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INTRODUCTION - .

The shuttle based space transportation represents a low cost
means of access to geocentric space. This will encourage large scale

utilization of space for various activities.]'3

The shuttle is expected
to form the basis of most of the earth orbital missions for at least the
next few decades. This type of transportation is divided into two

.phases; a high thrust chemical boost phase from earth's surface to
place the spacecraft into a low earth orbit (LEO) and subsequent
transfer of the payload from LEO to a higher orbit.

A1l current space transportation systems derive their propulsive
forces from chemical rocket engines. However, the quantifies of chemical
fuel which have to be carried to LEO together with the spacecraft are
steadily increasing as a consequence of increasing pa}]oads and increas-
ing mission times. The interest in more efficient propulsion systems
derives mainly from the desire of reducing the propellant mass relative
to that of the payload. |

The specific impulse of the chemical rockets is limited even for
the most energetic propellant combinations to below 500 sec. Beyond this
lies a variety of propulsion modes which promise a specific impulse
measured in thousands of seconds. Many of them use electrical energy as
input energy and by employing various methods convert part of the input
energy into kinetic energy of the masses exhausted from the thrusters.
These electric propulsion systems are distinguished by high exhaust
velocities, low propellant consumption, low thrust and long operating
times. However, after a spacecraft has been placed into a LEO by chemical

rockets, high thrust levels are no longer a necessity. Hence, for
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missions not impaired by trip times, low thrust electric propulsion
system becomes a preferred candidate.

A number of ideas have been proposed on ways to convert the
input electrical energy to kinetic energy of the exhaust beam. One
propulsion Qevice which is beyond performance verification stages and
close to operational status is the mercury electron bombérdment ion
thruster.4 Most of the others are still in the laboratory eXperiment or
technical concept stages but a few of them show enough potential to be
seriously considered. Some of them are:

1. Linear electromagnetic accelerator or mass driver.5

2. DC electric rail gun thruster.6

3. Magnetoplasmadynamic (MPD) thruster.7’8

4. Free radical thruster.9
We report here the results of a study made to establish the performance
parameters of these advanced electric propulsion systems and compare
them with those of the mercury electron bombardment thrusters. Due to
lack of definite information about the operating characteristics and

masses of most of the electric propulsion systems, only results of

parametric nature are reported.
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ELECTRIC PROPULSION SYSTEMS

There are basically two different propulsion modes that can be
used for upper stage transportations. These are:

1. High thrust chemical propulsion systems to effect orbital
transfers in short periods of time (less than a day).

2. Low thrust electric propulsion systems for longer trip
times.

High thrust chemical propulsion systems are needed to transfer
personnel and priority cargo between orbits. They can make the transfer
between LEO and GEO in about half a day or less which allows unshielded
transit through the Van Allen radiation belts. Orbital transfer
vehicles using chemical rocket engines require about 3 kg in LEO to.
place 1 kg of payload in GEO.]0

Low thrust e]ectric_propu]sion systems have high propulsive
performance with speéifié impulses of 1000 sec and beyond. Thus, -they
would require less propellant to perform the same mission.- A smaller
fuel requirement is always desirable but since this propellant must be
delivered from the earth this reduces the overall transportation cost
considerably. This is significant, because earth to LEO transportation
cost is a major portion of the overall mission cost. |

Unlike the chemical rockets where the propulsive energy is
contained in the propellant itself, the electric propulsion systems are
characterized by an energy source independent of the impulsive mass.
Due to the independent energy source, there is no inherent limitation
of the specific fmpu]se obtainable from an electric propulsion system.

However, for a given thrust the propellant mass is reduced inversely.
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with increasing exhaust've]ocity, whereas the power and hence, the power-
plant mass increase linearly with increasing exhaust velocity. The
optimum specific impulse of an electric propulsion system is determined
by the characteristic requirements of a specific mission.

Since the source of energy is not contained in the propellant
in an electric propulsion system, there are necessarily a number of
conversion steps between the primary energy source and the ejected
reaction mass as compared to chemical rockets. Some energy is dissipated
in each conversion step and this requires that as few conversion steps
be incorporated in the propulsion system as possible. Also, each step
in the conversion process must be highly efficient to ensure that the
kinetic energy of the expelled propellant is not significantly less than
the energy output of the power plant.

The conversion of the input electrical energy to the kinetic
energy of the ejected propellants can be performed by employing a variety
of physical principles. The propulsion systems investigated have
thrusters where,

1. the principle of linear synchronous motors and dynamic
magnetic levitation are used for acceleration of macro-
particles in carriers containing superconducting coils
(mass driver). .

2. reaction masses are accelerated between parallel rail
electrodes by the Lorentz force derived from passing a
direct current through the rails (electric rail gun
thruster).

3. an energy storage system drives a large current through
a flowing gas creating a plasma which is accelerated via the
Lorentz force generated by the interaction between the arc
current and its self-generated magnetic field (MPD thruster).

4. free radicals are generated by using microwave energy to

dissociate hydrogen and recombining and expelling them
as exhaust beams (free radical thruster).
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5. electrostatic forces are used to accelerate positive ions
of mercury generated by passing an electric arc through
mercury vapor (mercury electron bombardment ion thruster).
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SYSTEM DESCRIPTION

Each system is briefly described in this portion. Readers are
referred to appropriate references for information on designs, perfor-

| mances and mission characteristics. |

Mass Driver>®!1-14

The mass driverlis a linear electromagnetic accelerator capable
of launching reaction masses when designed as a rocket engine. Cylindri-
cal buckets with superconducting coils carrying payloads are accelerated
inside a coaxial assembly of drive coils severa1.k11ometers long. The
payload is released after the desired velocity is achieved and the
bucket is decelerated and returned to the starting position along a
'réturn track to be used again.

This device behaves essentially as a linear synchronous ac motor.
The accelerating force is generated by a travelling magnetic field
interacting with a magnetic dipole. The bucket is supported and guided
without physical contact with the drive coils by dynamic magnetic
levitation.

A small number of drive windings contained in one sector are
excited at any given time to minimize power dissipation. A capacitor
bank in each sector discharges current through feeders and through
silicon-controlled rectifiers (SCR) to the drive windings. A schematic

diagram of a mass driver reaction engine is provided in Fig. 1.
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Rajl Gun Thlr'uster‘s’]s'20

The rail gun consists of a pair of parallel conductors separated
by a distance and connected by a movable conductor. A large current
(kiloamperes) flows in a short burst from one rail to the interconnecting
cqnductof to the other rail. The interconnecting conductor is normally
a thin metallic fuse which becomes a plasma when the large current is
discharged through it.

vThe rail gun functions essentially as a linear dc motor. The
plasma behaves as an armature while the parallel rails serve as a single
turn field winding in series with the armature. The current J flowing
in the rails generates a magnetic field B between the rails and this
magnetic field interacts with the current flowing in the armature. The
resulting Lorentz force (J x B) acting on the armature accelerates the
plasma along the rails. If the plasma is confined behind a projectile
made of dielectric materials, the pressure of plasma will accelerate
the projectile along with the plasma. The confinement of the plasma can
be provided by the conducting rails on two sides and the dielectric
materials on the other two sides. The peaking loads are supplied from
a capacitor energy storage system and the current is discharged through
a pulse shaping network containing an inductor. Fig. 2 shows a schematic
drawing of a rail gqun thruster.

MPD Thrusterd>21-24

The self-field MPD thruster consists of a discharge chamber made
of an annular anode ring and a centrally located cathode. After a suita-

ble gaseous propellant, such as argon, is injected into the discharge
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chamber, a large current pulse (kiloamperes) is passed from the anode to
the cathode ionizing the propellant. A magnetic field B is induced
inside the discharge chamber by this azimuthally symmetric cufrent flow.
It interacts with the current J to induce a Lorentz body force (J x B)
on the propellant gas. This Lorentz body force has an axial component
which moves the plasma downstream and a radially inward component which
confines the plasma. The plasma expelled from the discharge chamber
provides the thrusf. |

The self-field MPD thruster is a low voltage (hundreds of volts),
high currenf device which is well suited for operation in an intermit-
tent, quasi-steady mode. A schematic drawing of a MPD thruster is shown
in Fig. 3. |

Free Radical Thr‘usterg’zs’26

This device operates on the principle of continuous creation of
atoms dissociated from molecules of 1light gases, such as hydrogen, and
recombining them in a chamber to obtain the heat of recombination of free
atoms. The free radical thruster represents the ultimate chemical
system yielding the highest specific impulse for one hundred percent
dissociation and recombination.

The input electrical energy is converted to microwave radiation qnd
fed into a resonant cavity. Molecular hydrogen gas flows through the
cavity and a fraction of the molecules are dissociated by the microwave
energy; The mixture of molecular hydrogen and dissociated hydrogen
atoms then flows out of the cavity into a recombination chamber where

the hydrogen atoms recombine releasing the energy absorbed in dissociation
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as heat. The hot recombined gas is expanded through a nozzle to produce
thrust. A schematic diagram of a free radical thruster is shown in

Fig. 4.

27-29

Mercury Electron Bombardment Ion Thruster

In these thrusters, neutral mercury atoms are fed to an ion
source and the positive ions generated are accelerated by an electro-
static field. The positive ions are formed through ionization in a
discharge chamber by electron bombardment where electrons are emitted
from an electrically heated cathode filament and are attracted by a
surrounding cylindrical anode.. The electrons are made to spiral through
mercury vapor by applying an axially divergent magnetic field to improve
ionization efficiency.

The positive ions are extracted and accelerated by a multiple-
aperture dished accelerator screen grid system. The first electrode is
maintained at a negative potential with respect to the ion source and
the second electrode is kept slightly positive with respect to the first
one. After being expelled from the thruster the positive ion beam is -
neutralized by the addition of an equal number of negative electrons.

Fig. 5 shows a schematic drawing of an ion thruster.
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RESULTS

For a comparative evaluation, the electric propulsion systems
are characterized by specific impulse, overall efficiency, input power
requirement, thurst, power to thrust ratio and thrust to weight ratio.
For propulsion systems operating in an impulsive mode, the pertinent
characteristics are specific impulse, overall efficiency, input power,
average thrust, power to average thrust ratio and average thrust to dry
weight ratio. Besides, there are several important physical character-
istics such as dry system mass, accelerator length, bore size and current
pulse requirement and these are also evaluated in appropriate cases.

‘Overall efficiency is obtained by dividing the average kinetic
power output of the exhaust beam by the required input power from the
power plant. The average thrust is calculated by using the equations
outlined in the appendices. Dry system mass and dry weight represent
the masses and weights of all components except fuel.

The efficiency of the power conditioning system has been assumed
to be 0.9 in all cases except ion engine. The power plant specific mass
is assumed to be 10 kg/kw. For mass driver and rail gun, the radiator
specific mass is assumed to be 10 kg/kw and the power conditioning system
mass is assumed to be 5 kg per kilowatt of input power. It is to be
noted that these values are quite optimistic. Characteristics of each
of the five electric propulsion systems are presénted in the following

sections.

Mass Driver

For the purpose of this study, we have selected a reference

12

design of a coaxial mass driver reaction engine by 0'Neill. In this
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design, the diameter of the drive winding is set at 5 cm and that of the
bucket is 1.3 cm. The mass of the bucket is 22 gm and it can carry

25,000 amp/cm?

at superconducting temperature. The peak drive current
is 7,580 amp-turns. The frequency of 1aunch.is taken to be 5 Hz. The
equations and data used to calculate the characteristics of mass
driver are presented in Appendix A.

For this mass driver design, projectile mass and specific
impulse are used as the variables. The mass of the projectile is varied
from 1 gm to 30 gm for two values of specific impulse, 1000 sec and
1500 sec. Mass driver characteristics are determined for several com-
binations of projectile mass and specific impulse.

Overall efficiency of the mass driver is plotted in Fig. 6
against projectile mass for the two specific impulses. It is observed
that the efficiengy is quite low for smaller projectile masses. However,
it rapidly rises to a high value (greater than 50 percent) and begins to
flatten out thereafter. The efficiency is higher when mass drivers are
operated at higher specific impulse.

Figures 7 and 8 show the effect of variation of projectile mass
on the input power and the average thrust of the mass driver. The input
power requirement ranges from a megawatt to tens of megawatts and the
average thrust varies from tens of newtons to thousands of newtons.
These devices are extremely long (tens of kilometers, Fig. 9) and hence,
very massive (Fig. 10).

The power to average thrust ratio is presented in Fig. 11. This
“ratio is rather high at Tow projectile masses and approaches an asymp-

totic value (~9 kw/N at ISp = 1500 sec and ~6 kw/N at ISp = 1000 sec) as
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the mass of the projectile is increased. Figure 12 shows the average
thrust to dry weight ratio of the mass driver. For a fixed specific.
impulse, it increases with increase in projectile mass. This ratio

decreases when specific impulse is increased.

Rail Gun Thruster

The characteristics of rail gun thrusters have been evaluated by

19 The accelerator is

using the correlations developed by Bauer et al.
assumed to have a square bore and the projectile thickness is assumed to
be half of the bore width. To withstand high stresses due to rapid
acceleration, the projectile is assumed to be made of a composite of
resin and graphite fiber having a density of 2,200 kg/m3. The launching
frequency is taken to be 5 Hz. The equations used in calculating the
rail gun characteristics are provided in Appendix B.

Projectile mass and specific impulse are used as the variables
in rail gun calculations. The mass of the projectile is varied from
0.1 gm to 1.0 gm for specific impulses of 1000, 1500 and. 2000 sec.
Characteristics of rail guns are evaluated for several combinations of
projectile mass and specific impulse.

Figure 13'shows the overall efficiency of the rail gun against
‘projecti1e mass for the three specific impulses. It can be seen that
the efficiency is rather low; the upper 1limit is close to 34 percent.

At a fixed specific impulse, the efficiency increases wifh the increase
of projectile mass. However, the efficiency progressively decreases as:

the specific impulse is increased.
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The effect of variatien of projectile mass on the input power
and average thrust of the rail gun is seen in Fig. 14 and Fig. 15
respectively. At low specific impulse and small projectile mass the
input power requirement is hundreds of kilowatts and the average thrust
is tens of newtons. For gram size projectiles at higher specific
impulse, the input power requirement quickly climbs to the megowatt
level and the average thrust increases to hundreds of newtons. To
achieve higher efficiency, rail guns should be opefated at a low specific
impulse and a high average thrust (hence, a high input power).

The length of the rail gun varies from tens to hundreds of meters
to provide a specific impulse of 1000 sec or more (Fig. 16). Figure 17
indicates the required bore size and it is clear that masses less than
0.1 gm can not be launched from a practical point of view as the bore
width has to be less than 4 mm for a 20 m long accelerator. Current
pulses requiredin rail guns vary from 35 KA for launching a mass of
0.1 gm to 75 KA for launching a mass'of 1.0 gm (Fig. 18). For a given
projectile mass, changing specific impulse has no significant effect on
the length and bore size of the accelerator and the current pulse needed.
The dry system mass of the rail gun thruster is presented in Fig. 19.

Due to low efficiency of the rail gun, the power to average
thrust ratio of this device is rather high, particularly at specific
impulses of 1500 and 2000 sec (Fig. 20). For a given specific impulse,
this ratio decreases slowly as the projectile mass is increased. The
average thrust to dry weight ratio is presented in Fig. 21. For a given
specific impulse, it increases slowly with increase in projectile mass.

This ratio decreases when specific impulse is increased.
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MPD Thruster

The MPD thruster characteristics are evaluated by using.the ex-
perimental data obtained from an argon self-field MPD device.8 Current
impulses in the range of 10 to 20 KA and average gas flows in the range
of 1.5 to 9.0 gm/sec have been used in these experiments to provide spe-
cific impulses from 200 to 2200 sec. The thruster terminal voltage'ranged
~from 40 to 155 vo]ts.. The data used represent the operating range before
the onset of the voltage fluctuations. We have assumed that the current -
discharge lasts for 1 msec and the charging time is 9 msec. The cycle
time is thus 10 msec. The equations used to determine the MPD thruster
characteristics are presented in Appendix C.

Overall efficiency of MPD thruster is plotted against specific
.impu]se’in Fig. 22. These thrusters are currently characterized by Tow
efficiencies. Input power and average thrust are presented in Fig. 23 and
Fig. 24 respectively. The input power requirement is Severa] hundreds of
‘ki1owatts and the average thrust is a few newtons. Due to low efficien-
cies, the power to thrust ratios of these devices are rather high, par-
ticularly if they are to be operated at higher specific impulses (in
excess of 4kaw/N, Fig. 25). Due to insufficient design information about

the thrust chamber, MPD thruster system mass could not be determined.

Free Radical Thruster

To obtain free radical thruster characteristics, the molar ratio
of H2 and H in the recombination chamber is varied from 0:1 to 10:1. It
s assumed that 50 percent of the energy released in recombination is

available as the kinetic energy of the exhaust beam. Due to lack of
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sufficient experimental or design information about the plasma cavity,’
we have assumed the microwave energy conversion efficiency to produce the
desired HZ:H molar ratios as 0.3 and 0.6 to reflect two possible designs.
The H2 flow rate is assumed to be 1 gm/sec. The relevant equations are
listed in Appendix D.

Under the conditions mentioned above, the specific impulse of
hydrogen ffee radical thruster varies from 325 sec (for H2:H = 10:1) to
1500 sec (for Hy:H = 0:1) as shown in Fig. 26. The thrust produced is
tens of newtons (Fig. 27) and the input power ranges from tens to
hundreds of kilowatts (Fig. 28). The power to thrust ratio is high for
Tow H,:H molar ratios (Fig. 29) which implies higher specific impulses.
Due to insufficient information about the design of dissociation and
recombination chambers, mass of the free radical thruster could not be

determined.

Mercury Electron Bombardment Ion Engine

The characteristics of a 50 cm dia mercury electron bombardment
ion engine are evaluated for specific impulses ‘ranging from 2000 to
4000 sec. For specific impulses of 2000 and 3000 sec, the total acceler-
ating voltage is assumed to be 2000 volts which provides ratios of net to
total accelerating voltage of 0.25 and 0.56 respectively. For the |
specific impulse of 4000 sec, the total accelerating voltage is assumed
to be 2500 volts which provides the ratio of net to toté] accelerating
voltage of 0.79. The equations defining total power requirement and
thrust are provided in Appendix E. The masses of various subsystems and

the power dissipated are calculated by following the methodology of Byers.27
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Overall efficiency of the ion engine is presented in Fig. 30
against specific impulse. These thrusters operate at quite high
efficiencies, 55 percent to 68 percent for the range of specific impulses
concerned. The input power requirement is tens of kilowatts (Fig. 31)
and the thrust déve]oped is a few newtons (Fig. 32). 'Dry system mass
i; shown in Fig. 33. Figure.34 provfdes the power to thrust ratio which
ranges from 18 to 30 kw/N. Thrust to dry weight ratio remafns practically

constant at 2 x 1074 (Fig. 35).
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COMPARATIVE EVALUATION

The five electric propulsion systems are compared on the basis of
four parameters; specific impulse, overall efficiency, power to average
thrust ratio and average thrust to dry weight ratio. Two of these
parameters are most important in characterizing any rocket propulsion
system, specific impulse and overall efficiency. The specific impulse
signifies how effectively the fuel is being utilized. Overall efficiehcy
has a considerable effect on the total mass of the propulsion system,
through power plant and radiator masses, which in turn affect the payload
capacity of the spacecraft.

Each type of electric propulsion system can be operated over a
certain range of specific impulse. The characteristics of mass drivers
have been calculated for specific impulses varying from 1000 to 1500 sec,

but even at IS = 1000 sec, this type of propulsion system demands a

p
power of several megawatts. Since, the efficiency of rail guns decreases
as the specific impulse is.increased, rail gUn éharacteristics have been
calculated for ISp = 1000 sec to Isp = 2000 sec. |

Due to their ability to acce]erate macroparticles, both mass
drivers and rail guns can produce relatively high average thrusts (tens
to hundreds of newtons). Hence, the average thrust densities of these
two propulsion systems are high, from 105 to 106 N/mz. Thus, mass
drivers and rail guns are basically high power, high thrust devices.

From the experimental data of the benchmark MPD thruster before
the onset of'voltage fluctuations, it can be seen that the maximum spe-

cific impulse is 2200 sec. In hydrogen free radical thrusters it is

- expected to stay below 1500 sec. Only ion engines can operate well
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beyond this range, from 2000 to 4000 sec. A1l of these thrusters produce
Tow thrusts (~ newtons) and require low input power (hundreds of kilo-
watts). Thrust densities in these devices are several hundred newtons
per square meter.

Overall efficiencies of the five electric propulsion systems are
shown in Fig. 36 against specific impulse. For mass drivers, overall
efficiency is plotted on the basis of a projectile mass of 15 gm whereas
for rail guns, it is plotted for a projectile mass of 0.5 gm. For MPb
fhrusters, overall efficiency presented is for a current pulse of 15 KA.

Mass drivers are found to have the highest efficiency of all
electric propulsion systems. However, these efficiency values may be
too optimistic, because for such a small size linear accelerator, the
energy losses are expected to be higher than those obtained from the
equations provided in Appendix A. Rail guns are observed to havevléw
efficiencies due to large amounts of energy loss in the rails. There is
an appreciable amount of power loss associated with the electromagnetic
plasma acceleration process which currently makes the MPD devices a low
efficiency thruster. Dissociation efficiency of hydrogen molecules in
free radical thrusters has been arbitrari]y.assumed in this study and for
a dissociation efficiency of 0.6, the overall efficiency of free radical
thrusters is 27 percent. Ion engines operate at Eeasonab]y high effi-
ciencies because eiectrostatic acceleration of ions is essentially a
loss free process.

Power to average thrust ratios are presented in Fig. 37 against |
specific impulse. Mass drivers are found to have the lowest power to

thrust ratio among all electric propulsion systems. Rail guns and MPD
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thrusters have relatively high power to average thrust ratios due to
their low efficiencies. Free radical thrusters also have a high power
to thrust ratio if a large percentage of H2 can be dissociated in the
plasma cavity i.e., if they can be operated at a.high specific impulse.
Power to thrust ratio of ion engines is low although it operates at
considerably higher specific impulses.

Average thrust to dry weight ratio is shown in Fig. 38 for mass
drivers, rail guns and ion engines. Mass drivers have the highest thrust
to dry weight ratio followed by ion engines and rail guns. Thrust to dry
weight ratios of MPD thrusters and free radical thrusters could not be
determined due to insufficient design information about these thrusters.

Among the electric propulsion systems evaluated, only the ion
engine is flight qualified and ready for a mission. Mass drivers and
free radical thrusters are currently in various experimental stages to
verify the basic technical concepts. Rail guns and MPD thrusters are in
a more advanced development stage having accumulated a large body of
experimental data in several laboratories. These electric propulsion
systems have to go through an enormous number of development stages,
from component development and performance verification to systems
engineering studies and reliability testing.

Mass driver characteristics in terms of overall efficiency, power
to average thrust ratio and average thrust to dry weight ratio are the
best of all e]ectr{c propulsion systems. Work is currently in progress
for improved designs of this type of electromagnetic acce]erators.30
However, due to limitations of current, acceleration of the projectiles

in these systems is restricted to about 103 g's. Thus, a very large
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length launcher (several kilometers) is required to attain a velocity of
the projectile to deliver a specific impulse of at least 1000 sec. This
limitation in accelerator length is overcome in rai1 guns where projec-

5 g's). Thus,

tiles are capable of achieving very high acceleration (~10
practical length accelerators (tens of meters) can be used to launch
reaction masses. However, rail guns are currently characterized by low
efficiencies and hence, high power to thrust ratios.

The MPD thrusters also have quite 16w efficiencies. The power
to thrust ratios of these thrusters are consequently high. However, there
are indications that the characteristics of the MPD thrusters can be im-
proved as development work continues. By replacing the 10 cm diameter
anode orifice of the benchmark thruster with one of 6 cm diameter, the
specific impulse was increased to 3000 sec and the thruster efficiency
was increased to over 30 percent.8

The efficiency of dissociation of H2 in a plasma cavity is
extremely low. In recent experiments, dissociation efficiencies ranging
from 1.5 to 6.0 percent have been observed.25 Thus, this type of pro-
pulsion system has a long way to go before it be comes viable.

The mercury ion engines offer reasonably high efficiencies. The
thrust to dry weight ratio of these devices are comparable to those of
mass drivers. The power to thrust ratios of ion engines are somewhat
higher than those of mass drivers. Yet these values are Tow enough
despite the fact that ion engines operate at considerably higher specific
impulses. Ion engines do not have the drawbacks of mass drivers of a

large power requirement or of an exceedingly large length. Although,

they produce low thrusts, several of them can be put together in a
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module to provide higher thrust. In view of these, it is concluded
that overall, ion engines have somewhat better characteristics as

‘compared to the other electric propulsion systems.
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CONCLUSIONS

0f the five electric propulsion systems evaluated, mass driver,
-rail gun and MPD thruster are impulsive devices whereas free radical
thruster and ion engine are continuous thrust devices. Mass driver
and rail gun are capable of producing high average thrusts. Consequently,
their input power requirements are rather high. In contrast, MPD
thruster, free radical thruster and ion engine produce low thrust and
hence, have low input power requirements.

Rail gun, MPD thruster and free radical thruster are currently
characterized by low efficiencies. Mass drivers are found to be the
highest efficiency converters of electrical to kinetic energy. However,
even for a small size (5 cm dia) and a low specific impulse (1000 sec),
the required length of a mass driver is several ki]ometeré.

Among the electric propulsion systems studied, only the ion
engine can operate at a specific impulse beyond 2000 sec. The maximum
value of the specific impulse up to which the other electric propulsion
systems can be operated is apparently limited to about 2000 sec.

Meréury ion engines have demonstrated relatively high efficiencies
at low power to thrust ratios while operating at high specific impulses.
Given the advanced state of technological development of ion engines
combined with their excellent operating characteristics, they have an

edge over the other electric propulsion systems.
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APPENDIX A
Axial Mass Driver
An axially symmetric mass driver with a four-coil carrier is

12 The nominal diameter of the drive winding

considered in this study.

is 5 cm. The parameters of the mass driver are listed in Tables 1 and 2.
At-a current density of 25,000 amp/cm2 in the superconducting

coils of the carrier, total carrier mass is estimated to be 22 gm. The

axial force, FX, on the bucket is found to be 180 N.

The acceleration, a, of the carrier is

a = oy (1)

where m is the reaction mass in gm. For a given specific impulse, I

the exhaust ve]gcity, Vmax’ is given by N

v['nax =9.81 I (2)
The ]ength'of the accelerator section, Sa’ is

2
5, = o2 ®)

and the length of the decelerator section, Sd’ is

Sd B Sa ) 2223 m (4)
The total length of the mass driver, Stot’ is

Seot = Sa * S (5)
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Table 1

Mass Driver Design Parameters

R Radius of drive winding 2.5 ¢cm
r Radius of driven coil (0.53 R) 1.33 cm
]P Distance between coils carrying in-phase 6.3 cm
currents (2.5 R)
n, Numbef of turns per drive winding 8
id 'Peak drive current 7,580 amp-turns
]w Circumference of drive winding 15.9 ¢cm
Lw Inductance per winding 0.165 pH
ne Number of sine wave excitation cycles undergone 4-
by each drive coil '
Ny Number of drive coi]§'simu1taneously connected 4
, to each sector capacitor bank
Fx Axial force on bucket 180 N
Table 2
Geometry-Independent Mass Driver Parameters
pp  Resistivity of winding 2.81 x 108 q-m
pkg Density of winding | ' 2,800 kg/m3
mg Specific mass of SCR 5 x 10-9 kg/volt-amp
me Specific mass of capacitor 8 x 1073 kg/Joule
Mo Spécific mass of power plant 10 kg/kw
Me -Specific mass of radiator 10 kg/kw
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The total mass of the silicon-controlled rectifiers, Ms’ is

given by

id 2 . mS
Mg = 8m (TEJ Stot'maxtw ?;' ' (6)

where fm is the ratio of (V /lp) to the resonant LC frequency. The

max
total mass of windings and the masses of power supplies and radiators

associated with their losses is minimized with respect to the cross-
sectional area of the winding, Ado‘ The optimdm value of Ado is
| Sop! "
n1.f,f isp,(m, +m

do 4 Vmaxpkg

and is reached at equal masses for the windings and those of their
associated power supplies and radiators. The total mass of winding, Mw,
is

Mw =12 Stot]wAdopkg/]P _ (8)

The total mass of capacitors and feeders and the masses of power
supplies and radiators associated with their losses is minimized simul-
taneously with respect to sector length, 15, and feeder conductor cross-

sectional area, Afo' The optimum value of Afo is

3 4 1/3
i +
R P A N 9)
fo 128 n2p2 v |
2"7kg ‘max
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and is reached at equal masses for the three components. The total

mass of each of the three components, Mc’ when minimized is

Mg

The average thrust, T, and

exhaust beam are given by,

and

The average power radiated
radiator masses by the sum

The average power input is

the average power radiated.

=12 A S

fo totpkg (10)

the average kinetic power output, Pb’ in the

T = meVmax (11)

P =1 fm?

o0 2 R 'max (12)

is calculated by dividing the total power and
of power plant and radiator specific masses.
the sum of average kinetic power outputkand

In the absence of design data, the mass of

the power conditioning system is assumed to be 5 kg per kilowatt of

input power and the bucket

return passageway mass is assumed to be 2 kg

per kilowatt of input power. The efficiency of the power conditioning

system is taken to be 0.9.
dividing the average power

of the power plant.

The overall efficfency is calculated by

output in the exhaust beam by the power output
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'APPENDIX B

Rail Gun Thruster

The correlations developed by Bauer et al. are used to calculate
the characteristics of rail .gun th\r‘usters.]9 For a given projectile
mass, m, and.exhaust velocity, v, the efficiency of the accelerator, Ng»

is approximated by

n, = 1.367 m0.]04v-0.299 (1)
where m is in kg and v is in km/sec. The projectiles are assumed to
be made of a composite of resin and graphite fibers having a density of
2,200 kg/m3 to withstand extremely high accelerating stresses. It is
further assumed that the projectile thickness is half the bore width, H.

For a square bore rail gun, H is then
Sam (2)

The optimum length of the rail gun, X, is correlated to the bore width

and exhaust velocity by,

X = 45.6 HvZ (3)

where H is in meters. The current, I, required to accelerate the

projectiles to the required exhaust velocity is

1/2

1= (ER | (4)
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where a is acceleration of the projectile and L is the inductance
gradient of tﬁe rails and assumed to be 0.4 x 10'6 Henry/meter. The
acceleration, a, is

2

a =y (5)

The average thrust, T, and the average power output in the exhaust

beam, Po’ are given by,

and - | P, = fr (v _ (7)

where fR represents number of projectiles -launched per second. ‘The
average power input, Pin’ is

P

p, = —2 (8)
m nanps .

where nps is the efficiency of the power conditioning system dnd assumed

~to be 0.9. The overall efficiency of the rail gun, n, is

- (9)

n= nanps

The mass of the accelerator Ma, is correlated by

M. = 1.17 x 102mv2 + 2.99 x 10”8

5/6
a (

5/2

v x 1000) (10)
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where m is in kg, v is in km/sec and Ma is in kg. The power condition-
ing system mass is assumed to be 5 kg per kilowatt of input power and
the pellet handling system mass is assumed to be 1 kg per kilowatt of

input power. The radiator and power plant specific masses are taken to

be 10 kg/kw each.
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APPENDIX C
MPD Thruster

The empirical relationships devé]oped for the benchmark argon

8

MPD thruster at Princeton University are used here.” The thrust, T,

is correlated by

T = bd? (1)

where J is the current pulse in amperes and b is a proportionality

constant given by

) |
b=1x10"[n (L2194 563)] (2)
- |

In equation 2, J is in kiloamperes and m is the argon mass flow rate in

gm/sec. The specific impulse, I__, and the thruster efficiency, N>

Sp
are given by,

I =
w5 (3)
2
and nt = .T (4)
2mJv

where V is the terminal voltage. The thrust, T, obtained from equation 1
is impulsive thrust. In this study, we have assumed that the thrust
remains steady for a period T = 1 msec and the cycle time TC is 10 msec.

The average thrust, Tav’ is then



T,=T-% (5)

Po=Tay " 7 (6)
where v is the velocity of exhaust gases. The average power input,
Pin’ is
P, = o (7)
mn l’ltl'lps

where Nos is the efficiency of the power conditioning system and

assumed to be 0.9. The overall efficiency of the MPD thruster, n, is

n = nen | | (8)
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APPENDIX D

Free Radical Thruster

For the hydrogen free radical thruster, the amount of energy.
released due to 100% dissociation and recombination is 51.21 kcal per
gm of gas'f]ow.3]_ However, if only a fraction of the H2 gas flow is
dissociated, then the energy released due to recombination of all of the
atomic hydrogen will be less than 51.21 kcal per gm of gas flow. Table 1
“lists the ehergy released, AH, from several free radical molar composi-
tions, H2:H, assuming 100% efficiency in recombination.
A1 of the energy released due to recombination of free radicals
can not be converted into the kinetic energy of the ejected matter. A
large portion of the energy of the exhaust gases leaves the nozzle as
residual enthalpy. In this study, we have assumed that 50% of the energy

input into the combustion chamber is available for conversion into

Table 1

Hydrogen Free Radical Thruster Parameters

Free radical

, mO]ar(ﬁgTﬁ§Siti°n En?EEZ]rSlﬁa;;,ogH Specificsémpu]se Conve;sion
61 gas flow) (sec)
0:1 51.21 1493 . 1.00
1:1 16.98 860 .33
2:1 10.18 665 ' .20
5:1 _ 4.62 448 .09

10:1 2.42 ’ 325 .05
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kinetic energy. Under these conditions, the specific impulse, IS s of

p
the free radical thruster is given by32

- 1/2
ISp = 208(AH) | (1)

where AH is the energy available from 100% recombination of the free

rad{ca1s genefated per gm of’gas flow. The specific impulses of atomic
hydrogen thrusters for several free radical molar compositions are also
listed in Table 1. The velocity of exhaust gas, v, the thrust, T, and

the power output in the exhaust beam, Po’ are given by

vV = Isp g (2)
T=mv (3)
- Iv '
and P, = : (4)

where m is the gas flbw rate.

The fraction o of H2 molar gas flow converted to atomic hydrogen
in the dissociation chamber to get the desired free radicé] moiar compo-
sition, B:1, can be calculated as follows. For 1 mole of H2 flow into
the dissociation chamber, 2o mole of H is created and (1 - «) mole of H2
remains in the mixture. The total number of moles in the mixture is 1 + o
and the H mole fraction is 2a/(1 + o). Then

20 ]
1+oa B +1

or, _ ' o = W ) (5) .
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Conversioh va]ues‘of o. for several free radical molar compositions is
provided in Table 1.
The power, P, needed to dissociate a fraction o of‘H2 flow rates

of M mole/sec is

- 2 . (6)

In equatioﬁ 6, C is the bower required to dissociate a flow of 1 mole/sec
of H2 to H and Ny is the efficiency of dissociatioh of hydrogen molecules
by micrdwave energy. In the absence of adequate information about the
design of the'dissociatiqn chamber, we have assumed two values of Nys

0.3 and 0.6, to reflect two possible values of efficiency of the dissocia-
~ tion process. We have further assumed a power conditioning system
efficiency of 0.9. The ca]cu]ations have been performed by assuming a

H2 mass flow rate of 1 gm/sec.
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APPENDIX E

Mercury Electron Bombardment Ion Thruster

The performance of ion thrusters 1is limited by the maximum ion
current density and the allowable range of the ratio, R, of net to total
acce]efating voltages, VB/VT’ over which a_thruster méy be operated.
This ratio can vary from 0.2 to 0.9. The total accelerating voltage on
close spaced accelerating grids is limited to about 3000 volts.

For mercury ion thrusters, the specific impulse, Is s the total

Y
power required, PT’ and the thrust, T, are given by,27
' _ 0.5
ISp = 90.3 VB | (1)
-9 VB 2.25
PT = 2.57 x 10 A(ji) (VB + 150) (2)
. 2.75
and f-a9x10988 _ (3)
: R2.25

wﬁere A is the cross sectional area of the acceTerator grid. We have
assumed the thruster diameter to be 50 cm which is a modest extrgpo]ation
of the state-of-art technology.

The mass of the propellant tank is assumed to be 50 kg in all cases.
For analysis of power management and control system, the conventional dc
configuration is chosen. The masses of various subsystems and the power

dissipation were calculated by following the methodo]ogy of Byers.28
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