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A low power radiation-cooled DC arcjet thruster was de- the anode is made of pure tungsten. In addition, boron-
veloped and tested in cooperation of Kyoto University nitride is used as insulator material. The thruster has a
and Mitsubishi Electric Corporation. Argon was used constrictor whose length is 2.5mm and diameter is 2mm.
as propellant and the performance characteristics of the It is followed by a divergent nozzle with a half cone angle
thruster for mass flow rate and discharge current were of 15 degrees and exit diameter of 25mm. Five halls
investigated by thrust measurement. The typical perfor- are drilled (numbered 1 to 5 in Fig.2) for temperature
mance is the thrust of 0.35 N and the specific impulse of measurement by means of thermocouples. A propellant
325 s for the mass flow rate of 0.11 g/s and arc current of gas is injected from the back of the cathode. Argon is
120 A. In addition, the exhaust plume from the thruster employed as propellant. The weight of the thruster is
was diagnosed by measurements of electronic excitation 2kg.
temperature.

1. INTRODUCTION

Arcjet thruster will be able to be used for various pri-
mary and auxiliary space-propulsion applications. In or-
der to design practical arcjet thrusters suitable for such
missions, it is necessary to test a laboratory-modeled
arcjet thruster and to reveal the performance character-
istics for various operational parameters, i.e. propellant
mass flow rate and discharge current. On the view of
this point, a 1kW class DC arcjet thruster was designed
based on the calculation of a quasi one-dimensional noz-
zle flow with heat addition and fabricated, in cooper-
ation of Kyoto University (KU) and Mitsubishi Elec-
tric Corporation (MELCO).' The present thruster was
named KU-MELCO I arcjet thruster.

Fig.1 KU-MELCO I arcjet thruster.
In the present work, performance characteristics of KU-
MELCO I arcjet thruster for propellant mass flow rate
and discharge current were investigated by thrust mea-
surement. In addition, exhaust plumes from the arcjet
thruster were diagnosed by measuring electronic excita- . . .m
tion temperatures of the propellant gas. In the present
experiments, argon was employed as propellant.

2. KU-MELCO I ARCJET THRUSTER Gas

The KU-MELCO I arcjet thruster is a continuous, low
power (IkW class) DC arcjet thruster with a radiation Cathode Anode
cooling system. Figure 1 shows the the picture of the Boron-nitride
thruster. Figures 2 and 3 illustrate its cross section and
dimensions, respectively. This thruster is intended to '\\

be used for the North-South station keeping of a 1 ton 0 3cm
class spacecraft which has a lifetime of ten years. The
cathode is made of thoriated tungsten (cf. Fig.4) and

Fig.2 Cross section of the thruster.
t Present address: Kashima Steel Works, Sumitomo Fig.2 Cross section of the thruster.

Metals Corporation, Ibaraki 314, Japan.
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Fig.3 Thruster geometry.

Fig.6 General view of the test facility.

3. EXPERIMENTAL APPARATUS AND
PROCEDURE

Fig.4 CathodeSathode 3.1. Test Facility

Experiments were carried out in a low density test fa-
cility shown in Fig.5. The general view of the test fa-
cility is also given in Fig.6. This test facility consists of
a test section and vacuum tank. The test section is a
cylinder of 900mm in diameter and 1300mm in length,

Test with its axis at right angles to the vacuum tank. The
secion vacuum tank is 2200mm long and 900mm in diameter.

vo The chamber has a volume of 2700 liters which is evacu-
- ated by a mechanical booster pump (discharge rate 970

liters/s) backed up by a rotary pump (discharge rate
100 liters/s). The facility has two viewing windows to

ik 4col observe the thruster in operation.Bser Pumo

3.2. Thrust Measurements

Rolary Pump The schematic diagram of the thrust measurement is de-
picted in Fig.7. The thruster was mounted on a balance
which was supported by a sharp wedge. The moment of

4,1 - the thrust about the sharp wedge was detected by a load
3,000- - - .40- cell. The moment detected is caused partly by unneces-

sary force such as reaction force from power cables and a
propellant supply tube. To obtain true thrust, it is nec-

r - essary to exclude the unnecessary force and to calibrate
the measured data. For this purpose, another load cell

Swas set at the micrometer head as shown in Fig.8. By
moving this head, force was exerted onto the thruster.
Thus, from the outputs of the two load cells, a calibra-
tion curve was determined. The thrust measurements
were carried out under the conditions of mass flow rates
from 0.11 g/s to 0.55 g/s and discharge currents from 80

5 A to 120 A. The chamber pressure was kept below 13.3
: Pa through the experiments.

0O 3.3. Electronic Excitation Temperature Mea-
surements

When the self absorption of a plasma is negligible, the
spectral line intensity for the transition from the nth

Fig.5 Low density test facility, electronic excitation state to the mth state I,, is ex-
pressed as
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Spring Thru t r 415.86 4s[j] - 5p(j] 14.529

Bridge Lad Cell 425.12 4[] - Sp[l 14.464
r c ut

425.94 4s'[]° - 5p'[] 14.738

S 427.22 4s[3]° - 5p[3] 14.525

Pen e 430.01 4s[j]0 - 5p(i] 14.506
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434.52 4s'[]°o - 5p'[j] 14.681

451.07 4s,[f1] - 5p[I] 14.576

Fig.8 Schematic diagram of calibration.

hc N
I, = C  g.A. exp (- ) (1) In = const. - (2)

where C is the calibration factor for the optical system, Using the measured intensities of several spectral lines
h is Planck's constant, c is the speed of light, g. is the which have different excitation energies, the left hand
statistical weight of the nth state, A.. is the radiative side of Eq.(2) is evaluated. Plotting the evaluated data
transition probability and A., is the wavelength corre- against E. and applying the least square method to
sponding to the transition from the nth state to the mth the data, a straight line is determined. This plotting
state (n > m), N is the number density, Z is the par- is referred to Boltzmann plot. The inclination of this
tition function, E. is the excitation energy of the nth straight line gives -1/ksT.. Hence, we can determine
state, kg is Boltzmann's constant and T,. is the elec- the electronic excitation temperature T.,.
tronic excitation temperature. Taking the logarithm of
Eq.(1), we have
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Fig.10 Temperature history.
Arcjet

and approximately 1,000K is attained. Of the three
temperatures, the temperature upstream of the throat
(numbered 1) is slightly higher than those measured

Fig.9 Schematic diagram of temperature measurement. downstream of the throat.

4.2. Performance Characteristics for Propellant
Flow Rate

A schematic diagram of the temperature measurement

is shown in Fig.9. A lens mounted in the light pipe The performance characteristics for propellant mass flow
with 3 mm x 5 mm cross section collects light from the rate were investigated at constant arc current. The va
plasma and focuses it on the end surface of an optic ations of arc voltage against the mass flow rate are given
fiber glass. Light emitted from the other end of this op- a ti o n s o f aie oltage ainst te asow rate are iven
tic fiber glass is refocused by means of two lenses onto in Fig.11 The are voltage is increased with mass flow
the entrance slit of a spectrometer which is equipped rate and no remarkable difference among the variations

with a photomultiplier tube. The spectrometer used at the arc currents of 80A, 100A and 120A is observed.

is Shimadzu GCT100 spectrometer which has the fo- The arc voltage is relatively low, i.e. in the range of

cal distance of the main concave mirror of 100cm, the 18 volts to 26 volts. This results indicate the thruster

grating number of 1200/mm, the grating area of 102 x is operated at a low voltage mode. This is caused by
102 mm 2 and the first order inverse dispersion of 0.77 the fact that the cathode nose is not sharply pointed

nm/mm. The breadths of the incident and exit slits (present nose angle is 90 degrees) and that the position

were set at 300pim and 5 00 gm, respectively. The spec- of the cathode nose is not inside the constrictor.
tral line intensity from the spectrometer was received by
a side-on type photomultiplier tube (Hamamatsu Pho- The thrust characteristics are shown together with the
tonic System R955). This photomultiplier tube has the result for discharge-off in Fig.12. The present thruster
characteristics of flat sensitivity around 400nm where provides the performance of the thrust of 0.055N at the
the spectral lines used in the present measurements ex- mass flow rate rh = 0.11 g/s to 0.235N at rh = 0.55g/s
ist. for discharge-off. In a case of arc current J = 120A, the

thrust increases from 0.35N at rh = 0.llg/s to 0.945N
Eight spectral lines in the wavelength region from 400 at rh = 0.55g/s. From these thrust data, the specific
nm to 450 nm were used here. Such wavelengths are impulse was estimated, which is shown in Fig.13. The
owing to the transitions 5p - 4s. Therefore, the present specific impulse for discharge-off gives an appreciable de-
measurement is based on the assumption of Boltzmann crease with increasing mass flow rate, while, in a case of
distribution among the sublevels in 5p state. The transi- discharge-on, the result shows the remarkable decrease.
tion probabilities for these spectral lines are taken from Typically, the specific impulse gives 325s at r = O.llg/s
Ref.2. The wavelengths and excitation energies are tab- and 175s at rh = 0.55g/s when J = 120A.
ulated in Table 1.

Efficiency r7 was defined by

4. RESULTS AND DISCUSSION

4.1. Anode Temperature r rhu/2
rh u2/2 + VJ

The temperature of the anode was measured by insert-
ing thermocouples into the holes numbered 1, 3 and 5 = TH- (3)
in Fig.2. The measured temperature histories are shown c + 2rVJ

in Fig.10. At approximately 500 seconds after the dis- where u is the axial velocity at the nozzle exit, T is
charge on, the temperature history shows a steady state the thrust, V is the arc voltage and the subscripts H
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and C denote the discharge-on (hot) and discharge-off
(cold), respectively. The efficiency was calculated based 500 - , I
on Eq.(3) from the measured thrust, propellant mass
flow rate and input power. The tendency of the efficien- Arc Current

cies for the mass flow rate were different for the three arc A
currents. However, the result shows that the efficiencies 400 o 80
are in the range from 24.4% to 26% at ri = O.llg/s and 1
in the range from 25.8% to 34% at i = 0.55g/s. 0 120

'A

30.0 300 -
eL
E

* 200-
S20.0-

0 Arc Current
> 100 -

080
10.0- 100 -- -

o120
0 I I I I I

0 0.11 0.22 0.33 0.44 0.55
Mass Flow Rate, g/s

I . 1 I I I
0 0.11 0.22 0.33 0.44 0.55 Fig.13 Specific impulse vs propellant mass flow rate.

Mass Flow Rate, g/s

Fig.11 Arc voltage vs propellant mass flow rate.

4.3. Performance Characteristics for Arc Cur-
rents

Experimental data were also plotted against arc current.
In Fig.14 is shown the arc voltage against arc current

1.1 I I I at various propellant mass flow rates. The arc voltage
Arc Current has a small variation for the arc current. In the fig-

1- * 0 A - ure, constant input power lines are also given and it is
o 80 seen that the experimental input power increases with

S - A 100 - increasing arc current and/or with increasing propellant
a 120 mass flow rate. The figure shows that the experimental

0B- / input power is in the range from 1.6kW to 3.1kW under
the present operation conditions.

7 The thrust characteristics for arc current are illustrated
z in Fig.15, which shows the slight increase in the thrust0z - - with arc current. The specific impulse calculated from
1 the thrust data is shown in Fig.16.

. 05 -

S4.4. Electronic Excitation Temperature
04

The axial distribution of the electronic excitation tem-
0.3 - perature is shown in Fig.17. The measurements were

conducted for J = 80A and rm = O.llg/s. Although the
0(2 - -data are scattered, it may be identified within experi-

mental accuracy that the electronic excitation temper-
0.1 - ature initially decreases towards downstream and then

shows no significant axial variation.

i0___ __ If electronic excitation and de-excitation are dominated
0 0.11 0.22 0.33 044 0.55 by excited atom-electron collisions, the electronic exci-

Ma Fl Rt /tation temperature would be regarded as electron tem-Mass Flow Rate. g/ perature. The maximum energy difference between two

Fig.12 Thrust vs propellant mass flow rate. adjacent sublevels in 5p state is 0.051eV. It is smallerFig. Thrust vs propellant mass flow rate. than expected electron temperature (= 0.3eV), so that
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the sublevels in 5p are considered to be in Boltzmann
equilibrium with electron temperature. Hence, it may be

300 mentioned that measured electronic excitation temper-
".'-SkW '"-.3kW h ature is approximately taken as electron temperature.
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Fig.14 Arc voltage vs arc current. 0.55
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Fig.15 Thrust vs propellant arc current. Fig.17 Axial distribution of electronic excitation tem-
perature.
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5. CONCLUDING REMARKS 3) At constant arc current, arc voltage is increased
with propellant mass flow rate.

A low power arcjet thruster was developed and tested 4) Both thrust and specific impulse shows a small in-
to obtain the performance characteristics. Although our crease with arc current.
goal is a 1kW class arcjet thruster, the experimental in-
put power gave a minimum power of 1.6kW. This is 5) At constant propellant mass flow rate, arc voltage
slightly higher than the initial target. The performance shows no remarkable variation against arc current.
characteristics for propellant mass flow rate and arc cur- 6) Electron excitation temperature initially decreases
rent were investigated. Moreover, the diagnostics of the towards downstream and then shows no significant
exhaust plume were made by electronic excitation tem- axial variation.
perature measurement.

REFERENCES
The results obtained in this study are summarized as
follows: 1) M. Nishida, K. Kaita and K. Tanaka, Design and
1) Thrust is increased with propellant mass flow rate performance Tests of a Low Power DC Arcjet

and the maximum thrust obtained in the present Thrusters, Memoirs of the Faculty of Engineering,
measurement is 0.945N. Kyoto University, Vol.49, pp.358-369 (1987).

2) Specific impulse is decreased with increasing mass 2) J. Reader, C.H. Corliss, W.L. Wiese and G.A.
flow rate, and the maximum specific impulse is Martin, Wave Lengths and Transition Probabil-
325s. ities for Atoms and Atomic Ions, U.S. Depart-

ment of Commerce, Washington D.C., pp.363-367
(1980).

626




