
to an approximation which retains the lowest .order nonvanishing
term in a Taylor series expansion. The validity of this
approximation was checked experimentally by plotting ampli-

tude versus time on semilog paper. The result was a straight
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line, thus establishing the validity of the form of the
damping term.

Now a typical firing, say the Nth firing,will be
considered. This particular period starts with the pendu-
lum at deflection angle o N-1° Near the bottom of the swing
the thruster starts firing at of 5 and finishes at & g+ Then
the pendulum completes this swing, and swings back to an
angle o(N to complete the cycle.

Since the thrust is impulsive (3 #«S), it is valid to
say that (tp - t;) << T and that (&, - ;) << oy ;,
hence 0( = o.. Integrating the equation ovei time from

i
t to t and noticing that t;.l_mpulse bit I = F dt, we
/’
obtaln(a(f-a()+(43£‘ a(dt——-fii.(wc
But & = ( so that o dt = 0 and the equation becomes:
€
4
X, -o; = L XL Wt (3-2)

The negative sign arises due to the sign convention that
direct fire is positive and retro fire is negative. For
zero thrust, fhe solution of equation 3-1 is of the form
A= «, e_»f cosw t. Hence, before the Nth firing,

=4, € cosW t and, at t = t,:

..,){‘-
X =of; = ofy., coS W,

= = ofy, € (ucara)z‘ — W St wz’)
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Since the thrust is impulsive,
;o= wa /._/ / _ T
£ £ al 2 W

After firing, o= of e"’(t'T) cos Wt. This form
is necessary because the impulsive thrust has added energy
to the pendulum and has thus changed its amplitude. This
means that the origin (i.e., t = 0) has been changed so that

o{ equals O(N at t = T = 4T, Proceeding in the same
manner as for O(i and noticing that t, = t; = Taw, equation

3-2 takes the following form:
Kp — o == WA 4 Wely,€ =—V:§-,5§_w:

or equivalently

/ » _3TMY2w
73 e ~
7%

—2mw
Ly =, € +7% /./—;i
This is the expression for the Nth shot. It can be written
-27P/w
for pulses N-1, N-2, N-3, etc., down to 0(1 = 0(0 é .

By successively eliminating Ay 1, O(N—Q’ etc., down to

0(1 from the expression for O(N, we are led to

oA~y = K(/+X+X+, . *X”—j -, //-/Y'y

X . z /Iﬁl- e—sﬂp/,za) g ,.;.,,y/w e—-VT
where —"77”) and x = € = .

Summing the finite series in x further simplifies the

equation:
-(W-)PT

z Y/ /-€ /2
oKy~ A, "’”7% o /_e-ﬂ' “qﬁ//-'f / (3-3)
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In all the runs made, the period T was about 1 second
and damping time '/ Y was about 10 hours. Also, the number
of shots N was always typically greater than 5000. Hence
YT << 1 and N £ N-1. As a result of these two very good
approximations,-it is observed that w, ¥ W and évré-'" /=v7.

With these simplifications equation 3-3 becomes:

Z /L’ -MPT
o=k = (o5 5 2L — )/ € / (3-4)

For convenience, an angle o, is defined:

Tt 2T
a{“ = m;j" ))7"L (3-5)

Rewriting equation 3-4 gives the form:

wuet, = (o =) (/-7 (3-6)

It is noticed that for zero thrust, I =0 and e, = 0

so that equation 3-4 is as follows for this case:

0(,‘-0(,=-°'2(/—éw9 " (3-7)

The exponential can be eliminated by dividing equation 3-6

-y
by equation 3-7. Also, by definition, Ky = € .

o, = oy = (3-8)

Equations 3-8 and 3-5 are the ones used for reducing
the data. The quantity  in these two equations represents
the asymptotic value (as t »eo ) of G’N, the deflection angle

of the pendulum, and should be constant.
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F. Data Reduction

There are four main steps in reducing the data for each
run. They involve successively calculating: (1) O(N.versus t,
(2) damping time YV , (3) A, , and (4) I, Tgps ond ? .

Data points are taken by reading the top of the swing of
a laser dot on a meter stick at various times during a run.
Before firing the thruster, at least one hour of damping data
was taken for every run. Also, the thruster was pulsed for
at least one hour in direct fire and one hour in retro fire
(2 plot of meter stick reading versus time for a typical run
is shown in Figure 7). The angle O(N was then determined by
subtracting the rest position reading from each meter stick
reading during the run, and this was divided by twice the
distance from the mirror to the meter stick.

Damping time ’/9 was then calculated in one of the
following two ways. The first method involved plotting
o{N versus t for the damping data part of the run on semi-
log paper (shown in Figure 8). Since Y is constant, it could
be calculated from the slope. The other method was quicker
and made use of the linear plot of readings varsus time.
Since the firing time was much less than Dﬁ) , the lines for
direct and retro fire were approximately straight. If a(o
and a(é are the angles for the start of direct and retro fire

respectively, and if S and S’/ are the slopes of the -
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o(N versus t lines for both direct and retro fire, then

/ ’(o +°(o’
T (39

This latter method was the one used in most of the runs
for calculating %’ , but both methods can be as much as 10%
off. An errér of this magnitude causes a 5% difference in
Ko for direct and retro fire. The angle <, was calculated
separately for each point during direct and retro fire. Then
it was plotted versus t on linear graph paper (as shown in
Figure 9) and the average value was taken for both firing
modes (note that of, is negative for retro fire). The first
point recorded for both modes at t = 10 minutes usually gave
an inaccurate o because the numerator ( & N —o(,évt ) and
denominator (1 - e"’t ) were so small. For t = 20 minutes
on up, the problem did not arise. By taking the average of
the two values obtained for the two firing modes, the error
(due to the error in Yy ) cancelled and an accurate value
of 0(.. was obtained (see the error analysis in the Appendix
for details).

Then the impulse bit was computed using equation 3-5.
The number of shots N for each run was determined from the
counter in the triggering circuit. In all but the first two
runs, the teflon fuel elements could be removed and weighed
before and after each run to determine the change in propellant

mass AM. Specific impulse was computed from I, N, and
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Am using the formula:
_ /}77}91//58 b,F - I 3-10
J;} - umégﬁf'of';vqum%wf<ayun4@9§hst 9%?-% ( )

Efficiency was calculated using equation 2-3b.

This method of data reduction gives a total error in

I of less than 2% and in ISp of less than 3%.
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L4, Experiments

A. Generalities

On the basis of the slug model, several possible methods
of improving the performance of the thruster were mentioned
in Chapter 2.’ This particular investigation was concerned
with increasing the quantity {dL/dx) by changing the current
path in the main capacitor circuit.

Three different groups of experiments were conducted to
accomplish this. One group involved electrically insulating
one side of the thruster from the other in order to make the
geometry symmetric for a more symmetric force on the discharge.
The use of a yoke and current loops to increase the self-
induced magnetic field was examined in the other two groups.
By increasing the self-field, the Lorentz force on the plasma

is increased and accelerates the plasma to a higher exhaust

velocity.

B. Divided Thruster

The LES-6 microthruster has three current fingers which
carry the current from the main capacitor to the bottom
electrode of each thrust chamber (see Figure 10a). The
thruster can only be fired one side at a time, hence, the
outermost current finger on the opposite side exerts a side-
ward force on the discharge. Since the current in the
discharge exerts a repulsive force on the current in the three
fingers, the current in this outermost finger tends to

a higher value which accentuates the asymmetry. To try to

p
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alleviate this and make each thrust chamber symmetric, the

center finger was divided with a milar insulator.

Two experiments were conducted using a specially-
modified, non-flight model thruster (designated RF I) to
determine the change in performance. In the normal
configuration (Run #19), the impulse bit was 4.43 41b-sec.,
specific impulse was 222 seconds, and efficiency was 1.2%.
The same side was fired in the divided thruster (Run #18)

and gave an I of 3.97‘/u1b-sec., IS of 220 sec., and

P
of 1.0%. Hence, this modification decreased, rather than

increased, the performance.

C. Yoke

In Runs #6, 10, and 20, a rectangular yoke was put on
the two sides and top of the thruster chamber assembly. It
was designed to concentrate the magnetic field lines produced
by the circuit current.

The yoke was laminated with alternate layers of 0.001"
thickness high permeability metal and insulation in order to
prevent dissipation of energy from eddy currents. The metal
layers had a high permeability so that there was a high
tendency for the field lines to be concentrated, and they had
a low hysteris to eliminate cycling losses,

In the first experiment (Run #6), the yoke caused a
small increase in performance: I from 6.23 to 6.3,

I,, from 274 to 285. Apparently, the field lines closed

1Y
upon themselves rather than penetrating the yoke.
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A possible solution was to divert the current path
around the yoke to increase the penetration and increase
circuit inductance. The circuit was broken with a milar
insulator, and a single loop of wire was put around the yoke
on each thrust chamber in series with the discharge so that
the current would go around and close to the yoke. This

decreased I from 6.83 to 5.40 and I, from 348 to 311

p
(in Run #10). When two double loops were put around the
yoke (in Run #20), performance was further decreased to an

I of 4,08 and an I, of 305.

p

Hence, loops around the yoke caused a decrease in
performance which worsened when the number of loops was
increased. This may be due to the fact that these
configurations increased the circuit inductance. Az L
increases, the quantity U4L/R increases relative to the circuit
capacitance C. In the normal configuration, the main capaci-
tor circuit exhibits a damped oscillatory current behavior
with time during the discharge (i.e.,()<HI/R).2 When L is
increased with C and R constant, the amount of ringing
increases and may increase to the point where the capacitor
has not fully discharged its energy before the discharge has
moved out of the electrode gap. This would explain why more
loops around the yoke further decreased the performance.

Here a remark should be made about the increase in

performance with the normal configuration from Run #6 to

Run #10. The reason for the increase was that a new main
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capacitor had been put in the flight model thruster being
tested. This new capacitor had a lower internal resistance
(i.e., lower <R> ) which caused an increase in I from 6.23

to 6.83 and in ISp from 274 to 348.

D. Current Léops

In the configurations which caused the greatest changes
in thruster performance, loops of wire were used to change
the current path in the main capacitor circuit. The circuit
was broken with a milar insulator, and the current was
diverted through loops along each side of the thrust chamber
assembly.

The first configuration investigated had two single
loops on each side of the thrust chamber assembly (shown
in Figure 10b). Three runs were made with this modification,
all with the same flight model microthruster but the first
with the older capacitor, and each run ga?e a different
result. In Run #7, the impulse bit was decreased from 6.23
to 4.74, and the specific impulse was increased from 274 to
283. The same configuration was used in Run #25, but with
the new capacitor (i.e., capacitor #), and I was decreased
from 6.83 to 4.04, and ISp increased from 348 to 482. Prior
to this run, the face of the fuel element had been cleaned
with an automatic sander to prevent the unevenly ablated
surface from affecting the results. This heated the block
to a temperature high enough to change the surface by the

adsorption of air molecules onto it. The run was repeated
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(in Run #29) to check the results, and it was found that

I was 4.58 and I,, was 333. Since the efficiency for this

p
run was 1.8%, it was a 1% decrease from that of the normal
flight model with capacitor #2.

The nexﬁ logical step was to extend these single loops
outside the case of the thruster (as shown in Figure 10c).

The I, was considerably increased (from 348 to 462), I

D
was decreased (from 6.83 to 3.10), and 77was decreased
(from 2.8% to 1.7%) in Run #15. The problem with this
arrangement is that the two thrust chambers are built to-
gether so that the loops were not symmetric when firing one
side. As a result of this asymmetry, a strong sideward
force was exerted on the plasma causing the thrust (i.e.,
impulse bit) to be decreased. This was evidenced by the
fact that the center wall was completely covered with carbon
by the end of the run,while the outer wall was only lightly
coated,

With two double extended loops (see Figure 10e) in
Run #21, Isp was more than doubled to 934,and I was cut
to 1.86 with an 7 of 2%, but carbonization of the center
wall was so fast that the run had to be stopped after only
70 minutes of firing. To symmetrize the force on the
discharge, a scheme was tried using a double extended loop
on the far side and a single extended loop on the near side

to the discharge (in Run #22). The carbonization was

alleviated, but the performance was further decreased.
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Two simple double loops (shown in Figure 10d) were
tried in Run #23 to give good performance with low carboni-
zation. The result was an I of 2.70, an I  of 562, and an
7] of 2% with less carbon coating of the w:,l:ils than in the
runs with the extended loops.

Reversing the current direction in the single loops in
Run #12, in the double loops in Run #U, and in the single
extended loops in Run #28 caused poorer performance in all
cases. Tnese runs were made to determine the effect of
current direction on performance.

On the basis of the previous runs, double extended
loops were the most pramising modification provided.they
could be arranged symmetrically with respect to the sides
of the thruster being fired. The extended part of the loops
had the greatest influence on the discharge, but it was the
back edge of the loops on the side closest to the discharge
which was responsible for driving the discharge toward the
center wall, This was corrected by using an extra.wide
plastic spacer to make the loops symmetric (see Figure 10f).
Run #30 confirmed this by reducing the carbonization of the

center wall and producing an Is of 1002, an I of 2,11, and

an 7] of 2.5%.
In this configuration, part of the discharge attached

b

itself to the metallic nozzle (through a small hole in the
insulation) in about one shot out of every ten. Run #31 was
conducted without the nozzle but with the same loop configura-

tion as in Run #30. This modification produced an IS of 669,

p
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an I of 1.72, and an 7]of 1.4%. Throughout the run, there
was a high current leakage to teflon deposits on the case
of the thruster, on the aluminum angle mounted on the bottom,
and on the thrust chamber mouth. As in the previous run,
the current appeared to complete the circuit through these

deposits rather than through the discharge to the electrodes.

E. Summary of Results

The results of all the successful runs are presented
in Table 1. For convenience, a system of designations has
been devided for the more important runs. A number prefixed
by a plus or minus sign represents the number of loops and
current direction. Extended loops are designated by the
letter "X" in addition to the sign and number (as in Figure 10).
The letter "Y" indicates runs in which a yoke was used, and
the number indicates the number of wires around it.

The runs which resulted in the greatest change in
performance (i.e., configurations +2, +X2, +4, +XU4, +Xkis)
are shown in Figure 11 on a plot of impulse bit versus
specific impulse. A trend is evident from this series of
runs that as specific impulse increases, impulse bit decreases
with about the same efficiency (~2%).

There seems to be two reasons for this tradeoff between

I and I (1) a higher exhaust velocity allows the dis-

p:
charge less time to ablate off teflon and, hence, reduces
the mass of fuel expended per shot, (2) the use of loops of

wire increases the circuit inductance which increases the
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decay time of the damped oscillatofy circuit current, hence,
there is less energy in the discharge at its initial position
(i.e., close to the teflon block). Reason (2) is substantiated
by the visual observation, mentioned in the previous section,
of current leakage beyond the electrodes.

An order of magnitude analysis will now be proposed to
explain this numerically. First, we will define a dimension-
less variable L' which is the ratio of inductance of
configuration +X4s to the normal configuration. Experimentally,
the normal inductance is 4 x lO-8 henry. The +X4s inductance
can be calculated by assuming that the circuit consists of
two pairs of rectangular loops (one pair in parallel with the
other) approximately 2" long, 1-1/2" wide, and 0.04" thick.
Using these dimensions, the inductance of one loop is roughly
1.2 x 1077 henry3 , or the total is about 1.2 x 107 h. This
means that L' is about 3. In en RLC circuit the time for a
discharge is proportional to 1/L . Hence, it is reasonable
to assume that the amount of energy dissipated while the
discharge is between the electrodes is E ~ )/UL.

This means that the mass expended per shot 90es Jike ‘/UQL, ie,

m ~ U:[ ()-F-l)
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From equation 2-5 with E ~ Uh$L,, we get the following:

al _1_ ,

Substituting equation 4-2 into equation 2-3a results in

the following:

7= Lita N (4-3)
!

But experimentally on the basis of the runs with loops,??
is nearly constant. Hence, dL/dx is proportional to L
and from equation 4-2:

/
L~ (4-4)

To determine the variation of IS with L, we refer to

Y
equation 3-10:

Z I -
.Z; =-%%;;; >y ’U‘Z (4-5)

Comparing the results of Run #30 with the normal
configuration, it can be seen that: (1) 7 is nearly the

same for both runs (2.5% and 2.8%), (2) I p 18 increased

S
by about a factor of 3 from 348 to 1002 seconds and, hence,
varies as L’ , and (3) I is decreased by about a factor of
6.83 to 2.11 and, hence, varies as l/uf.

One more calculation can be made to verify the validity
of the analysis. The time for discharge of this circuit is

somewhat longer than 2LO/Ro or about 1.5 u«s for the normal
thruster and about 4.5//23 for the +U4Xs. The exhaust
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velocities for the normal and +X4s thrusters are 3500 m/s
and 10,000 m/s respectively so that the distance to complete
the discharge (which is proportional to Ul ) is about
0.5 cm in the former and 4.5 cm in the latter. The
electrodes are about 1 cm long; hence, the current in the
+Xl4s configuration must be completed through the nozzle

(or the case) of the thruster.
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5. Conclusion

Substantial changes in the performance of this pulsed
solid fuel microthruster were made by changing the path of
the circuit current to increase the self-induced magnetic
field. Diverting the current through loops of wire on the
sides of the thrust chamber assembly had the greatest effect
on performance by accelerating the discharge to higher exhaust
velocities.

One of the problems encounterad with the modifications
was the sideward force exerted on the discharge due to the
asymmetry. Symmetric, extended current loops greatly increased
specific impulse and reduced the sideward force. Impulse bit
was decreased, however, while the overall efficiency remained
about the same. This tradeoff between impulse bit and
specific impulse results from two factors mentioned in the
last section of Chapter 4, namely that the higher exhaust
velocity reduces the mass of teflon ablated, and that the
increased inductance increases the decay time to the point
where less energy goes into the discharge.

The key to improving the perfd;mance of this type of
thruster lies in changing the geometry in such a way as to
increase the self-induced magnetic field without substantially
increasing the circuit inductance. It would be interesting
to try some of these loop configurations, particularly the
+X4s, on a larger scale thruster. It would also be interesting

to try two symmetric triple extended loops (i.e., +X6s).
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APPENDIX
Error Analysis

In order to estimate the total error in thrust
measurement, the error in each measured quantity will be

examined. The equation for the impulse bit is as follows:

]=AV0<00

where
g i .‘ar
and y )) a( _ a(, -yt
- 4
/ Y
Hence

AAA A(m%l’ﬂ‘) am ol al', 24T

= a’’’
m4 = Ay e

The pendulum mass m is about 3 kg for all the runs and
could be measured to the nearest tenth of a gram. This gives
an error of less than 0.003%. Error in //is 1/32" out of
about 12" or 0.25%. The length / was over 8-1/2" for all
runs and the error is 1/16" or 0.7%. The period T is
accurately given by dividing the total firing time At £ by

the number of shots N, Error in Atf is less than 5 seconds

out of 2 hours or 0.07%, and error in N is 1 shot out of at
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least 6000 or 0.05% so that the maximum error in T is 0.1% .
Hence, the maximum error in the quantity A is 1%, i.e.,
AA/A = 0,01,
Now the error in the quantity M«w will be considered.

From the expression for Jol. we have:

A(—)i-"&’):: 4)—)4. Aﬂ”-’(oe-“) _ A[/'e-‘)?

vﬂ(a 14 a(” —_ A" e"}’f /- e..))
A-«,/ +(Av(o>e zw ’H('éAPH?Af&' T e»)
-, 7%

Rewriting this equation gives the following:

A(V%)— Aﬂ(‘/"'@a(,)e +A(' }){e

Ve T Xt T e ()7 //“T 2 —/

_ 4 et LAt uée ) ‘7/- P _pteti e’ s o
o(.,(/- %) -f sl oVt

Since 1/y -~ 10 hours and t<1 hour, ¥ t£ 0.1, hence, we
-»t
can expand @ and neglect terms higher than second order,

i.e.,

-Vf' = /-yt +‘)’—{

With this approximation, the equation simplifies to the

following:

A(Pde) Ay #4% p¢ [y AV/VE |
Ve = v TF Z:"//+;‘/z_ * )
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Errors in o(N and a(o arise from reading the meter stick
and in measuring the distance from the mirror to the meter
stick. The error in t arises from performing this reading
accurately with respect to time. Data points were taken
every 10 minutes to the nearest second (i.e., a 0.5% error
in t), and the meter stick was read to the nearest millimeter
out of a totél deflection of at least 40 cm. The pendulum
rest position was also measured to within one millimeter. The
angles £ N and "<o were computed by subtracting the rest
position from the reading and dividing by twice the distance
to the meter stick. The error of this latter distance is
1/16" out of 92", making the total error in o(N and &, 0.25%.
The quantities ©(,, o, and of, are all of the same order of
magnitude for each run, q’”being at least two times larger
than the other two. Hence, the first two terms on the right-
hand side of the equation for A[V‘x.o)/))“w are as follows:

s éﬁ' A‘(o Adﬂqlﬂ o(o
Fol v B )= ph (A e s dt 2 ) 0.025

P

A‘t‘/__ _ / = 0.0025

Terefore  A(P%) _ W/t
erefore Dt — 0_0275.,_‘_}_)_(_5_ + e

The quantity V{/2 = 1/20 and ob/6{, ¥ 1/2 so that a 10% error

in ) means an additional 5-1/2% error in VY« . Hence , the
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most critical parameter in the calculation of impulse bit

is the damping time 1/y . Using either of the two methods
for calculating 1/Y described in Chapter 3, the error can
be as high as 10%. In the most frequently used method , this
inaccuracy arises because the thrust curves are approximated
as straight lines (see Figure 7). The error in the other
method arises‘ from extrapolating the damping line beyond the
data points (see Figure 8).

Errors in O(N, 0(., , and t vary randomly from point to
point and therefore cause a random error in the calculation
of V&w., The error in \), however, is the same for both
direct and retro firing since it is constant throughout each
run. This means that of, has a different value for direct
and retro firing by as much as 5%. However, the sum of o,
for direct firing and aéo for retro firing is very insensi-
tive to an error in the damping time. Hence, this error can

be eliminated by averaging in the following manner:

A(VA) _ / ( w«.. ]
T VA /recZ‘ refr

= 0.0275 + &Y( YY) - 00325

However, this 3.25% error in WM& must be divided by
a factor of 5 since at least 5 points in each of retro and
direct firing were used to compute 0(,, for each of these

firing modes. This means that A(Va(..) /)) Ao = 0,007.
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Hence,

AT _ AA | AV
7 TA T =007

and the error in impulse bit is seen to be less than 2%.
The error in specific impulse arises from inaccuracies
in measuring the mass expended A m, the number of shots N,

and the imnulse bit I according to the following equation:

ALy - Am AN | AT
Zsp m "N T

The error in N is 0.05% and in I is 2%. The mass of the
teflon block was measured on an analytical balance which is
accurate to one ten-thousandth of a gram. Since ior all
runs A m2 0.0140 gram, the error s less tharn 1%. However,
for most runs A m 2 0.05 gram so that the error is usually

less than 0.2%4. Hence, the error in ISp is less than 3%.
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