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Abstract

The opportunity to produce a MPD thruster having a MW power level of possessing of the
parameters necessary for the outer space missions is discussed in the paper. The thruster is
expected may be fed from a Nuclear Electric Power system the concept of which has been
proposed at the RRC “Kurchatov Institute”. The Nuclear Electric Propulsion system (NEP)
considered is intended for transportation of the OTV from the LEO orbit to higher orbits.
The power system has a thermal power at the level of 10 MW. The turbomashine energy
conversion with the Bryton cycle is proposed to be used. The MPD thruster implementation
at the OTV will be determined, to a considerable degree. by either its technological
adaptability to space tasks and by its integral parameters: specific impulse, thrust efficiency,
and the propellant flow rate. An estimate of the pulsed ablative MPD thruster applicability to
the goals under consideration has been done on a basis of the comparison between the
experiment and the adequate numerical simulation mode].

Introduction

- Ballistic calculations of outer space missions show that the use of MPD thruster in the
primer propulsion system of the orbit transfer vehicle (OTV) will be expedient when the
thrust efficiency exceeds 0.6 and specific impulse will be no lower than 5000 s. In that case
the propulsion system should have a MW-power level [1].

It takes high power discharge to obtain high efficiency and required specific pulse but the
lifetime of the thruster will be low. Accordingly- the thruster must work at pulsed or quasi-

steady operation mode. Moreover the average power of propulsion system must be a
megawatt level to meet the mission requirements.

In the present paper the main results in the study of physical processes in the pulsed'

ablative MPD thruster are expounded. MPD thruster has multimegawatt levei (108-10%) We.

Mass flow rate generation as a result of spacing insulator evaporation, when a high current
discharge is initiated along the surface, is a distinctive feature of pulsed ablative MPD
thrusters. This technique automatically provides the matching of mass flow rate value with
device parameters and allows one to produce a relatively effective plasma acceleration. An
opportunity to precisely adjust plasma momentum, practically instantaneous readiness,
absence of commutational facilities and fast responsive valves for the propellant feed, storage
of a propellant in a compact form etc. are advantage of such devices.

The opportunity of implementation this device with nuclear power plant placed in OTV is
discussed. The OTV layout and mass characteristics are given. It is shown that the NEP
transportation to the LEO can be realized by the launching vehicle “PROTON”.
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MPD Facility

The facility consists of 8.7-cm long, 10-cm diameter coaxial plasma thruster, a 1 m
diameter, 3 m long stainless steel vacuum tank, a capacitor bank up to 0.1 MJ and
diagnostics.

Initial bank voltage is up to 15 kV. The working substance is a solid propellant (teflon). Mass
flow rates depend on discharge power. Its average value is near 500 g/s (14 kV, 115 uF).
Mass accelerated in a single pulse is order 10-3 g and depends on bank energy.

The pulsed power supply was assembled of 16 low inductive banks, KMK 20-7-type with
the total capacitance about 115 uF. The self inductance of one capacitor is 35 nHe, maximal
discharge current, 100 kA. The capacitor bank is connected with the feeder through the low
inductive cable bridge composed of 48 high current coaxial cables. The estimated cable
bridge inductance is 3 10-2 He.

The vacuum chamber consists of two parts with the total volume of about 1.2 m3. The
evacuation is produced by forvacuum and diffusion pumps (BH-6, BA-5-4). The evacuation
velocity is equal 5000 I/s under the pressure 10-4 Torr.

Diagnostics

Interferometry, magnetic probes, piezotransducers, plasma temperature measurements
from the spectral line intensity ratios were using for studying the plasma dynamics in the
acceleration channel. The plasma velocity determination was done by different techniques:
from analysis of interferograms, signals from magnetic probes, piezotransducers, by the
Doppler broadenings in spectral lines etc.

Electrical measurements include the discharge current, voltage and the magnetic field
measurements. The discharge current was measured by the Rogowski belt connected to a low
inductance and low resistance shunt. The voltage across the capacitor bank and at other points
was measured by capacitive voltage dividers.

The magnetic probe used in the experiments is a 15-turn- coil made of copper wire,
0.07 mm in diameter. The probe is placed in a glass tube, 3 mm in diameter. The probe
sensitivity is 5.9 10-8 V s/Oe.

Electric signals were recorded with a digital oscilloscope, C8-9. Then, data is transferred
to/ BC.

Electron density in a plasma flow was measured with Mach-Zehnder interferometer. The
interferometer was mounted on the frame connected with vacuum camera elements via
dampers. The dampers reduce vibrations arisen at the experimental hole due to forvacuum
pump operation. Synchronization of the fringe pattern image is produced by means of the
small spark gap placed near the slit plane. Ruby laser with quasi-steady mode of generation was
used as an illuminator. A relatively high output power of the laser (10 kW) gives a possibility to
use a minimal slit width in the streak camera. With the slit width of near 0.02 mm, the
estimated time resolution reaches 2 10-3s.
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Experimental Results

After triggering for a few tens on nanoseconds the main discharge resistance decreases to
0.1- 1 mOhm. Then the discharge current in the plasma source circuit is determined by the
wave impedance of the power supply and by the resistance related with the plasma
acceleration.

The power flux from the discharge area comes to the surface of spacing insulator, this
leads to the heating and to the intense evaporation of the insulator material. The insulator
vapors is moving to the main discharge area to be ionized and accelerated by a pondermotive
force. As a result, the focused pulsed plasma flow, 2 cm in a minimal diameter is formed at the
accelerating channel output. As a rule, the electric surface breakdown in a vacuum (P<10-3
Torr) is realized in the form of a thin channel that expand with a thermal velocity
corresponding to the plasma temperature ( ~2 eV). It is necessary to make special steps to
create axially symmetric discharge.

After focusing the plasma flow is expanded with the velocity close to the thermal velocity
of plasma. The angle of expansion is determined by the ratio of a thermal velocity to the
velocity of directed motion. The discharge current and the power source voltage dependencies
are shown in Fig.1. The current amplitude reaches 300 kA, the maximal power is 109 W.

For the first halfperiod of a discharge current the main part of the bank energy is
transmitted to a discharge. Experiments show that the maximal efficiency is realized when
R/p~ 1-2, where R and p are the resistance and the wave impedance. For a whole time of
plasma acceleration in the device about 835% of the energy stored in the power source is
transferred to the discharge. The rest is dissipated in the bank and in the feeder. The energy
dissipated in electrodes is 7-10% of the total energy. The thermal efficiency is about 70%
(Fig.3). From the application point of view the thrust efficiency is a more convenient
characteristics, since the plasma flow interaction with a sample takes place far from the
accelerating channel output. The thrust efficiency is about 50%.

The main parameters in a plasma flow under interaction with a sample are the plasma
density, directed motion velocity and flow expansion angle. The plasma velocity is determined
by means of various techniques: interferometric measurements analysis, magnetic probe
signals, Doppler’s spectral line broadening etc. The results of plasma directed velocity
measurements obtained by different techniques, are in a good agreement. In the device under
consideration the plasma particles velocity is determined from interferometric measurements
and from the streak camera measurements. The measurements have shown that the distribution
of accelerated mass with respect to the plasma particle velocities during the first current half-
period is rather compact: at Wy > 5 kJ, the average plasma velocity is (7-9) 106 cm/s. The
typical interferogam image produced with a streak camera is shown in Fig.2.

The interferometric measurements show that the plasma acceleration is actually a 2-
dimensional one and the plasma flow with the minimal diameter close to the diameter of a
central electrode is formed at the output of the acceleration channel. The maximal electron
density in a plasma flow is 10!8cm3 (at the distance of 4 cm from the output).
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Comparison of the experiments made at RRC with the adequate numerical simula'tlon
model shows that the main physical processes in the thruster are almost completely des;nbed
within the frames of a single fluid constant temperature MHD problem. The model gives a
correct qualitative picture of the plasma flow through the MPD thruster channd and
adequately represents the flow production and the plasma acceleration. Thg calculated integral
thruster parameters turned out to be close to those measured in the experiments. [t has been
shown that the plasma acceleration modes under which the necessary mteg;al pararvneters’are
produced- plasma velocities 5 106- 107 cm/s and the electric energy conversion efficiency into
the energy of directed plasma flow are about 60% - can be realized in the high power MPD

thruster. The dependency of energy transferred to discharge calculaterd from model vs. time
and estimated energy distribution in the MPD truster are similar results of Fig.3, 4.
Interferometric measurements find that the accelerated mass is some lower evaporated
propellant mass. Intensive evaporation does not match with main discharge take place.
Propellant mass having low velocity is order 10'%m-3. This amount is near 10% of total
propellant mass per discharge. This phenomenon evidently decrease thruster parameters.

Nuclear Power Svystem

Recently reactor power system concept was proposed at RRC "Kurchatov Institute” to
provide power supply up to 2 MWe. This system is served to carry cargo from low Earth
orbit to higher orbits. For cargo launching to low Earth orbit Russian missile Proton was
suggested. A payload mass is equal 21 ton.

The proposed power system has the thermal power up to 10 MW, electric power is near 2
MWe. Turbomachinery energy conversion system with Bryton cycle is suggested due to its
positive feature:

low specific mass of the conversion system (lower than 10 kg/kWe,

high technology readiness gas loop assembly,

possibility of pavload correspondence to output generator parameters,

high conversion efficiency ~30%.

Estimated lifetime is 10 000 hours. maximal working temperature- 1500 K. As a result main
project features were determined.

Table 1. Reactor Power System Mass Summary

Gas Cooling Reactor 1000 kG
Shielding 1000 kG
Energy Conversion 3500 kG
Radiator (300 m? | 700 K) 3000 kG,
Power Supply

and Control System 1000 kG
Support Structure 1500 kG
Power System Total 11000 kG
Specific Mass 5,5 kG/kWe

Estimates of the MPD propulsion system mass differ one from another but propulsion
system total mass does not exceed 104 kG[3].
OTV consists of power system assembly based on fast neutrons reactor, thruster module,

and payload module Propulsion module content primary thrusters’ assembly, propellant,
control system (thruster and OTV) and radiators (Fig.5)
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Fig.5. Propulsion module content primary thrusters’ assembly, propellant, control system
(thruster and OTV) and radiators

Conclusions

Pulsed and quasi-steady ablative thruster may produce necessary trust parameters for
primary propulsion systems. For a wide range input power one can obtain specific impulse
5000-10000 s, relatively high trust efficiency (T 50%).

The plasma flow parameters and integral parameters of the MPD under consideration are
a good agreement with two dimensional one fluid, constant temperature model.

Plasma density distribution in accelerating channel show that thruster transfer to quasi-
steady operation mode roughly 0.5 ps after discharge triggering. It means that plasma
parameters in the accelerating channel depend on inlet voltage and propellant flow rate only.
Electron density and velocity in the accelerating channel are determined by the inlet voltage.
For this reasons high power (> 100 MWe) MPD-discharge with time duration > 10 ps is
similar to quasi-steady one.

A progress in on-board power supply sources, as well as a success in the development at
capacitive and inductive storages, commutation technique for resent years allow one to
reconsider the opportunities of the pulsed MPD thrusters as alternative primary propulsion
systems for orbit transfer vehicle. In the OTV with 2 MWe NEP with MPD thrusters
considered type the MPD assembly will be able to provide the thrust 10- 20 N.
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