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Abstract: The Project of Osaka Institute of Technology Electric-Rocket-Engine 

onboard Small Space Ship (PROITERES) was started at Osaka Institute of Technology in 

2007. In PROITERES, a nano-satellite with electrothermal pulsed plasma thrusters (PPTs) 

was successfully launched on September 9
th

, 2012 by Indian PSLV launcher C-21. The main 

mission is powered flight of small/nano satellite by electric thruster. The PPT performance 

in the 1st PROITERES reached 5.0 Ns with no miss-firing in ground experiments. An 

unsteady numerical simulation was carried out to investigate physical phenomena in the 

PPT discharge system including plasma and discharge electric circuit and to predict 

performance characteristics for small/nano satellites like PROITERES satellites. The 

calculated Mach number intensively increased downstream from the discharge cavity exit; 

that is, the supersonic flow was established in the nozzle cathode. Both the calculated 

impulse bit and mass shot agreed well with the measured ones. The calculated results of 

40,000-shot endurance test also agreed with the measured ones. Furthermore, the research 

and development of the 2nd PROITERES satellite with high-power and large-total-impulse 

PPT system are introduced. 

Nomenclature 

C = electric capacitance 

e = internal energy or electron charge 

Ei = corresponding voltage of ionization 

j = current density 

J = discharge current 
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k = Boltzmann factor or heat conductivity 

L = electric inductance 

m = particle mass 

M = momentum flux 

n = number density 

p = pressure 

q = heat flux 

Q = electric charge 

Qj = Joule heat 

r = radial coordinate 

R = electric resistance 

t = time 

T = number density 

 = velocity 

z = axial coordinate 

 = degree of ionization 

 = particle number flux 

 = density 

p = electric resistance 

e-n = cross-section of electron-neutral collision 

 = mass flux 

 = temperature 

0 = initial 

e = electron 

i = ion 

n = neutral 

r = radial direction 

s = surface 

z = axial direction 

I. Introduction 

HE Project of Osaka Institute of Technology Electric-Rocket-Engine onboard Small Space Ship (PROITERES) 

was started at Osaka Institute of Technology (OIT) in 2007.
1-13

 In PROITERES, a nano-satellite with 

electrothermal pulsed plasma thrusters (PPTs) was successfully launched by the Indian PSLV C-21 launcher on 

September 9
th
, 2012. The main mission is to achieve powered flight of a nano-satellite by an electric thruster and to 

observe Kansai district in Japan with a high-resolution camera. Figure 1 and Table 1 show the specification and 

photo, respectively, of the flight model (FM) of the PROITERES satellite. Just now, the PROITERES satellite is 

under operation; that is, the special FM command of PPT firing is transmitted to the satellite from the ground station 

at OIT. 

Pulsed plasma thrusters are expected to be used as a thruster for small/nano satellites.
14-31

 The PPT has some 

features superior to other kinds of electric propulsion. It has no sealing part, simple structure and high reliability, 

which are benefits of using a solid propellant, mainly Teflon
® 

(poly-tetrafluoroethylene: PTFE). At Osaka Institute 

of Technology, the PPT has been studied since 2003 in order to understand physical phenomena and improve thrust 

performances with both experiments and numerical simulations. We mainly studied electrothermal-acceleration-type 

PPTs, which generally had higher thrust-to-power ratios (impulse bit per unit initial energy stored in capacitors) and 

higher thrust efficiencies than electromagnetic-acceleration-type PPTs. Although the electrothermal PPT has lower 

specific impulse than the electromagnetic PPT, the low specific impulse is not a significant problem as long as the 

PPT uses solid propellant, because there is no tank nor valve for liquid or gas propellant which would be a large 

weight proportion of a thruster system.  

At OIT, the project of 2nd PROITERES, as shown in Fig. 2 and Table 2 was started in 2010. The 2nd 

PROITERES satellite aims at powered flight with longer distance, i.e. changing 200-400 km in altitude on near-

earth orbits, than that of the 1st PROITERES. We are developing high-power and high-total-impulse PPT systems, 

in which conceptual designs of PPT system and initial performances are investigated for high-power and high-total-

impulse operations. In this paper, we introduce numerical simulation project to predict performance of PPT systems 

for PROITERES satellite series at OIT.
25-31
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Table 1. Specification of 1st PROITERES Satellite.          

 

 

 

 

 

 

 

 

 

 

 

 

 

F

                             Fig. 1.  Photo of 1st PROITERES satellite. 

 

 

Table 2. Specification of 2nd PROITERES satellite.  

 

Fig. 2.  Illustration of2nd PROITERES satellite. 

 

II. Thrust Measurement System 

Figure 3 shows a thrust stand in a vacuum chamber for precise measurement of an impulse bit.
14-21

 The PPT and 

capacitors are mounted on the pendulum, which rotates around fulcrums of two knife edges without friction. The 

displacement of the pendulum is detected by an eddy-current-type gap sensor (non-contacting micro-displacement 

meter) near the PPT, which resolution is about ±0.5 m. The electromagnetic damper is used to suppress 

mechanical noises and to decrease quickly the amplitude for the next measurement after firing the PPT. It is useful 

for a sensitive thrust stand because it is non-contacting. The damper consists of a permanent magnet fixed to the 

pendulum and two coils fixed to the supporting stand. The control circuit differentiates the output voltage of the 

displacement sensor and supplies the current proportional to the differentiated voltage to the coil. Accordingly, the 

damper works as a viscosity resistor. The damper is turned off just before firing the PPT for measurements without 

damping, and turned on after the measurement to prepare for the next measurement. Figure 4 shows a typical signal 

of displacement in measurement of impulse bit. Sensitiveness of the thrust stand is variable by changing the weight 

mounted on the top of the pendulum as shown in Fig. 5. A calibration of the thrust stand is carried out by collisions 

of balls to the pendulum with various balls from various distances corresponding to 15-1400 Ns. 

Figure 6 shows a vacuum chamber 1.25 m in length and 0.6 m in inner diameter, which is evacuated using a 

turbo-molecular pump with a pumping speed of 3,000 l/s. The pressure is kept below 1.0x10
-2

 Pa during PPT 

operation. 

 

Specifications Value 

Mass 14.5kg 

Dimensions Cube, 300mm on a side 

Electrical power 10W 

Altitude 670km 

Development period 4year 

Life time More than one year 

Orbit Sun-synchronous orbit 

Launch vehicle PSLV 

Specifications Value 

Mass 50kg 

Dimensions Cube, 500mm on a side 

Electrical power 62W 

Development period 3year 

Life time More than one year 

Launching due date The second half of 2014 

Main missions Long-distance power flight 



 

The 33st International Electric Propulsion Conference, The George Washington University, USA 

October 6 – 10, 2013 

 

4 

 

 
Fig. 3.  PPT experimental system.                                     Fig. 4.  Typical signal of displacement in 

 measurement of impulse bit. 
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Fig. 5.  Sensitiveness of thrust stand vs top weight.                 Fig. 6.  PPT experimental system installed  

in vacuum chamber 

 

 

III. Numerical Calculation 

A. Calculation model 

An unsteady numerical simulation is carried out to investigate physical phenomena in the PPT discharge system 

including plasma and discharge electric circuit and to predict performance characteristics.
22-31

 Figure 7 shows the 

calculation model of the PPT system. The calculation simultaneously simulates unsteady phenomena of discharge in 

the circuit, heat transfer to the PTFE, heat conduction inside the PTFE, ablation from the PTFE surface and plasma 

flow. The calculation domain of the discharge chamber, as shown in Fig. 8, in the nozzle cathode and in the 

cylindrical cavity made of PTFE (Teflon). The length and diameter of the cavity are changed considering 

operational conditions. 
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Fig. 7.  Calculation model for PPT system.                                        Fig. 8.  Calculation domain. 

B. Governing equations 

The axisymmetric two-dimensional unsteady flowfield equations, conservation equations of mass, momentum 

and energy, are written as follows: 

Mass: 

                                                                                                                                                                                (1) 

 

 

Momentum (Euler Eqs.): 

 r-direction: 

 

                                               (2) 

 

 z-direction: 

 

                                               (3) 

 

Energy: 

 

                                                                                                                                                                                (4) 

 

where , p, and e are density, pressure and internal energy of flow, respectively, and Mr and Mz are momentum 

fluxes of raidial and axial directions, respectively. Qj is Joule heat. 

Ionization equilibrium is assumed as follows: 

Saha Eq.: 

                                                                                                                                                                                (5)                   

 

 

where  and T are degree of ionization and temperature of flow, respectively, and Ei is corresponding voltage of 

ionization, in which the average ionization voltage of PTFE decomposed atoms (carbon and hydrogen etc.) are used.  

  The Joule heat is written as follows: 

                                                                                                                                                                                (6) 

 

 

 

 

 

 

 

 

where p is electric resistance corresponding electron-ion and electron-neutral collisions, in which ne and nn are 

densities of electron and neutral, respectively, and j is current density in axial direction. 
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Figure 9 shows the model of heat fluxes from plasma to PTFE surface in the cavity, and their heat fluxes and the 

interaction are written as follows:  

Heat convection: 

                                                                                                                                                                                      (7) 

        

Heat conduction: 

 

                                                                                                                                                                                (8) 

 

Interaction Eq.: 

 

                                                                                                                                                                                (9) 

 

where i and n are particle number fluxes of ion and neutral, respectively, to PTFE surface. 

  In evaporation of PTFE on the cavity wall, we uses the following equations: 

Langmuir’s law: 

 

 

                                                                                                                                                                              (10) 

 

 

                                   (                                                                    ) 

 

Evaporation heat flux: 

 

                                                                                                                                                                              (11) 

 

where  and qab are mass and heat fluxes, respectively, from PTFE surface, and pva and Ts are evaporation pressure 

and PTFE surface temperature, respectively.  

In heat conduction inside the PTFE block, the heat conduction equation and the boundary condition are written 

as follows: 

 

                                                                                                                                                                              (12) 

 

 

 

 

where  is temperature inside the PTFE. 

Finally, we close the equation system by using the following electric circuit equation: 

From Fig. 7: 

 

                                              (13) 
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Fig. 9.  Heat transfer inside PTFE. 

C. Calculation procedure and conditions 

After all equations were normalized, the flowfield equations are numerically solved by TVD-MacCormack 

scheme and average of Roe. In the calculation process, the electric circuit equation is solved by Runge-Kutta method, 

and the axial current density is obtained. The boundary conditions shown in Fig. 10 are assumed. For calculation 

start, a very low density plasma is distributed just before the calculation. The calculation grid sizes are 0.5 mm in 

axial direction and 0.025 mm in radial direction, and the time step is 10
-9

 s. 

The experimental and calculation conditions are shown in Tables 3-5. The discharge energies per one shot are 

14.6 and 2.4 J/shot; that is, the capacitance is changed. Accordingly, the length and diameter of discharge cavity are 

changed to find preferable cavity configuration. The discharge energy per one shot is lowered to 2.4 J/shot for the 

nano satellite. 
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Table 3.  Experimental and calculating condition 

with discharge energy per one shot of 14.6 J/s. 

Discharge chamber 
Length, mm 19 

Diameter, mm 2.5, 3.0, 3.5 

Nozzle 
Length, mm 23 

Half angle, degree 20 

Charging voltage, V 1800 

Capacitance, μF 9.0 

 

 

Table 4.  Experimental and calculating condition 

with discharge energy per one shot of 2.4 J/s. 

Discharge chamber 
Length, mm 9.0 

Diameter, mm 1.0, 1.5, 2.0, 2.5 

Nozzle 
Length, mm 23 

Half angle, degree 20 

Charging voltage, V 1800 

Capacitance, μF 1.5 

 

 

Table 5.  Experimental and calculating condition of endurance test. 

Discharge chamber 
Length, mm 10.0 

Diameter, mm 1.0 

Nozzle 
Length, mm 23 

Half angle, degree 20 

Capacitance, μF 1.5 

Charging voltage, V 1800 

Inductance, μH 0.35 

Resistance, Ω 0.05 

IV. Results and Discussion 

A. Physical feature in discharge chamber 

Figure 11 shows typical measured and calculated discharge current signals with a discharge energy of 14.6 J/s. 

The calculated current signal agrees with the measured one. 

Figure 12 shows the calculated Mach number distribution just after 3 s from the discharge start with 14.6 J/s. 

The Mach number intensively increases downstream from z=19mm; that is, the supersonic flow is established. At 

z=35mm, the Mach number drastically decreases downstream, resulting from structure of shock wave. 

Figure 13 shows the calculated time histories of normalized density, thrust, ablated mass and Joule heating at 

r=1.25mm and z=9.5mm with 14.6 J/s. The Joule heating begins at approximately 1 s; it is completed by 7 s, and 

the ablation from the PTFE surface relays about 1-2 s from the Joule heating. The density gradually increases from 

about 2 s; it has a peak at 9 s, and then it decreases. The thrust gradually increases from 4 s, and it has a peak at 

13 s. Accordingly, The thrust is generated until over 20 s. Thrust generation is expected to be related to increase 

in density. 

Figure 14 shows axial the calculated distributions of normalized density, velocity and ablation flux near the 

cavity wall just after 10 s from the discharge start with 14.6 J/s. The velocity linearly increases from the upstream 

end to the cavity exit although the density gradually decreases. An axial decrease in ablation flux is due to the axial 

decrease in density because of lowering heat convection to the PTFE surface. 
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Fig. 11.  Discharge current signal.                                   Fig. 12.  Mach number distribution. 
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Fig. 13.  Normalized density, thrust,                                    Fig. 14.  Normalized density, velocity 

Joule heating and ablated mass.                                                      and ablation flux. 

                     

B. Comparisons with experimental results 

Figure 15 shows measured and calculated impulse bit and mass shot dependent on cavity diameter with a 

constant cavity length of 19 mm with a discharge energy per one shot of 14.6 J/s. Both the impulse bit and the mass 

shot decrease with increasing cavity diameter regardless of calculation and experiment. The calculated impulse bit 

roughly agrees with the measured one although with a small diameter of 2.5 mm it is slightly higher. On the other 

hand, the calculated mass shot agrees with the measured one, and its error is within 10 % although it is lower with 

all cavity diameters.  

Figure 16 shows measured and calculated impulse bit and mass shot dependent on cavity diameter with a 

constant cavity length of 9 mm with a discharge energy per one shot of 2.4 J/s. Both the calculated impulse bit and 

mass shot agreed with the measured ones even with low discharge energies. 

C. Calculated endurance test results 

We simply calculated repetitive operation modes, i.e., endurance tests of the PPT system by using a one-

dimensional model with the same assumptions of the axisymmetric model. Figure 17 shows the calculated results. 

Both the impulse bit and the mass shot have the maximum errors of 25 % compared with the measured ones in the 

range up to 20,000 shots. However, they agree well with the measured ones in the long operation above 20,000 shots. 
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                            (a)                                                                                                 (b) 

Fig. 15.  Experimental and numerical results with discharge energy 

per one shot of 14.6 J/s. a) Impulse bit; b) Mass shot. 

 

Cavity diameter [mm]

Im
p

u
ls

e 
b

it
 [

  
N

s]


 Experimental

 Numerical

1 1.5 2 2.5

120

150

180

210

240

 
(a)                                                                                              (b) 

Fig. 16.  Experimental and numerical results with discharge energy 

per one shot of 2.4 J/s. a) Impulse bit; b) Mass shot. 
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Fig. 17.  Experimental and numerical results of endurance test 

with 2.4 J/s. a) Impulse bit; b) Mass shot. 
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V. PPT Performance Prediction for 2nd PROITERES Satellite 

 

The charging energy is changed from 2.4 J/s for the 1st PROITERES satellite to 31.6 J/s for the 2nd 

PROITERES one. 

A. Cavity length dependence 

The calculation was carried out for single shot (initial condition) and 400 shots with a constant cavity diameter 

of 5 mm and changing lengths of 10-25 mm. As shown in Figs. 18 and 19, both the impulse bit and the mass shot 

increase with cavity length. The performance with single initial shot is higher than that after 400 shots. The 

maximum impulse bit of about 1.5 Ns was predicted with a cavity length of 25 mm. 

 

 
 

Fig. 18.  Cavity length dependence of impulse bit.             Fig. 19.  Cavity length dependence of mass shot. 

B. Cavity diameter dependence  

With a cavity length of 10 mm, the cavity diameter was changed from 2.4 to 5 mm. As shown in Figs. 20 and 21, 

both the impulse bit and the mass loss linearly decrease with increasing cavity diameter. This is expected because of 

decreasing pressure in the cavity when increasing cavity diameter. Of course, the performance with single initial 

shot is higher than that after 400 shots. The maximum impulse bit around 2 Ns was predicted with a cavity diameter 

of 2.4 mm. 
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Fig. 20.  Cavity diameter dependence of impulse bit.         Fig. 21.  Cavity diameter dependence of Mass shot. 
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C. 10000shot endurance test performance  

In calculation for endurance, the cavity length and diameter were set to 25 mm and 5 mm, respectively, with a 

constant charging energy of 31.59 J/shot. The calculation result of 10000 shots is shown in Fig. 22. Both the impulse 

bit and mass consumption decreases with increasing shot number. This is expected because the cavity diameter 

becomes larger with increasing shot number. 
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Fig. 22.  Numerical results of endurance test 

with 31.59 J/s. a) Impulse bit; b) Mass shot. 

VI. Summary 

The Project of Osaka Institute of Technology Electric-Rocket-Engine onboard Small Space Ship (PROITERES) 

was started at Osaka Institute of Technology in 2007. In PROITERES, a nano-satellite with electrothermal pulsed 

plasma thrusters (PPTs) was launched on September 9
th
, 2012 by Indian PSLV launcher C-21. The main mission is 

powered flight of small/nano satellite by electric thruster. The PPT performance in 1st PROITERES reached 5.0 Ns 

with no miss-firing. An unsteady numerical simulation was carried out to investigate physical phenomena in the PPT 

discharge system including plasma and discharge electric circuit and to predict performance characteristics for 

small/nano satellites like PROITERES satellites. The calculated Mach number intensively increased downstream 

from the discharge cavity exit; that is, the supersonic flow was established in the nozzle cathode. Both the calculated 

impulse bit and mass shot agreed well with the measured ones. The calculated results of 40,000-shot endurance test 

also agreed with the measured ones. Furthermore, the research and development of the 2nd PROITERES satellite 

with high-power and large-total-impulse PPT system were investigated. The performance was predicted with 

changing cavity length and diameter, and the endurance test was also calculated. The maximum impulse bit of 1-2.5 

Ns was predicted.  
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