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Abstract. The Increased attention toward pulsed plasma thrusters for satellite
propulsion is due to their small size, simplicity, and low power consumption
advantage. Electrothermal pulsed plasma thrusters are considered high-thrust
engines. This research presents a theoretical study of the influence of the
discharge current signal waveform on plasma parameters such as plasma
temperature, exit pressure, and exit velocity. Furthermore, it examines the
impact on thrusters’ properties, such as the ablated mass from the wall of the
capillary tube, besides the thrust, impulse, and specific impulse. The paper was
conducted using a sawtooth signal and Teflon capillary to study the effect of fast
abruption variation of the plasma parameters. Calculations are obtained using a
1-D time-dependent ETFLOW model, which describes the physical phenomenon
of coaxial electrothermal discharge systems. Additionally, the paper includes an
axial analysis of some properties, such as the exit pressure, velocity, and the
plasma temperature inside the capillary.

1. Introduction

Pulsed plasma thrusters (PPTs) are prioritized as electric propulsion engines for small satellites
in space missions such as station-keeping and altitude control [1, 2]. To reduce the consumed
power, PPTs have become more appropriate for satellites than chemical or gas thrusters due to
their simplicity, dependability, and compact size. In addition, they can achieve variable thrust
and specific impulse using low-power energy [3].

Electrothermal Pulsed Plasma Thrusters (ETPPTs) are regarded as high-thrust electric
propulsion engines since they produce greater thrust than electromagnetic thrusters [4].

The mechanism of generating thrust depends on the thermal expansion of plasma out of the
capillary. The mechanism of generating thrust depends on the thermal expansion of plasma out
of the capillary; the temperature from the is transferred to the inner wall of the capillary causing
ablation and ionization raising the density of the plasma, hence, increasing the pressure causing
pressure gradient inside the capillary expelled plasma out of propellant [5, 6]. Many types of
propellants can be used with PPTs, such as solid, liquid, and gas propellants. Although liquid and
gas propellants provide higher values of specific impulse, polytetrafluoroethylene (PTFE) is the
most commonly utilized propellant because of its superior performance. It is appropriate for
long and high-temperature operation because of its ability to resist flame and corrosion [7].
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Figure 1. The capillary tube.

In the present research, a theoretical study was conducted to investigate the effect of the
current signal on the behavior of plasma properties such as density, pressure, and velocity,
besides the variation of the ablated mass. Consequently, its effect on thruster properties such as
thrust, impulse, and specific impulse. In the second part, the study investigates physical
properties such as pressure, temperature, and velocity as a function of the axial position along
the capillary axis. The applied discharge current signal is the sawtooth waveform. Calculations
are performed using the modified ETFLOW model for electrothermal capillary discharge, which
includes equations of thruster performance such as thrust, impulse, and specific impulse, by
using a Teflon capillary with a diameter of 4 mm and a length of 5 cm.

2. The Design of the Capillary Discharge

Figure 1 illustrates the electrothermal. The ET discharge capillary is connected to an inner tip
anode, an outer annulus cathode, and the Teflon capillary between the two electrodes. The
system is connected to the capacitor bank, switch, and power supply.

When the discharge begins, the radiation flux from the arc incidents on the inner wall of the
Teflon capillary causes an ablation from the wall surface. The ablated molecules are dissociated
by the heat and ionized, forming plasma. The ablation process is accompanied by an increase in
the density, forming a pressure gradient that propels the plasma out of the capillary muzzle,
generating the thrust [5, 6].

During the ablation phenomenon, the heat flux produced by the arc is absorbed by a highly
dense vapor formed by the ablated molecules from the capillary so that only a portion of the
heat flux is transmitted to the capillary wall, which is known as the vapor shield effect [8, 9].
Therefore, we used an equation for the transmission heat factor for polymers rather than using
the ideal value of one. This value is confirmed in several published research [10, 11].

3. Assumptions of Model and Governing Equations:

The ETFLOW model used in this study is based on several essential assumptions that ease the
calculations and give realistic results which are published in the previous publications [12-13].
These assumptions can be summarized as follows: the study is time-dependent, one direction,
the effect of radial motion of plasma is negligible, and the viscous force from the boundary is
negligible. Also, it is basically assumed that plasma is in local thermodynamic equilibrium so
that Saha equation can be involved to describe plasma state. Moreover, heat transfer by
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radiation mechanism is dominant, while heat transfer by conduction or convection is negligible.
In addition, the ablation from the two electrodes is negligible and the plasma is expelled out of
the capillary due to the high-pressure gradient force and there is no effect of the magnetic
pressure. The model includes the vapor shield effect, so that, not all the radiation flux from the
arc reaches the Teflon inner wall. Therefore, a modified equation for the transmission heat
factor can be used.

The model depends on some general equations that describe the plasma motion such as
conservation of the momentum, mass, and energy which describe the behavior of physical
parameters of the electrothermal capillary discharge such as plasma density, temperature,
velocity, pressure, ablated mass, internal energy and ionization of plasma species besides the
thruster equations such as thrust, impulse and specific impulse.

3.1. Continuity equation:

The left-hand side of the equation demonstrates the rate of the plasma density change inside the

capillary which is equal to the difference between the rate of ablation from the walls and the

number density of particles that leave the capillary [12 - 15]:
on . d(wn)

ot n 0z @)

Where v is the velocity of plasma (m/ s2), n is the plasma number density (m~3),and 7 is
the rate of ablation (m~3.s71) which is given by:
__ %
R HsubAP

n )
and Hg,p, is the specific heat of sublimation (J/kg), Ap is the mass of the atom which
constitutes plasma (kg), and q is radiation heat flux (W/ m?) [13, 14], which could be given by
[12, 16]:
q= FtUs(T4 - Tvap4) 3)
Where o is Stefan-Boltzmann constant, T is plasma temperature, Ty, is the vaporization
temperature of the capillary, and F; is the energy transmission factor (gray factor) which
describes the amount of energy transferred to the inner wall of capillary tube.

3.2 Momentum equation:
It demonstrates that the rate of change in plasma velocity is produced by the pressure gradient,
kinetic energy gradient, and the ablation process, which increases density.

ov 10P 10v? wvn
Z_ .7 @)
Jt p 0z 2 0z n
Where: p is the mass density of plasma (kg/m?3), R is the capillary radius (m), and P is
the pressure (N/m?2)

3.3 Conservation energy equation:

The first term on the RHS is Joule heating, the second term refers to the loss in internal energy
caused by thermal radiation, the third term is due to the work done by plasma, and the fourth
term is the loss due to particles which enter or leave the capillary [12 -14].

a(nl) 2 v a(mU) 5
ac R "9z "oz ®)

Where U is internal energy (]), j is current density (A/m?), 7 is plasma resistivity
(Q.m).
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Figure 2. Discharge current signal.

3.4 Thrust and impulse equations:

Thrust (I') produced from plasma is given by the product of the flow rate of the ablated mass
multiplied by the plasma exit velocity from the capillary muzzle [17, 18]. The integration of
thrust over the discharge time is the impulse (I) and is given by [19, 20]:

dm
I'= E-Vex (6)
t dm
Imzfl"dtzvex . Edt (7)
The specific impulse I is defined as the impulse per unit weight of propellant [18] and it is
given by:

r'dt
s = _Jrde ®)

tp dm

8. fO E dt

Where g is the acceleration due to gravity.

4., Results and Discussion

Figure 2 shows the discharge current signal in shape of sawtooth as used in the present
calculations. The discharge current increases from until reaching the maximum value of 20 kA at
5 ps and then quickly drops to zero with a signal duration of 5 ps. The discharge is considered to
take place in a Teflon capillary thatis 5 cm in length and 4 mm in diameter.

4.1. Properties of Electrothermal Discharge and Plasma Propulsion:
Figure 3 depicts the behavior of the variation of the plasma temperature, plasma exit velocity,
and radiation heat flux at the muzzle end with time. The figure shows that the temperature
increases until it reaches the maximum value of 2.23 eV at time 5.1 ps. The radiation heat flux
reaches the maximum value of 25.6 GW/mz2, while the plasma exit velocity reaches its maximum
value of about 3.2 km/s at a time of 6.6 ps. A similar trend was conducted in [12, 10, 21, 22]
When the discharge occurs, the temperature inside the capillary rises accompanied by an
increase in the radiation heat flux according to Eq.3. According to Eq.5, the increase of the
temperature accompanied by the discharge current causes a rise in the internal energy inside
the capillary, hence, the kinetic energy increases resulting in a rise of the exit the velocity.
Although the discharge current drops rapidly at 5 ps, the temperature, heat flux, and exit
velocity decrease gradually until nearly 20 us, due to the longer time needed for cooling.



ASAT-21 10P Publishing

Journal of Physics: Conference Series 3070 (2025) 012017 doi:10.1088/1742-6596/3070/1/012017
35 r 30
— — - Temperature
3 K™t Velocity L 25
o 25 &
E % Heat flux 208
2 E 2y Fy T %
E s 14N el [ 5
E ‘E ............. ;
g3 ws o\ e =
s @ F 10 =
ﬁ -1 ﬁ
05 “*-__ﬁ____ S
- 0
0 10 20 30 40 50
Discharge Time (us)

Figure 3. The behavior of temperature, heat flux, and velocity versus the discharge time.
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Figure 4. The variation of ablated mass, plasma density, and pressure with discharge time.

Figure 4 represents the change of the ablated mass per pulse, plasma density, and plasma
density at the muzzle end with the discharge time. When the discharge occurs, the radiation
heat flux from the arc increases inside the capillary, then according to Eq. 2, the ablated mass
increases until it reaches the maximum value of about 3.4 mg after about 20 ps. Increasing the
ablation is accompanied by a rise of the plasma density until it reaches the maximum value of
2.77 kg/m3 at 25 ps. As a result, the pressure inside the capillary due to ablation and ionization
processes reaches the maximum of 191.8 bar at 5.3 s, resulting in a pressure gradient that
propels plasma out of the muzzle end of the capillary tube. After the discharge ends at 5 s, the
temperature inside the capillary is still high enough to sustain the ablation process for a while.
Consequently, the ionization and recombination processes persist for a while. Therefore, the
ablated mass and plasma density reached the maximum value after a longer time in the arc. The
behavior of parameters agrees with [6, 10, 12, 14, 23]
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Figure 5. The behavior of thrust, impulse, and specific impulse with discharge time.

Figure 5 depicts the variation of thrust, impulse, and specific impulse as a function of the
discharge time. The thrust raises and reaches the maximum value of 1575 N at 5.1 ps, which is
synchronized with the time of both peaks of the discharge current and plasma temperature.
Although the plasma density reached its peak at 25 ps, the thrust decayed and vanished at
nearly 15 ps, because of the very low value of the mass variation term (dm/dt) according to Eq.
6. In addition, the impulse reaches the saturation value of 8.1 mN.s at a time of 15 ps and the
specific impulse has a value of about 257 s. Similar trends were found by [6, 10, 21, 22]

4.2 Effect of the Transmission Heat Factor on Discharge Parameters:
In this part, one shows the effect of change of the transmission heat factor on the different
calculated parameters from the model. The calculations of the previous part were conducted
assuming the ideal value of the transmission heat factor (Fi=1). It was considered that plasma
was ideal for black body radiation, and all heat radiated from the arc plasma was transferred to
the inner wall of the capillary. Consequently, the calculated values are expected to be higher than
the real values. Experimentally, not all radiation from the plasma is transferred to the inner wall
of the capillary because the ablated mass from the walls can absorb part of the energy and only a
fraction of heat flux reaches the inner wall. Therefore, the transmission heat factor was modified
to agree with the experimental data.

In this part, we used a modified equation for transmission heat factor developed by Muller
[25] which is suitable for use with organic polymers such as Teflon, and polyethylene [26]. The
modified transmission heat factor equation is given by:

Fo=1- e—o.ozs(Pr)"-6 9)

Where: P is the plasma pressure (bar), and r is the arc radius (mm). It was assumed that the
plasma fills all parts of the capillary tube then r=R.

Table 1 shows the effect of using the transmission heat factor from the Eq. 9 equation on
physical quantities of plasma using the same Teflon capillary dimensions of 2 mm in radius and
5 cm in length. According to Eg. 3, using a modified transmission heat factor equation reduces
the amount of heat flux, thus, reducing the amount of ablated mass according to Eq. 2. Therefore,
this will cause a reduction in plasma density along with decreasing of the pressure value.
According to Eq.6 and 7, decreasing the ablated mass causes a reduction in the amount of thrust
and impulse. In contrast, a temperature rise is observed due to a decrease in the number of
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Table 1. Comparison between values of the different parameters for the two cases of the heat
transmission factor.

Quantity fi=1 fi from Eq. 9
Heat flux (GW/m2) 25.6 20.7
Mass (mg) 3.4 2.8
Plasma density (kg/m3) 2.77 2.1
Pressure (bar) 191.8 155
Temperature (eV) 2.2 2.4
Velocity (km/s) 3.2 3.3
Thrust (N) 1575 1303
Impulse (mN.s) 8.1 7.5
Specific impulse (s) 257 273
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Figure 6. The variation of transmission heat factor with the discharge time.

collisions between particles. As a result, the plasma velocity increases, consequently, raising the
amount of specific impulse.

Figure 6 represents the behavior of the transmission heat factor from Eq. 9 and pressure
calculated in this case as a function of the discharge time. According to Eq. 9, the trend of the
transmission factor depends on the pressure and has a similar behavior. The transmission factor
increases with increasing pressure until it reaches the maximum value of about 0.54 at a time of
5.3 ps, which is synchronized with the time of the peak of pressure.

4.3 Axial Distribution of the Plasma Parameters Along the Capillary Axis:

In this part, plasma density, the pressure inside the capillary, and plasma velocity are studied as
illustrated along the capillary axis for different discharge times. All parameters were studied for
a capillary of 5 cm in length and 4 mm in diameter at discharge times of 2.5 ps, 5 ps, 10 ps, and
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15 ps. In the present model, we divided the capillary into 11 nodes, where the first node is
located at the anode tip and node 11 is located at the muzzle end of the capillary.

Figure 7 illustrates the change in plasma density along the capillary axis. It showed that
plasma density near the tip always has the maximum value and starts to decrease as it gets
closer to the muzzle end. The expansion of plasma out of the capillary reduces the plasma
accumulation and plasma density at the muzzle. In addition, the density of plasma increases
with time due to the effect of temperature and the input energy as discussed previously.

A similar behavior is observed for the variation of pressure along the capillary axis as
illustrated in Fig. 8. The pressure has its maximum at the first node close to the anode tip and
decreases reaching the minimum value at the muzzle end where the plasma leaves the capillary.
This is the case for the discharge time up to 10 ps. Then, for 15 ps and beyond, the pressure in all
regions decreases due to the lower heat flux after the end of the discharge. However, the
pressure gradient still exists, where the pressure is higher at the inner region and gradually
decreases towards the muzzle end.

Figure 9 shows the behavior of plasma velocity along the capillary axis. It is shown that
velocity increased from the minimum value at the tip until it reached the maximum value at the
muzzle end. According to the momentum equation Eq.4, increasing the pressure gradient and
ablation process leads to a reduction in the plasma velocity, which is consistent with the
behavior of the pressure distribution.

Plasma density (kg/m®)

5
45
Ha

15 ps

35
10 us 3
25
5us 2

1.5

i

1
0.5
0

2.5us
0 1 2 3 4 5
Distance (cm)

Figure 7. The behavior of plasma density along the capillary axis.
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Figure 9. The behavior of plasma velocity along the capillary axis.

5. Conclusion

This work was carried out to simulate the effect of a sawtooth wave on the behavior of various
physical parameters over the discharge time such as plasma density, plasma temperature, heat
flux, and velocity, as well as thrust parameters such as Thrust, impulse, and specific impulse
which describe the performance of electrothermal discharge using Teflon capillary. The
calculations were carried out using the ETFLOW model, which is based on different essential
equations such as mass conservation, momentum, and energy, in addition to the equations that
describe the performance of thrusters such as the thrust, impulse, and specific impulse.
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The study also includes an axial distribution of various parameters along the capillary
length, such as plasma density, pressure, and plasma velocity. The final part of the study
investigates the effect of using a modified transmission heat factor on the values of several
physical parameters, such as ablated mass, pressure, density, temperature, thrust, impulse, and
specific impulse. It was found that plasma does not treat as an ideal black body due to the
shielding effect of ablated atoms, and transmission heat factor is a function of pressure and arc
radius, so using the modified equation of transmission factor can give more realistic values, and
will reduce the calculated ablated mass by 17.26% from 3.4 mg to 2.8 mg and pressure by 19 %,
which consistently will reduce the thrust by the same ratio of ablated mass from 1575 N to 1303
N and impulse values from 8.1mN.s to 7.5 mN.s. In contrast, it increases the value of
temperature from 2.2 eV to 2.4 eV and raises specific impulses.
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