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Abstract: It is well known phenomena called" Onset” that the drastic voltage fluctuation
and anode erosion occurs above the threshold current. This threshold current is considered
to be inversely proportional to the molecular mass of the propellant, but the molecular gases
such as hydrogen does not follow this tendency whereas it is well confirmed for atomic gases.
It is well known that some voltage fluctuation is always recognized even in small discharge
current in the case of hydrogen. In this study, voltage waveforms of argon, hydrogen and
xenon were experimentally obtained with careful attention, and compared. For argon and
xenon, the amplitude of the voltage fluctuation is getting larger with increasing discharge
current. Its peak-spectrum frequency was in several hundreds of kHz. For hydrogen, the
amplitude and the peak-spectrum frequency of the voltage fluctuation was almost constant
regardless of the discharge current.

Nomenclature
frear = peak frequency in discharge voltage spectrum
J = discharge current
m = mass flow rate
V = discharge voltage
AV = amplitude of discharge voltage fluctuation
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I. Introduction

T is well known that the propulsive efficiency of a magnetoplasmadynamic thruster (MPDT) is mono-

tonically increasing with J?/m. However, when the value of J?/m exceeds the critical value (J? /1) cpi.,
drastic voltage fluctuation and severe electrode damage is observed. Due to this phenomena, it is not allowed
to increase J2/m arbitrary.

The maximum practical efficiencies for various propellants obtained in MPD experiments in the world
are shown in Table 1, which is arranged by Choueiri.! This is defined at the “onset threshold point” of
each propellant. However, it is generally very difficult to define the “onset threshold point” in the case of
hydrogen, which gives the highest efficiency among all of propellants. Many researchers might experience
that the voltage fluctuation of hydrogen is almost always observed regardless of its operational condition.
Fischer? pointed out the amplitude of the voltage fluctuation AV in the case of hydrogen decreased with
J? /1 at first, and increases above JZ/m = 101! A%s/kg.

This intrinsic tendency impedes to know the practical operational limit of MPDT with hydrogen pro-
pellant. In 1980s, the operational characteristics of MPDT with various propellants (Hy, CH4, NH3, H»O,
COg, CO, 02, No, He, Ne, Ar, Xe) were examined by Uematsu,® but he used filter passing frequencies below
about 40 kHz due to eliminate the ambiguity when determining the mean terminal voltage. So the maximum
practical efficiency is still ambiguous in his enourmous data set. He knew that the voltage fluctuation was
always observed especially in case of hydrogenous gases. In the series of steady-state mode experiment per-
formed in Stuttgart University, the voltage fluctuation was observed from very small (J? /i) in the case of
hydrogen. Therefore, the attention has not been paid to hydrogen in their steady-state MPDT experiment.

For practical reason, it is very important to know the exact threshold point in case of hydrogen. In smaller
(J?/m), the anode erosion does not seem severe. The origin of the voltage fluctuation is often explained by
the lack of the electric career near the anode,* but the background which causes the voltage fluctuation in
the case of hydrogen at small (J?/ri) might be different.

In this study, we will not give any conclusive answer to this problem, but will provide the informative
suggestion based on the experimental data of argon, xenon and hydrogen as propellants. One can understand
the macroscopic feature of voltage fluctuation clearly by seeing raw voltage waveforms displayed in this paper.

Table 1. Maximum practical efficiency (at the ?Onset threthold point”) in an MPD thruster?! .

propellant  efficiency

H, 55 %
NH; 35 %
N, 38 %
He 20 %
Ar 30 %

II. Experimental Apparatus

The experimental apparatus and the procedure adopted in this study are almost similar to our past
MPDT studies.’® A schematic of the thruster is shown in Fig. 1. In this ”Straight” configuration, it is
considered that the arc current generally strikes on the side surface of the cathode, especially on the root
of the cathode rather than the cathode tip. The cylindrical-shape anode is made of phosphor bronze and
its inner and outer diameter is 28 mm and 80 mm, respectively. Sintered tungsten cathode (2 % ThO2-W)
42 mm in length and 8 mm in diameter, ending in a hemispherical tip is pressed into the phosphor bronze
holder. The thruster is set in a stainless steel-vacuum tank 2.0-m long and 0.92-m in diameter. Tank
pressure is maintained to less than 7 mPa prior to each firing. Gaseous argon propellant is injected through
eight choke orifices of fast-acting valves (FAV) for 5 ms in rectangular waveform. The mass flow rate at
their steady-state values is 0.8 g/s with 5 % of shot-to-shot variation. The discharge current supplied by a
pulse-forming network (PFN) with an energy storage capability of 25 kJ forms a rectangular waveform of
0.45-ms. The discharge current is measured by a Rogowski coil, and the discharge voltage is monitored by
sensing the small current through a shunt resistor (100 2) connected between the anode and the cathode.
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Yokogawa 700937 current probe (which can detect the signal up to 500 MHz) and Yokogawa DL9000 (up
to 2GW /s sampling is possible) digital oscillo scope were used for detecting the small current. This divider
line was attached to the closest point (rear surface of the thruster head) as possible in order to avoid the

transmission line resonance.” Besides, the characteristic frequency was measured by LCR tester as shown in
Table 2.

Table 2. .The electrical characteristics of divided line.

L 5 uH
C 300 pF
R 1019 Q
fres 4 MHz

80

(XA
R
28

s
' ' %,
AR
055055,
2%

Phosphor Bronze

ThO2 -W

Boron Nitride

Figure 1. Cross sectional view of the MPD thruster. (Straight configuration)

III. Experimental Results

In this study, argon, hydrogen and xenon were selected as propellants. The mass flow rate of each
propellant is shown in Fig. 3. Since the molecular weight of xenon is 3.3 times larger than that of argon,
the mass flow rate is set at sqrt3.3 times larger than that of argon. To do so, it is considered that the
transition from stable to unstable voltage waveform can be observed in same range of discharge current(J
= 5-15 kA). Similarly, the mass flow rate of hydrogen should be set at 1/sqrt40 ~ 0.13¢g/s, but the ignition
did not occur successfully at this mass flow rate. So, we used much larger mass flow rate which gave firm
ignition. Figure 2 is the discharge voltage(i.e. terminal voltage) vs. the discharge current characteristics for
each propellant. Almost quadratically increasing feature of the voltage is recognized for argon and xenon.
On the other hand, voltage curve of hydrogen shows almost linear to the discharge current. This implies
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that the energy consumption is mainly due to joule heating rather than back EMF.

The data set are shown in Figs 3- 8. In each figure, raw data (left), magnified views (upper right) and
the FFT spectra (lower right) of voltage waveforms are displayed. The terminal voltage is determined by
the mean value between the two dashed vertical line appeared in raw voltage waveform. FFT analysis is
also done in this region. In order to avoid the false peak caused by folding process in FFT calcuration, we
attached the low-pass filter corresponding to less than half of folding frequency. Sampling rate is usually
12.5MW /s, but sometimes 62.5MW /s was adopted in order to see more detail structure.

A. Argon

In Fig. 3, any voltage hash is not recognized. At J=8.2 kA, some degree of fluctuation occurs (Fig. 4).
The narrow band frequency of 200 kHz is clearly recognized with additional randum minute texture. At
J=11.2 kA, the narrow band peak is shifted to higher frequency. Figures. 5- 7 were taken at completely same
operational condition to confirm the repeatability of this experiment. In Fig. 8, we can see the narrow band
peak is shifted to much higher point (700-800 kHz) at J=13.7 kA. The discharge current becomes larger,
the amplitude of AV also becomes larger.

B. Hydrogen

As known well, some amount of voltage flucturation is always recognized in the wide range of discharge
current. Figures. 9- 14 show this tendency. The narrow band peak is around 1 MHz, not so changed by the
discharge current. The amplitude of the voltage fluctuation is also not so changed.

C. Xenon

At J=6.6 kA, the voltage waveform is very stable, but little a bit of increase of discharge current initiates
the voltage fluctuation at J=7.2 kA. At this point, a frequency peak can be observed between 100 kHz and
200 kHz. At higher current, this peak becomes very ambiguous.

Table 3. Mass flow rate for each propellant used in the experiment.

propellant m
Ar 0.8g/s
Xe 1.5g/s
H, 0.7g/s

300
_ ot
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Figure 2. Discharge voltage vs. discharge current characteristics for various propellant.
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Figure 4. Discharge Voltage Waveform and its spectrum at J= 8.2 kA, V = 62 V with 0.8 g/s of argon
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Figure 5. Discharge Voltage Waveform and its spectrum at J= 11.1 kA, V = 96 V with 0.8 g/s of argon
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Figure 6. Discharge Voltage Waveform and its spectrum at J= 11.0 kA, V = 96 V with 0.8 g/s of argon
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Figure 7. Discharge Voltage Waveform and its spectrum at J= 11.1 kA, V = 95 V with 0.8 g/s of argon
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Figure 8. Discharge Voltage Waveform and its spectrum at J= 13.7 kA, V = 128 V with 0.8 g/s of argon
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IV. Discussion

A. The cause of voltage hash

Authors believe the ”anode starvation theory” can explain the mechanism of voltage hash well, but it is still
difficult question to explain the behavior of each propellant correctly. Hugel* pointed out that the critical
J?/1n is almost inversely proportional to the molecular weight of the propellant from his experimental data
although the raw voltage waveform was not displayed in his article. Argon, krypton and xenon were used in
his experiment. Fischer? referred Hugel’s explanation and mentioned that the cases of molecular propellant
did not follow this tendency. Actually, in our experimental condition, 0.7 g/s of mass flow rate is very
large value to acheive the starvation condition according to the 1/sqrtM rule, but we can see the voltage
fluctuation at any discharge current. One possible explanation for this problem is suggested by Michner and
Kruger.® They gave critical beta (3) instead of critical J?/rin. In this theory, the dissociation energy of
hydrogen also involves with the macroscopic fluctuation.

B. Is there a characteristic frequency in voltage hash ?

As shown in the previous section, we see narrow band peak frequency in many situation. Several hundreds
of kHz spectrum is often reported®'? in many literature, so it is sure that the lack of the electric career near
the anode causes terminal voltage fluctuation following such a characteristic frequency. On the other hand,
the theory that the voltage fluctuation is recognized as random noises.'!

In our experiment, we can see a random-noise situation in the case of xenon propellant at higher current.
In this case, AV becomes very larger compared to the another propellant, finally reaches 40-50 V. Our
simple conclusion here (just from the experimental observation) is that fpeqr and AV becomes larger with
increasing .J2 /m, and finally shows violent collapse. The situation explained by Uribarri!! is corresponding
to this situation. On the other hand, the transient situation where the f,cqr is getting larger has been
observed by ITida'? in 1980s.

Here we cannot answer why the f,eqr in case of hydrogen is almost constant at 1 MHz. If whole situation
can be explained by ”anode starvation theory”, it has to be observed the fluctuation at lower current also
causes severe anode erosion. If another mechanism causes the voltage fluctuation in lower J, This type
of voltage hash is not a sign to show the threshold of an operational limit. In other words, this type of
fluctuation is acceptable for practical use.

V. Conclusion

The behavior of the voltage fluctuation in an MPD thruster with argon, hydrogen and xenon propellants
were examined, especially focusing on the relationship against the increasing discharge current. Following
points were found in this experiment.

e For atomic gas (argon and xenon), the amplitude of the voltage fluctuation is getting larger with
increasing current. The voltage fluctuation growed drastically expecially in the case of xenon.

e For hydrogen, the amplitude of the voltage fluctuation is not so changed by the increase of discharge
current. It is almost constant (= 10 V) in the wide range of discharge current.

e Certain level of narrow band peak is recognized for each propellant. In the case of argon, it varies from
200 kHz to 500 kHz with increasing current. For hydrogen, it is always constant (1 MHz) regardless of
discharge current. For xenon, it is around 200 kHz at first, and becomes ambiguous at higher discharge
current.
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