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Abstract

Power deposition in a pulse discharged (quasi-steady)
MPD arc-jet has been studied in operational input from
0.1 MW to 1.5 MW (arc current : 3kA ~ 12kA ) for
propellants of Ar, Hy, Ny, and N,/3H(mixture) in back
pressure under 0.05 Pa. Heat loss and thrust impulse are
measured to discuss the power deposition and thruster
efficiency in two operational modes, strictly repetitive
pulse firing and single pulse firing. The effective cathode
fall, evaluated from the cathode power loss data, remains
at a constant value of 12 volt ~ 18 volt. The cathode
power loss is independent of the arc input, the propellant
species, and the mass flow rate. This will be due to the
drastic heating of cathode surface by the pulse firing of
high current density, and can be usually observed in a cold
cathode arc discharge accompanied by the cathode spots.
Anode power loss is related to the propellant species and
(J%/m). The effective anode fall increases remarkably
with an increase in (J?/m). This results will be depen-
dent on the restriction of the carrier mobility across the
self-induced magnetic field. Thrust impulse is discussed
with the plasma input power by means of minimum en-
ergy principle under the Alfven’s critical state. Hydrogen
and hydrogen compound gas( e.g. ammonia, hydrazine)
appears to be a preferable propellant species for a pulsed
MPD accelerator. These are advantageous to reduce the
electrode power loss and to improve the thruster perfor-
mance below the Alfven’s critical condition.

Introduction

An MPD arc-jet is applicable to a space propulsion
systemb? and a high speed plasma source for material
manufacturing such as plasma coating®*, and is promis-
ing plasma accelerator. The MPD plasma accelerator®
has to be driven at high current over a few kiloamperes
in order to derive the effective electro-magnetic body
force(J x B). Such high current operation is easily at-
tainable in a periodical and repetitive pulse firing using a
capacitor bank. From the standpoint of its future applica-
tion in this periodical operational mode, the technological
problems, such as the thermic damages and lifetime of
the MPD arc-jet, must be discussed in order to develop
into the prototype MPD propulsion system. In the pe-
riodic firing of the arc-jet, heating and cooling is repeated,
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However, the temperatures in almost parts of the electrode
are not varied with the strict pulsation but rise smoothly
until at thermally steady state. In a strictly repetitive
operation, the energy losses on the anode and cathode are
measured calorically with the heat flux converted by a cir-
culated cooling water. From the results of the calorimetry
and thrust measurement, power deposition in the MPD
arc-jet is investigated in a quasi-steady pulse operation.
The test system of quasi-steady MPD arc-jet® has been
operated using Ar, Ha, N3 and N3/3H; (mixture) in the
back pressure of 0.2 Pa ~ 0.8 Pa at realized arc current
of 3 kA ~ 12 kA ( corresponded operational power of
0.1 MW~ 1.2 MW) in the arc discharge. And the time-
averaged operational power, controlled with the repetition
period, is about 1 kW in any operational conditions.

Experimental Apparatus and Techniques

The MPD arc-jet is installed on a thruster stand in a
cylindrical stainless vacuum chamber of 1.0 m® long with
an inner diameter of 0.5 m. Experiments are performed
at the chamber pressures under 0.05 Pa. Electric power
up to 3.0 kJ per one pulse is supplied to the MPD arc-jet
from the pulse forming network(PFN) of L-C ladder bank.
Discharge currents are characterized quasi-steadily 1.5 m-
sec of the pulse width and up to 15 kA of arc current.
The MPD arc-jet head has a cylindrical copper anode in
the shape of a straight-divergent nozzle and a cathode
rod made of 2% thoriated tungsten. The anode and the
cathode are thermally insulated from the thruster stand
to avoid heat conduction through to it. Cooling water
pipes are furnished on the cathode holder and the anode
outer surface as shown in Fig. 1.
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Fig. 1 Measurements of anode heat loss and
cathode heat loss.
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The propellant gas is injected pulsatively into the dis-
charge burner by using of Fast Acting Valve (FAV). The
ignition pulse (2kV of 4.0 Joule a time), synchronized with
the propellant injection, is supplied between the cathode
and ignition electrode with a ignition driver, and the pri-
mary discharge of MPD arc-jet is triggered with the seed
of ignition plasma. After the outlet temperatures of cool-
ing water reach to a stationary state, the water flow rate
and the outlet and inlet temperatures are measured to
evaluate the heat flux into the cathode and the anode re-
spectively in the periodical firing operation with a strict
period of 1.5 sec.

Thrust is measured in single firing operation by means
of a pendulum type thruster stand with a non-contacting
displacement meter (Shinko 1301). The thrust impulse,
calibrated by a steel ball impact as shown in Fig. 2, is
evaluated from the swing of a pendulum. The discharge
current and voltage measurements are conducted with a
Rogowski coil and a isolation amplifier (Aikoh 8Z-205S),
and the electrical input power into the quasi-steady dis-
charge is evaluated from the current and voltage data by
use of a digital analyzer.
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Fig. 2 Measurement and calibration of
thruster impulse.

Depth of drastic heating at electrode

In periodical firing operation, heating of the electrodes
are repeated strictly and pulsatively. The temperature at
the electrode surface will be varied with the pulsative dis-
charge in the part of current anchored. The drastical un-
steadily depth of the electrode temperature is estimated in
an analysis of unsteady heat transfer from the electrode
surface in one dimensional model of a pulsative heating
with a heat flux relation as follows.

qc:Q_qr"Qe:"k'AT

¢ey &, ¢r, and ¢, are conduction flux into the electrode,
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total heat flux from arc, radiation loss and metal evapo-
ration Ioss’, respectively.

The analytical results of 1 msec of a pulse width for
tungsten electrode are shown in Fig. 3.
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Fig. 3 Depth of pulse heating in electrode.

The anchored current density of 109 W/m? is consis-
tent with the experimentally suggested current density on
a electrode surface. To shorten the pulse width (1 msec),
compared with the repetition period(1.5 sec), results in
that the depth of drastically changed region of electrode
temperature becomes very thin less than 1 mm. In almost
part of the electrode, the temperatures are not varied
with such pulsation but rise smoothly until in thermally
steady state. Consequently, the deposited powers into the
anode and cathode can be measured calorically from the
heat flux converted with a circulated water in the strict
periodical firing operation.

Result and discussion

Cathode Power Deposition

The cathode heat loss is related to the effective cathode
fall voltages with the arc current and calorimetric data,
and as the voltaic equivalent of cathode heat loss is shown
in Fig. 4. These equivalent voltages are maintained in the
range of 12 volt to 18 volt. This value, is agree with the
difference between the cathode fall voltage and work func-
tion of tungsten cathode, is similar to that encountered in
a cold cathode arc discharge attended with cathode spots8.
Power ratio of the cathode heat loss to arc input power is
different with the propellant species and its mass flow rate,
and it decreases slightly with increasing arc input for any
propellant species. The proportion of cathode heat loss to
arc input for Ar ranges from 15% to 30%, and is higher
than that for the other propellant species(10% ~ 20%).
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Fig. 4 Equivalent voltage of cathode heat loss.

Anode Power Deposition

Anode loss ratio is higher than that of the cathode at
any conditions in this study, and is different with the pro-
pellant species as shown in Fig.5. For Ar, the power ratio
does not vary and remain in the range of 40 % to 55 %.
The anode heat loss for H; ranges from 30 % to 45 %,
and slightly decreases with increasing the arc input pow-
er. In the case of Ny and N3/3Hy(mixture), the ratio goes
up with reducing the mass flow rate of the propellant and
level off at 45 % ~ 65 %.

Equivalent voltages of anode heat loss® attribute to the
effective anode falls, and are compiled with (J%/m) in
Fig.6. J and 7 are an arc current and mass flow rate,
respectively. The scaling parameter (J2/m) provides a
physical insight with regard to Alfven’s hypothesis of crit-
ical ionization®. The hatched region indicate the critical
boundary of (Jz/m)cm -which is derived from Alfven’s
critical velocity(2e¢;/M)*/? and electro-magnetic thrust
impulse for a mass flow rate(sn). Effective anode fall is
clearly different with the propellant species and closely
relates to (J2/m). In the range under (J2/™)erit, the
effective anode fall scarcely varies and remains constant
with increasing (J2/m) for any propellant species excep-
t for hydrogen. The effective anode fall for hydrogen is
higher than that for the other propellant species and de-
crease slightly with increasing (J2/m) until the critical
(12/731)"“. These results seem to be attributed to the re-
striction of carrier particles mobility and the difference of
discharge current distribution due to the electro-magnetic
effect of MPD arc discharge. As the arc current increases
beyond the critical value, a violent fluctuation of arc volt-
age occurres, and the effective anode fall increases with
(J%/m) for any propellant species. The operation, beyond
Alfven’s critical condition, brings about a fully ionization
of the propellant gas and drastic increasing in temperature
of ion and electron. In this case, the shortage of the carri-
er particle takes place. The arc fluctuation and increasing
of anode power loss are attributed to deficiency of current
carrier, and to evolution of anode spot to maintain the arc
current.
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Fig.5 Anode heat loss ratio.

Plasma Input and Thrust Performance

The thrust and the deposited power into the plasma
flow are dependent on the propellant species and mass
flow rate. The power value is evaluated from the results
of calorimetric measurement with a relation of energy bal-
ance in the MPD thruster head. The voltaic equivalent
(Vp) is defined with the deposited power into the plasma
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Fig.6 Equivalent voltage of anode heat loss.

jet, and is compiled with the parameter(J2/m) in Fig.7.
Equivalent voltages of electro-magnetic power (Vnqg) are
presented together with the experimental results.

P,
Vma.g = 'r.r}ag

_ (Linag( €%i 172
= (Times) <2,

(Vinag) is theoretically derived under the minimum energy
principle, based on the assumption that the plasma input
is spent alone to the electro-magnetic plasma interaction,
for the ionization and acceleration of the arc plasma jet.
The equivalent voltage (Vp) for (Ar) is lower than that
for others, and it is not affected by the mass flow rate. In
the case of other propellants, (Vp) is strongly dependent
on the mass flow rate and increase with increasing high-
er than (Vinqge) of the theoretical electro-magnetic input.
These phenomena will be attributable to the increasing
of electro-thermic input in the jet plasma. The electro-
magnetical effect can be seen in the tendency of (Vp)
increasing with (J2/m). The results of thrust measure-
ment are shown with the plasma input power in Fig.8.
The critical thrusts are denoted with the plasma input as
follows.
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Meffer) o, Ma, (e¢), and T are a effective mass flow
rate, a total mass flow rate, an atomic mass, an ionization
potential of a propellant gas specie, and thrust.

The plot of data in Fig.8 indicate that the thrust pow-
er ratio (Vp/Pprasma) varies with the propellant species
and mass flow rate, and it increases with an increase in
the mass flow rate of the propellant. This results are con-
sidered to be due to enhancement of an electro-thermic
acceleration with the aerodynamic expansion. In particu-
lar for H,, the thrust data surpass the estimated critical
thrust at large mass flow rate. Using a light weight gas,
rather than that of heavy atomic species, enable to in-
crease the critical power point. As the plasma input is
increased beyond the critical power point, the obtainable
thrusts are less than predicted by the critical theory. This
result appears that increasing of an frozen flow loss brings
about the reduction of the electro-magnetical thrust with
an increase in input power at the low mass flow rate op-
erations. The relation of specific impulse(ISP) and total
input power is shown in Fig.8. (ISP)improves with an in-
crease in the input power, and after then becomes to level
out with further increasing of input for any propellant.
(ISP) for Hj, N1/3H,(mixture), higher than that for the
others, is attained above 1000 sec.
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Conclusions

The following conclusions are derived from the experi-
mental results: .

(1) The cathode heat loss increases linearly with increas-
ing the arc current for any propellants, and the effective
cathode fall voltage approximately remains at a constant
value of 12 volt ~ 18 volt. This is similar to an inherent
value of tungsten cathode with the arc spot in cold arc
discharge. this result can be regarded as being due to the
drastic heating by the pulse discharge with high current
density from 107 W/m? to 10! W/m? .

(2) The effective anode fall voltage is different with the
propellant species, and is related to the parameter(.J%/m).
The effective anode fall almost remains at a constant value
with (J2/mm) in a operation below the critical (J2/mh)cy:.
Increasing the the arc current beyond the critical value, re-
sults in a unstable fluctuation of the arc voltage wave for-
m, and increases the effective anode fall remarkably with
an increase in (J2/m). This results will be attributed to
Alfven’s critical, and be dependent on the shortage of the
carrier and the restriction of the carrier mobility across
the magnetic field.

(3) The transfered energy to the propellant increase
with increasing mass flow rate in except for Ar, and strong-
ly depends on the mass flow rate. In large mass flow rate,

the plasma input is higher than the expected value of the
electro-magnetical input. this will be attributed to in-
creasing of electro-thermic input with an increase in the
mass flow rate.

(4) the thrust power ratio (Vp/Pplasma) varies with
the propellant species, and increase with an increase in
the mass flow rate. The results appears that increasing
of an frozen flow loss brings about the reduction of the
electro-magnetical thrust with an increase in input power
at the low mass flow rate operations. (ISP)improves with
an increase in arc input power, and then levels out with
further increasing of input for any propellant. In Hj,
N3 /3Hs(mixture), (ISP) is higher than that of the others
and above 1000 sec is attained.
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