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Abstract: Previous studies showed that the thruster performance of coaxial pulsed
plasma thrusters (PPTs) were influenced by cavity geometries. As a surface area per volume
ratio of the hollow propellant increases, the impulse bit and the efficiency were improved. In
this study, to obtain the ratio larger than a limit value of the hollow propellant, a double-
cylindrical propellant was introduced. As a result, the double-cylindrical propellant increased
the thruster performance. In addition, a more appropriate ratio that effected on the
performance including the double-cylindrical propellant was obtained.

|.Introduction

A coaxial pulsed plasma thruster (PPT) is a promising space propulsion system because of its easily controllable
properties. PPTs have been studied experimentally and numerically®*5. At Gifu University, investigations of the
coaxial PPTs have been carried out®®. Thruster performance of the PPT including the impulse bit is strongly
influenced by the ablation and the exhaust process in the cavity. At Gifu University, direct observations of the ablation
process in the cavity have been performed by high-speed photography®'®. By the direct observations, late-time
phenomena have been investigated.

In the coaxial PPT operations, geometric parameters strongly affect the thruster performance. Especially, “inner
surface area of a hollow propellant / cavity volume” is a significant ratio that effects on the thruster performance. As
the cavity diameter decreases, the ratio becomes larger. For a large ratio, the mass shot and the plume velocity become
higher. At the large ratio, an energy is supplied to the surface efficiently. Results of previous measurement reveal such
dependence on the area / volume ratio.

However, there is a limit of the cavity diameter for stable operations. In the experiment at Gifu University, the
limit is around 2 mm. This indicates that the impulse bit has the highest value for the diameter of 2 mm. To achieve
the surface area per cavity volume ratio higher than that for the diameter of 2 mm, a double-cylindrical propellant was
introduced. The double-cylindrical propellant is obtained by inserting a cylindrical PTFE (cylindrical part) to an
ordinary coaxial propellant (hollow part). Schematics of the ordinary propellant (hollow propellant) and the double-
cylindrical propellant are shown in Fig.1. Because of the cylindrical part, the surface area per cavity volume ratio of
the double-cylindrical propellant increases compared with that of the hollow propellant with the same hollow diameter.
Thus, as shown in Fig. 2, the double-cylindrical propellant has the area per volume ratio which exceeds the limit of
the hollow propellant.

In this study, to confirm advantages of the double-cylindrical propellant, the mass shot, the plume velocity of the
first peak, and impulse bit were measured for various combinations of the hollow and the cylindrical diameters ¢ and
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¢ of the double-cylindrical propellants and compared with those for various hollow diameters ¢ of the hollow
propellants. Dependencies of the values on the area per volume ratio were examined.
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Figure 1. Schematics of two types of propellant, hollow propellant and double-cylindrical propellant
consisting of hollow and cylindrical parts
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Figure 2. Surface area per volume ratio for hollow and double-cylindrical propellants

I1.Experimental Procedure

A. PPT experiment system and experimental conditions

A schematic of PPT experiment system at Gifu University is shown in Figure 3. The coaxial PPT consists of a
PTFE propellant and a nozzle. The PPT set in a glass-vacuum chamber. The inner diameter and length of the chamber
are 230 mm and 400 mm, respectively. The vacuum system consists of a rotary pump and a diffusion pump. The
experimental conditions of this study are shown in Table 1.

B. Measurement setup
The plume velocity was measured by TOF (time of flight) method. The velocity measurement system consists of

optical fibers and avalanche photodiodes (APD). A schematic of the system is shown in Fig. 3. To reduce strong
electromagnetic noises caused by the main discharge, the emission from the plume was captured by the optical fibers.
The light is converged to a voltage by the APD installed away from the PPT. Figure.4 shows a graph of the light
emissions converted into voltage signals by avalanche photodiodes. The plume velocity can be measured from the
time difference between the first peaks of the emissions. The optical fibers are installed at positions 10 mm and 30
mm downstream of the nozzle. The characteristics of the avalanche photodiode for this study are shown in Table 2.
A pendulum thrust stand was used for direct measurement of impulse bits. A schematic of the thrust stand is shown

in Fig. 5.

Table 1. Experimental conditions Table 2. Characteristics of avalanche photodiode
Charging voltage, Eo 2kV Output impedance 500
Capacitance, C 4 uF Active area 3 mm
Ignition voltage, Vi 10 kV Frequency bandwidth 4 kto 80 M Hz
Base pressure, P 8.7x1073 Pa Spectral response range 400 to 1000 nm
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Figure 3. A schematic of PPT experiment system at Gifu University
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Figure. 4 Wave forms of plume emissions Figure 5. A schematic of thrust stand

I11. Results and Discussion

A. Dependencies of estimated performances on surface area per cavity volume ratio

Figures 6 and 7 show the mass shots and the plume velocity of the first peak of the plume for various combinations
of diameters of the propellant. The closed circles and the open circles represent the results of the double-cylindrical
and the hollow propellants, respectively. The black, the red, and the blue circles represent the results of the hollow
diameter ¢ of 2 mm, 3mm, and 4 mm, respectively. Both the mass shot and the plume velocity for the double-
cylindrical propellant increase with the surface area per cavity volume ratio. The trends are similar to those for the
hollow propellants. These results indicate that the energy is supplied to the surfaces efficiently for a high area per
volume ratio also in the case of the double-cylindrical propellant. Dependencies of the impulse bit and the thruster
efficiency on the area per volume ratio were estimated from the mass shot and the plume velocity. Figure 8 shows the
product of the mass shot and the plume velocity. The thruster efficiency was calculated using the product and the mass
shot in Fig. 8. Figure 9 shows the thruster efficiency. The product and the thruster efficiency were normalized by the
values for the hollow diameter of 4 mm of the hollow propellant. Since both the mass shot and the plume velocity in
Figs. 6 and 7 increase with the area per volume ratio, the results in Figs. 8 and 9 show similar tendencies.
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Fig. 7 Plume velocity of first peak versus surface
area per cavity volume ratio.

Fig. 6 Mass shot versus surface area per cavity
volume ratio.

B. Dependencies of estimated performances on surface area per cavity volume per hollow diameter ratio

The impulse bit and the thruster efficiency in Figs. 8 and 9 also depend on the hollow diameter. In Fig. 8, at a fixed
area per volume ratio, the impulse bit decreases with the hollow diameter. In Fig. 9, the dependence on the hollow
diameter becomes stronger. At the surface per volume ratio of 4, the impulse bit and the thruster efficiency for the
hollow diameter ¢ of 4 mm decrease by 47 % and 59 % compared with 2 mm, respectively. In Figs 6 and 7, both the
mass shot and the plume velocity also depend on the hollow diameter. The increase in the inner surface area of the
hollow part decreases the energy supplied to the surface per area and causes the decrease in the performance. Thus, a
new ratio by dividing the area per volume ratio by the hollow diameter was introduced. Figures 10 and 11 show the
impulse bit and the thruster efficiency by taking the new ratio in the horizontal axis instead of the area per volume
ratio. Both the impulse bit and the thruster efficiency show a strong dependency on the new ratio. In addition, at a
fixed ratio, no significant difference among the values for various hollow diameters is observed. These results suggest
that the new ratio is an important geometric parameter for evaluating the performance.
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Fig. 9 Normalized thruster efficiency estimated
from mass shot and plume velocity versus surface
area per cavity volume ratio.

Fig. 8 Normalized impulse bit estimated from
product of mass shot and plume velocity versus
surface area per cavity volume ratio.
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Fig. 10 Normalized impulse bit estimated from product Fig. 11 Normalized thruster efficiency estimated
of mass shot and plume velocity versus surface area from mass shot and plume velocity versus
per cavity volume per hollow diameter ratio. surface area per cavity volume per hollow

diameter ratio.

C. Measured impulse bit and thruster efficiency

The impulse bit and the thruster efficiency in Figs. 10 and 11 were estimated indirectly from the mass shot and the
plume velocity. In addition, because the plume velocity was the first peak value, the impulse bit and the thruster
efficiency were overestimated. Therefore, to confirm the dependency of the performance on the new ratio, the impulse
bit was measured using the thrust stand shown in Fig. 5. Figure 12 shows the measured impulse bit. The impulse
shows the same tendency as the estimated impulse bit in Fig. 10 and strongly depends on the new ratio. These results
indicate that the new ratio controls the thruster performance. The impulse bit at the ratio of 2 of the double-cylindrical
propellant with the hollow diameter ¢ of 2 mm is lower than that at the ratio of 4/3 while the estimated impulse bit in
Fig. 9 is higher. The hollow and cylindrical diameters ¢ and ¢ of the propellant are 2 mm and 1mm, respectively.
The small cavity is insufficient to supply energy to the plasma efficiently. The small cavity causes the decrease in the
impulse bit. These results reveal that the cavity of the double-cylindrical propellant also has a limit. Thus, in the
present study, the impulse bit becomes a maximum at the ratio of 4/3. The hollow and cylindrical diameters at the
ratio of 4/3 are 3 mm and 2 mm, respectively.
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Fig. 12 Impulse bit measured using thrust stand versus surface area per
cavity volume per hollow diameter ratio.
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D. Total impulse

While the results of the thruster performance in Figs. 9-12 show the advantage of the double-cylindrical
propellant, only the double-cylindrical propellant with the hollow and the cylindrical diameters of 3 mm and 2 mm
exceeds the hollow propellant with the diameter of 2 mm due to the existence of the low limit of the cavity volume in
actual operations. These results were obtained only for initial propellants. In actual operations, the total impulse is
important. Thus, to investigate dependencies of the impulse bits on the total mass shot for the double-cylindrical and
the hollow propellants, rates of the area per volume per hollow diameter ratio variation to the total mass shot variation
were evaluated. Figure 13 shows that rates for the double-cylindrical propellant with the hollow diameter of 4 mm
and the cylindrical diameter of 3 mm and the hollow propellant with the hollow diameter of 2mm. The evaluations
were carried out on the assumption that the rates of ablations from the inner surface of the hollow part and the outer
surface of the cylindrical part were uniform. Both initial area per volume per hollow diameter ratios are 1.0. In Fig.
13, the rate of the ratio variation to the mass shot for the double-cylindrical propellant is lower than that for the hollo
propellant. This result suggests that the double-cylindrical propellant increases the total impulse in comparison with
the hollow propellant.
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Fig. 13 Surface area per cavity volume per hollow diameter ratio versus total mass
shot for hollow and double-cylindrical propellants.

1V.Conclusion

In this study, investigations of the double-cylindrical propellant were carried out. The impulse bit and the
efficiency of the double-cylindrical propellant was higher than that of the hollow propellant with the same surface
area per volume ratio. The results showed that the initial thruster performance of the double-cylindrical and the hollow
propellants strongly depended on the surface area per volume per hollow diameter ratio. The direct measurement of
the impulse bit indicated that there was an upper limit of the ratio also for the double-cylindrical propellant. However,
the evaluations of the rate of the ratio variation to the total mass shot variation suggested the advantage of the double-
cylindrical propellant relating to the total impulse.
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