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Model of an Electrothermal Pulsed Plasma Thruster
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The physical processes of a pulsed discharge in a dielectric (Teflon®) cavity of a coaxial electrothermal pulsed
plasma thruster (PPT) are analyzed. The considered PPT has this central Teflon cavity to produce a high-pressure
cloud of ablation products during the discharge pulse. The mathematical model includes the Teflon thermal
conduction, the plasma energy balance, the mass and momentum conservation in a quasi-neutral plasma region,
and the relation between the plasma parameters in a nonequilibrium layer near the ablated Teflon surface. It
is found that the plasma parameter variation along the cavity length is an important feature of the ablation-
controlled discharge in the cavity that affects the plasma energy balance, mass and momentum conservation, and
thermal conductivity. Performance characteristics of the PPT such as mass ablation and impulse thrust bit are
calculated. Predicted plasma temperature, ablation rate, and gasdynamicthrust are found to be in agreement with

experimental data.

Nomenclature
A = cavity cross section
a = thermal diffusivity
c, = specific heat
T = impulse bit
J = current density
Jeth = random electron current density
Ji = ion current density
L = cavity length
m = heavy particle mass
n, = plasma density
ng = density at the surface
niy,n, = densities
P = pressurein the cavity
Py = equilibrium pressure
R, = cavity radius
T, = plasma temperature
T,,T, = temperatures
T, = Teflon® surface temperature
Or = heat due to the particle convection
0; = joule heat
0, = radiation heat
14 = plasma velocity
Vi = velocity at the Knudsen layer edge
Z; = ion charge number
r = ablationrate, kg/m?s
AH = ablationheat
A = thermal conductivity
0 = mass plasma density
o = plasma conductivity
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I. Introduction

ULSED plasmathrusters (PPTs) have the combinedadvantages

of systemsimplicity,highreliability,low averageelectricpower
requirement, and high specific impulse.! The PPT is considered as
an attractive propulsion option for orbit insertion, drag makeup,
and attitude control of small satellites. PPTs, however, have very
poor performance characteristics, with an efficiency? of about 10%,
leaving an opportunity for substantial improvement. To improve
the PPT performance, several directions are being considered, such
as elimination of late-time ablation, choice of the proper current
waveform, etc.’

Currently new PPT devices with electromagnetic*> and elec-
trothermal mechanisms are under development®~® that reflect the
increased interest in these types of thrusters. Recently electromag-
netic PPT was successfully operated for pitch axis control on the
EO-1 spacecraft’-!? In this study we concentrate on PPT devicesde-
veloped at the University of Illinois, the PPT-4 and PPT-7 (Refs. 6,
7, and 11). This is an electrothermal device that derives most of its
accelerationfrom the electrothermal or gasdynamic mechanism. As
schematically shown in Fig. 1, this thruster is axially symmetric,
and a discharge occurs between the annular cathode at the thruster
exit plane and the circular metal anode located at the far end of a
cylindrical cavity made of Teflon®. The plasma generatedinside this
cavity is accelerated in a diverging dielectric nozzle that is attached
to the downstream end of the cavity. The device has a pulse length
of about 10 us, and the overall specific impulse was measured to be
850s.

The main physicalprocessesin thistype of PPT occurin the Teflon
cavity in a similar way to an ablation-controlled discharge. Rapid
heating of a thin dielectric surface layer leads to decomposition of
the material of the wall. As a result of heating, decomposition,and
partial ionization of the decomposition products, the total number
of particles increases in the cavity. The problem of the ablation-
controlled discharge also has a more general interest because it
can be used for various applications such as electric fuses, circuit
breakers, soft x ray, and extreme ultraviolet sources.!>~!3 In these
devices, the dischargeenergy is principally dissipated by ablation of
wall material, which then forms the main componentof the discharge
plasma. Therefore, these type of discharges have a lot similarities
with electrothermal PPT considered in this paper.

An important concern of the successful operation of a PPT on
a spacecraftis a complete assessment of the spacecraft integration
effects. The Teflon-fed PPT plume contains various ion and neutral
species of carbon and fluorine due to propellantdecompositionand
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Fig. 1a Schematic of the problem geometry (not to scale).
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Fig. 1b Plasma velocity distribution along the cavity length.

possible electrode erosion. Therefore, the main integration issue is
the depositionof highly condensable PPT plumes on spacecraftsur-
faces. To predict the spacecraftintegration effect, an exhaust plume
simulation is required. Some attempts at PPT plume simulation us-
ing hybrid direct simulation Monte Carlo (DSMC) and particle-
in-cell (PIC) simulations were performed recently.'!7 In Ref. 16,
however, some artificial starting conditions were employed. Accu-
rate plume modeling requires the accurate formulation of boundary
and initial conditions that in turn rely on the device model. This
was attempted in Ref. 18, where a model of the Teflon ablation and
plasma discharge processesis described. The model was calibrated
againstmass ablationdata for the PPT-4. Then, in Ref. 17, the time-
dependentplasma density, velocity, and temperature distributions at
the thruster nozzle exit obtained in Ref. 18 were used as boundary
conditions to perform a particle-based PIC-DSMC computation of
the electrothermal PPT plume. From direct comparison with exper-
imental data, it was concluded that the main plasma plume features
were captured, although the simulation underestimated the plasma
densities at later times in the discharge. The underpredictionof the
plasma density is a result of the basic assumption of the plasma-
generation model in considering the plasma to be uniform in the
cavity.!® Further understanding of the physical processes involved
requires more detailed analyses including the spatial variation of
plasmaparameterdistributionsalong the cavity and a more sophisti-
cated ablationmodel. These are the primary objectivesof the present

paper.
II. Ablation-Controlled Discharge Model

We consider the plasma generation processes (ablation, heat-
ing, radiation, ionization, etc.) and plasma acceleration along a
Teflon cavity of a pulsed electrical discharge. Figure 1 shows some
characteristicregions such as the Teflon bulk, the electrical sheath
near the dielectric, and the quasi-neutral plasma. Different kinetic
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Fig. 2 Schematic presentation of the layer structure near the ablated
surface.

and hydrodynamic phenomena determine the main features of the
plasma flow including plasma joule heating, heat transfer to the
dielectric, and electrothermal acceleration of the plasma up to the
sound speed at the cavity exit. We discuss the model in differentre-
gionsand the full system of equationsincluding the final expressions
obtained in Ref. 18.

A. Sheath

It was concluded previously'® that during the discharge pulse, a
quasi-steady sheath structure is formed and that under typical PPT
conditions this sheath is unmagnetized in the self-magnetic field
generated during the pulse. The potential drop of the electrostatic
sheath near the Teflon wall, shown schematically in Fig. 2, is neg-
ative to repel the excess thermal electrons. Under these conditions,
the potential drop in the sheath can be calculated as

Uy = =T, taljen/Ji) ey
where j; is the ion current given by the expression
Ji = 0.4¢Z;n, (kT,/m)*

B. Teflon Ablation

The Teflon ablation is modeled in the framework of the
approximation' based on a previously developed kinetic model of
metal evaporation into a surrounding plasma.?’ To understand the
mathematical descriptionof the model used, we distinguishtwo dif-
ferent layers between the surface and the plasma bulk (Fig. 2): 1) a
kinetic nonequilibriumKnudsen layer adjusted to the surface with a
thickness of about one mean free path and 2) a collision-dominated
hydrodynamic layer with thermal and ionization nonequilibrium.
The plasma-wall transition layer includes also an electrical sheath
described in the preceding section. This model makes it possible
to calculate the plasma parameters (density and temperature) at the
interface between the kinetic and hydrodynamiclayers (boundary 1
in Fig. 2) if the velocity at this boundary V, is known. The velocity
V| can be determined by coupling the solution of the hydrodynamic
layer and the quasi-neutral plasma. For known velocity and density
at this interface, it is possible to calculate the ablation rate. In the
hydrodynamic layer, the relation between the velocities, tempera-
tures, and densities at the boundaries 1 and 2, as well as the ablation
rate, are formulated according to Ref. 19 in the form

T =mVin, = [QKT,/m) - (Tyny /2T, —n1/2) [ (ny = n? [n,) ]
2)

The average atomic mass for two species (carbon and fluorine) was
assumed to be equal m =17, which takes into account nuclei frac-
tions ratio. Expression (2) was derived by coupling mass and mo-
mentum equations in the hydrodynamic layer. The system of equa-
tions is closed if the equilibrium vapor pressure can be specified that
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determines parameters n, and 7 at the Teflon surface. In the case
of Teflon, the equilibrium pressure formulais used'*2!:

Peq = Pc CXP(—Tc/Tx) = nXkTY (3)

where P, =1.84 x 10" N/m? and T, =20,815 K are the charac-
teristic pressure and temperature, respectively. As will be shown
in the “Results” section, the radial velocity V) that determines the
evaporationrate is small in comparison with the sound speed. This
resultis a reflection of the fact that the Teflon ablation under typical
electrothermal PPT conditionsis strongly affected by the presence
of the plasma. In the free evaporation case, the velocity V| should
be equal to the local sound speed.??

C. Quasi-Neutral Plasma Analyses

The energy transfer from the plasma column to the wall of the
Teflon cavity consists of the heat transfer by particle fluxes and
radiation heat transfer. Previous models of the ablation-controlled
discharge show that the axial pressure and velocity variations are
much greater than those in the radial direction?*?* Therefore, we
will assume that all parameters vary in the axial directionx (Fig. 1),
but are uniformin the radial direction. Plasma parameters also have
rapid temporal variation during the discharge pulse, so that there
is a concern about the possibility of establishing local thermody-
namic equilibrium (LTE). For instance, in a homogeneous transient
plasma,® complete LTE may be obtained in 0.3 us for a helium
plasma with electron density of 10** m~3. An estimation of the
characteristic times for ionization and recombination has shown
that the ionization and recombination timescales for ground states
of C and F are less than the typical time for discharge parameter
changes?® Therefore, LTE establishing may be considered during
the discharge pulse, which is about a few microseconds. An esti-
mate of the relaxation time for elastic collisions has shown that, in a
plasma with density of 10*2~10%* m~3 and an electron temperature
of 1-3 eV, equilibriumof electrons,ions, and neutrals is established
on a timescale less then a microsecond (Ref. 27). Thus, the present
model considers temperature equilibrium 7, =7; =T, where T, is
the plasma temperature.

Starting from the preceding considerations, we developed a sim-
plified model of the discharge in the dielectric cavity using the fol-
lowing basic assumptions: 1) the plasma is quasi neutral and 2) the
plasma column is in LTE.

The axial component of the mass and momentum conservation
equations reads

o V) _
A(Ent - )—ZnRal"(t,x) 4)

oV, vov)_ ap s
P\or T Tox ) T " ox

The energy balance equation can be written in the form'®

3 aT, n VoT,
“\ or 0x

Q |\‘,;,

2” )ZQJ_Qr_QFa Qj=
2ji
R QT +U;+T) (6)

a

L
0, = AZMTH(1 + ), Or =

According to Zemskov et al.,?® the radiation in continuum from a
C + 2F plasma in the considered parameterrange provides the main
contribution. The radiation energy flux Q, includes the radiation
for a continuum spectrum based on a theoretical model.”® In the
expression for Q, the coefficient A is the constant (1.6 x 107 in
S units) and x, = E,/T,, with E, as the energy of the low excited
state. The particle convection flux Qr includes energy associated
with electronandion fluxes to the dielectricwall that leads to plasma

cooling.It was shown previouslythatthe energyis carried off mainly
by the particle convection.!® Our estimations and previous calcula-
tion show!® that the electron temperature varies only slightly with
axial position,and therefore, we performedthe calculationassuming
oT,/dx=0.

Radiation and convection heat fluxes from the plasma to the cav-
ity wall (Fig. 1) determine the thermal regime of the Teflon. The
temperature inside the Teflon wall can be calculated from the heat
transfer equation:

oT ad®*T
o T )

This is the one-dimensional equation in the radial direction. This
assumption can be made because the heat-layer thickness near the
surfaceis smaller than the Teflon cylindercurvature R, and also less
than the characteristiclength of plasma parameter changesin the ax-
ial direction. To solve this equation, boundary and initial conditions
must be specified'®:

AT
5 (r=0=q0t)-AH -T = C,(T, - Ty)T
AT
oy =00 =0, T(t=0)=To (®)

where r =0 corresponds to the inner dielectric surface, which is
in contact with a plasma, A H is the ablation heat, I" is the rate of
Teflon ablation per unit area, 7y is the initial temperature, and g ()
is the heat flux, consisting of the radiative and particle convection
fluxes, and 7 is the Teflon surface temperature. The solution of
this equation is considered for two limiting cases of substantialand
small ablation rate very similar to that described in Ref. 18. Note
that the thruster operates with a typical pulse rate of about 1 Hz
in laboratory conditions. Thus, it is possible that the Teflon surface
temperatureduring the time between pulsesmay be higherthanroom
temperature, which may increase the total mass ablation. However,
calculation of the late time ablation shows that it consumes no more
that 1 ug per pulse.'®

Having calculated the plasma density and plasma temperature
[Egs. (1-3)], one can calculate the chemical plasma composition
considering LTE in the way described previously.'#2%:30 According
to calculations?** in the considered range of electron tempera-
ture (1-3 eV) and plasma density (10*'~10** m~?), the polyatomic
molecules C,F, almost fully dissociate. Therefore, we will start our
considerationfrom the point when we have gas containing C and F.
The Saha equations for each species (C and F) are supplemented by
the conservationof nucleiand quasineutrality. The complete sy stem
of equation for chemical composition is presented in Ref. 18.

III. Results

In this section, we present results of the calculation of the tem-
porary and spatial variation of the plasma parameters in the Teflon
cavity. As a working example, one configuration of an electrother-
mal PPT is considered: PPT-4 (Refs. 6 and 11). Most of the results
are presented for PPT-4 with the following baseline geometry and
discharge parameters: anoderadius R, = 3.05 mm and cavity length
L = 8.3 mm, and pulse duration of about 10 us (Refs. 6 and 11). The
current pulse has a peak of about 8 kA and is nonreversingbecause
of the use of a diode across the capacitor. (It is shown subsequently
for reference.) The current reaches a peak at about 3 us.

The boundary condition used for Eqgs. (4) and (5) at x =0 is
on/dx = 0. The plasma accelerates in the axial direction due to the
pressure gradient and achieves the sound speed at the cavity exit
plane, x =L (Fig. 1). The plasma velocity distribution is shown
in Fig. 1b. One can see that the plasma is significantly accelerated
near the cavity exit. Burton et al. obtained similar flowfield devel-
opment in a liquid-injected capillary discharge*! when the plasma
flow approaches steady-state conditions.



KEIDAR, BOYD, AND BEILIS 427

A. Plasma Parameters

The temporal and axial distribution of the radial velocity at the
external boundary of the kinetic layer V; (boundary 1, Fig. 2) is
shownin Fig. 3. In the entire region, the normalized velocity remains
smallerthan 1. This reflects that the Teflon vapor velocityis subsonic
due to the presence of the discharge plasma and freestream flow
condition at the cavity exit.

The time evolution of the plasma temperature T}, is shown in
Fig. 4. It can be seen that the electron temperatureinitially increases
rapidly and peaks at about 3.5 eV and then decreases to 1 eV to-
ward the pulse end. For comparison, we also plotted experimental
results®!! measured in the plume. In the experiment, the peak elec-
tron temperature was measured to be in the range of 2-2.6 eV and
decreasesdown to about 1 eV and varies slightly with axial distance
from the thruster exit plane. The experimental data presented here
were taken at several probe locations at 10-18 cm from the thruster
exit plane, and therefore one can expect a shift of timescale. This
shift (approximately 7 ps) is equal approximately to the plasma
flight time from the cavity to the plane where data were taken ac-
cording to our simulations.!” One can see that the model predictions
and experimental data have a similar trend, which indicates that the
model predictionagrees reasonably with the experimental data. For
reference we show also experimental current waveform®!! in Fig. 4.

The pressure distributionin the cavity is shown in Fig. 5. During
the pulse plasma, pressure peaks at about 20 atm. The ablation
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Fig. 7 Temporal variation of the Teflon surface temperature with po-
sition along the cavity as a parameter.

rate calculated using Eq. (2) and impulse bit are shown in Fig. 6.
One can see that the ablation rate peaks at about 120 kg/m?s at
2.5 ps and then rapidly decreases. The peak of the ablation rate
approximately correspondsto the current peak (Fig. 4). Note thatin
the experiment the average ablation rate was estimated to be about
30 kg/m?s (Refs. 6 and 11). The comparison of the predicted and
measured total ablation rates is presented later.

The temporal variation of the Teflon surface temperature at sev-
eral locations along the cavity is shown in Fig. 7. The temperature
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Fig. 8 Temporal and spatial variation of the chemical species during discharge pulse.

sharply increases during the first 4 s of the discharge pulse and
peaks at about 1000 K. One can see that the temperature varies only
slightly along the cavity, so that the assumption of Teflon surface
temperature uniformity introduced previously'® may be considered
as reasonable.

Figure 8 shows the temporal and spatial variation of the different
ion and neutral species. Both ion species densities peak at early
times (about 3 us), whereas neutral species peak later. The relative
concentration of the species changes along the cavity length and
also during the discharge pulse. One can see from Fig. 8 that the
model predicts thatinitially plasma in the cavity is strongly ionized,
whereas after about 3 us, the ionization degree decays.

B. Thruster Performance

The calculated Teflon mass ablated per pulseis shown in Fig. 9 as
a function of cavity length and radius. Generally, the ablated mass
increases with increasingcavity length and decreasingcavity radius.
The ablated mass increases with the cavity length due to increasing
the surface area exposed to the plasma heating. However, when the
cavity radius increases, the ablated mass decreases, although the
ablated surface area increases. This effectis a result of the decreases
in the power density (Joule heat) as the cavity radius increases.
From comparison with experiment, it can be shown that the model
underpredicts the ablation mass by about 25%. However, note that
some mass can be ablated in the form of large particulates. This
effect for one particular PPT was estimated to be up to 40% of the
total ablated mass,*? which could account for the underpredictionof
the model. The ablation in the particulate phase was not considered
in the present paper.

To assess the ability of the model to predict some thruster per-
formance characteristics, we calculated the thrust impulse bit as a
function of cavity geometry and compared with experimental data.
The gasdynamic thrust impulse is generated due to the pressure
force on the anode. The total impulse generated during the pulse is
calculated as

Ly, = 7R? / Pdt

where P =kT,(n, +n; +n,) is the pressure in the cavity, n, is the
neutral atom density, n; is the ion density, and 7, is the electron
density. We integrate the pressure during the discharge to calculate
the thrust impulse bit produced in the Teflon cavity. However, the
PPT-4 thruster also has a nozzle with an area ratio of about 100.
Such a nozzle may increase the thrust up to a factor of f=1.7
(Ref. 33). The plasma flow in the nozzle is not considered in the
present paper, and therefore, we will use the nozzle factor as a
parameter. The thrust impulse bit dependence on the cavity length
is shown in Fig. 10. One can see that the impulse bit increases by a
factor of three when L increases from 3 up to 25 mm similar to that
obtained in the experiment®'!' Note that, in the entire range of L,
the best agreement between the model and experiment is obtained
for g =1.5. This means that the nozzle has an important effect
according to the model.

IV. Discussion
The calculations show that there is a strong correlation between
the peaks of all parameters (plasma density and temperature, Teflon
surface temperature,and ablationrate) and the peak of the discharge
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current. This is an expected result because the LTE assumption is
employed in the model and because the discharge current affects
the main energy input, Joule heat.!® However, this is an important
result because it shows that a way to control the temporal variation
of plasma parameters and ablation rate in the this type of PPT is by
changing the current waveform.

The axial plasma density variation affects the heat flux
to the surface and, therefore, the thermal regime of the Teflon.
Whereas the plasma density varies by a factor of two, the spatial
variation of the Teflon surface temperature is small, as shown in

Fig. 7. In addition, the spatial variation of the plasma density also
affects the Teflon ablation because in our model the ablation is
coupled with the bulk plasma. Therefore, spatial variation of the
ablation rate (velocity V; that determines the ablation rate) shown
in Fig. 3 becomes more important near the cavity exit, where the
density variation is large (Fig. 8).

The more sophisticated ablation model takes into account the re-
turned atom flux that forms in the nonequilibrium Knudsen layer
during the ablation. This approach makes possiblethe calculationof
the ablation rate when the propellant surface temperature, density,
and temperature in the plasma bulk region are known. In this sense,
the present model is different from previously used approaches
(Refs. 17 and 18 and references therein), where the ablation rate
was determined by the surface temperature only. It was demon-
strated that this ablation model could be coupled with a plasma
discharge model and predict ablation mass in good agreement with
the experimental data without using a free fitting parameter.

The energy balance shows similar results to the previous study'®
that the input energy (from the Joule heat) is mainly carried off by
particle convection and radiation, when radiation consumes about
10% of the energy output. However, an important issue, which is
related to the ablation discharge model, is a plasma radiation ap-
proach. In the present paper, similar to the previous model,'® it was
assumed that the main radiation energy losses are due to the radi-
ation in a continuum spectrum>* This assumption can be justified
by that, during the discharge pulse, the plasma density lies in the
range of 10>*~10** m~3 and can be considered high enough for the
continuum spectrum approach 3

V. Conclusions

A self-consistentanalysesof the electricaldischargein the Teflon
cavity of coaxial electrothermal PPTs shows that there is a coupling
between the bulk plasma parameters and Teflon ablation. This hap-
pens because the ablation model takes into account the returned
atom flux that formed in the nonequilibrium Knudsen layer dur-
ing the ablation. As a result, the velocity at the kinetic layer edge
(which determines the ablation rate) is much smaller than the sound
speed. During the discharge pulse, the plasma density peaks at about
10 m~3, electron temperature peaks at about 3.5 eV, and the ab-
lation rate peaks at about 120 kg/m?s, which is in the good agree-
ment with simplified model predictionspublishedearlier.!® Electron
temperature and performance characteristics of the PPT such as
mass ablation and impulse thrust bit were calculated and compared
with available experimental data. Good qualitative and quantitative
agreement was obtained.
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