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Teck Seng Ho, Christine Charles, and Rod Boswell
Space Plasma, Power and Propulsion Laboratory, Research School of Physics and Engineering,
The Australian National University, Canberra, ACT 2601, Australia

(Received 7 November 2017; accepted 5 April 2018; published online 1 May 2018)

Computational fluid dynamics and plasma simulations of three geometrical variations of the Pocket
Rocket radiofrequency plasma electrothermal microthruster are conducted, comparing pulsed plasma
to steady state cold gas operation. While numerical limitations prevent plasma modelling in a
vacuum environment, results may be obtained by extrapolating from plasma simulations performed
in a pressurised environment, using the performance delta from cold gas simulations performed in
both environments. Slip regime boundary layer effects are significant at these operating conditions.
The present investigation targets a power budget of ~10W for applications on CubeSats. During
plasma operation, the thrust force increases by ~30% with a power efficiency of ~30 uNW ', These
performance metrics represent instantaneous or pulsed operation and will increase over time as the
discharge chamber attains thermal equilibrium with the heated propellant. Additionally, the sculpted
nozzle geometry achieves plasma confinement facilitated by the formation of a plasma sheath at the
nozzle throat, and fast recombination ensures a neutral exhaust plume that avoids the contamination
of solar panels and interference with externally mounted instruments. Published by AIP Publishing.
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I. INTRODUCTION

Miniaturised satellites such as CubeSat nanosatellites
have become ever more prevalent in recent years. The pri-
mary advantage of these nanosatellites is their low cost, which
not only provides a low barrier to space entry but also affords
redundancy and reduces mission risk by distributing function-
ality. For example, QB50 (Ref. 1) is a collaborative mission
between international universities that was launched into orbit
in 2017, consisting of a constellation of 50 CubeSats tasked
with studying the lower thermosphere and re-entry research.
Spacecraft travelling through the thermosphere in low Earth
orbit experiences drag,” which inevitably slows them down,
shortening their operational lifetime before re-entry. Options
to mitigate this include designing a minimum drag spacecraft,
or the implementation of an onboard propulsion system.>*
Such a propulsion system must be designed around volume,
mass, and power budgets of the nanosatellite. Restrictions on
hazardous and volatile propellants and advances in electric
thruster technologies have seen electric propulsion supersede
chemical propulsion as a more viable and attractive means to
achieve orbital station-keeping and trajectory control manoeu-
vres on nanosatellites.

Some examples of low power microthruster candidates
include resistojets,5’6 arcjets,7’8 and hollow cathode thrust-
ers.”!” Resistojets heat propellant by means of a resistively
heated chamber or element but typically have a long warm
up time and inefficient thermal conductance. Arcjets heat
propellant by passing it through a high current electric dis-
charge, which apart from the listed example, typically
require power on the order of kiloWatts. In hollow cathodes,
a heating element is used to increase the temperature of a
low work function electron emitter insert in the cathode tube
to temperatures required for thermionic emission. A plasma
is created in the tube, which heats the insert to maintain the
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emission temperature. However, ion bombardment is a con-
cern as sputtering damages the insert and reduces the lifetime
of the thruster.'’

Pocket Rocket (PR) is a radiofrequency (RF) plasma elec-
trothermal microthruster currently under development by the
Space Plasma, Power and Propulsion Laboratory at The
Australian National University.'? At the core of PR is an
annular RF powered electrode made of copper, situated coaxi-
ally around an alumina (Al,O3) cylindrical refractory tube dis-
charge chamber (length 18 mm and inner diameter 4.2 mm).
Cold Ar gas from an onboard miniaturised propellant subsys-
tem'*"" is flowed through the discharge chamber, typically at
a rate of 100SCCM or 2.97 x 10 °kgs~!. A sinusoidal RF
waveform, typically at 13.56 MHz and 300V amplitude, is
supplied to the powered electrode by a miniaturised RF sub-
system on a printed circuit board,'>'® or an RF generator and
impedance matching network in a laboratory environment.'”
Using only <I10W of power, a weakly ionised plasma is
ignited in the discharge chamber. The propellant gas is heated
to a high temperature by the plasma,'®?* producing thrust
forces on the order of ~1 mN.

PR is similar to arcjets, where propellant is heated volu-
metrically and directly by a plasma. Like in resistojets, the
discharge chamber wall in PR heats up after a period of oper-
ation and acts as a source of thermal energy even after the
RF power is terminated. On the other hand, unlike resistojets
and hollow cathodes which require time to warm up, plasma
breakdown in PR occurs on a ~us time scale; the propellant
reaches target temperatures on a time scale of ~1 s, and ther-
mal equilibrium is attained with the discharge chamber wall
on the order of ~10 5.2°*? PR has additional advantages over
hollow cathodes, as the RF powered electrode is shielded by
a dielectric discharge chamber wall which protects it from
damage. Instead, ion bombardment onto the discharge

Published by AIP Publishing.
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chamber wall is favourable as it creates high energy second-
ary electrons which sustain a gamma mode discharge. The
ion density peaks in the middle of the discharge, promoting
volumetric heating of the propellant via ion-neutral charge
exchange collisions.”” Conductive losses to the walls are
thus minimised, thereby retaining the thermal energy benefi-
cial for thrust.

Il. COMPUTATIONAL FLUID DYNAMICS
(CFD)-PLASMA SIMULATION MODEL

In a terrestrial laboratory, experimental instruments like
the pendulum thrust balance are not sufficiently sensitive for
accurately measuring such small forces, especially when the
RF and gas feed systems have rigid attachments to the vacuum
chamber,”*** or for transient or pulsed operation.””> To satisfy
this demand, a computational fluid dynamics (CFD) simulation
model of PR has been developed® using the commercial CFD-
ACE+ multiphysics package, which produced calculations for
cold gas thrust that very closely matched experimental results
for a version of PR operating with Xe.”* The CFD simulation
technique is designed to accurately model the cold gas opera-
tion of PR in both pressurised and vacuum environments by
taking advantage of flow velocity choking, a compressible flow
effect where the flow conditions upstream become insensitive
to the flow conditions downstream under specific criteria.

Presently, the simulation technique has been expanded
to include the modelling of the RF Ar discharge in PR.
The CFD-plasma simulations feature six species: Ar, Ar(4s,,),
Ar(4s,), Ar(4p), Ar", and e, with a total of 29 reactions.?’
Further details of the CFD-plasma model and simulation pro-
cedures have been extensively documented in the previous
publications.”*?®*” The present model is a significant
improvement to past models,”® with not only a more complete
chemical reaction set but also a more comprehensive material
properties database, as well as more physically accurate fluid,
heat, electric, and plasma boundary conditions. The full axi-
symmetric PR mesh now includes the powered electrode,
insulation, and structure solid regions in addition to the origi-
nal PR mesh used in the cold gas performance study.”®

This paper presents CFD-plasma simulations of three PR
geometrical variations, two of which are introduced in the pre-
vious cold gas performance study:*® the original cylindrical
discharge chamber (PR-0), the constricted nozzle (PR-C),
and the third is a newer improved prototype featuring a
sculpted converging-diverging nozzle (PR-N). These PR
geometries are shown in Fig. 1. The core regions of PR are
similar across the three geometrical variations and are colour
coded according to the material: the discharge chamber wall
(yellow, alumina), powered RF electrode (brown, copper),
insulation (teal, Macor), and structure (grey, aluminium). Ar
gas flows into PR from an inlet in the corner of the plenum,
through the discharge chamber, and exits into the downstream
region (cropped to fit in Fig. 1). In Fig. 1(a), n;(¢) peaks in the
middle of the discharge chamber under the powered electrode.
The plasma is seen to extend into the plenum and downstream
regions and visually matches experimental observations.'*’

PR-N is the culmination of an iterative design process
targeting effective plasma confinement within the discharge
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FIG. 1. 2D colour map of the cycle average ion density #; in the cross sec-
tion of the different geometrical variations of PR. The colour scale is loga-
rithmic with the yellow region of the spectrum representing 1/10 of the full
scale. The propellant inlet is the notch in the corner of the plenum, and the
flow direction is from left to right. From top to bottom: (a) PR-0 (S02), (b)
PR-C (S06), and (c) PR-N (S10) operating in a background pressure of
po=0.349 Torr, and (d) PR-N (S14) demonstrating plasma confinement
when operating in py = 0.1 Torr. The solid regions are: the discharge cham-
ber wall (yellow, Al,O3), powered RF electrode (brown, Cu), insulation
(dark green, Macor), and structure (grey, Al). PR-C.

chamber. This is advantageous as it eliminates the return ion
current onto the exterior surfaces of the spacecraft, thus pre-
venting the contamination of solar panels and interference
with externally mounted instruments. Additionally, PR-N
has reduced volume and mass compared to PR-O, thus
enabling better compatibility with nanosatellites. The length
of the plenum has been reduced from 12 mm to 5.8 mm; the
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length of the discharge chamber has been reduced from
18 mm to 12.6 mm, and the diameter of the nozzle throat has
been reduced from 2.1 mm (in PR-C) to 1.5mm. The angle
of the converging-diverging nozzle is also optimised for
thrust forces on the order of ~1 mN.** Exploring design var-
iations via CFD and CFD-plasma simulations is more time
and cost effective than producing and experimentally testing
multiple physical iterations. When simulation delivers a
promising design, it is manufactured as a prototype, and pro-
cedures more suited for experimentation (e.g., scaling and
variation of various input parameters) can proceed. Thus,
work on PR progresses in a leapfrogging manner between
simulation and experimentation.

The CFD-plasma simulation results presented in this
paper represent the transient conditions in each PR geometry
on the order of ~1s after plasma ignition, which is enough
time for propellant to be heated by the plasma and attain local
thermal equilibrium, but before any significant heating up of
the discharge chamber wall or structure. As such, the perfor-
mance demonstrated here represents the “instantaneous” or
transient lower limit performance of PR from a cold start.
Performance is expected to further increase as the temperature
of the discharge chamber wall rises and attains thermal equi-
librium with the heated propellant, in a scenario similar to
that of the “self-heating” mode of a hollow cathode thruster.

lll. RESULTS AND DISCUSSION

Table I lists all the CFD-plasma simulations that have
been performed for the present thrust modelling study.
Simulations that are the subject of previous publications
(S01, S02, S03, S05, and S07) are referenced accordingly,
while the rest are new simulations making their first appear-
ance in the present paper. All the simulations are run using a
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propellant mass flow rate of 7 =100 SCCM =297 x 10°
kg s~ of Ar at the inlet. The CFD-plasma simulations are
run using a V., = 300 V amplitude sinusoidal RF waveform
at 13.56 MHz on the powered electrode. The plasma opera-
tion mode targets a power budget of =10 W, keeping to val-
ues suitable for single or multiple-unit CubeSats.

The simulations in Table I are categorised into different
sets according to the geometry and the background pressure
boundary condition. For example, S01 to S04 are performed
using the PR-O geometry. The background pressure for the
cold gas simulation S01 and CFD-plasma simulation S02 is
set to po=0.349 Torr, which is the experimentally measured
static pressure in the 20 L vacuum chamber during operation
in the laboratory. For the cold gas simulation S03, a back-
ground pressure of po =0 Torr is used. The validity of using a
vacuum background in a CFD simulation is by virtue of a
compressible flow effect called “flow velocity choking,” and
the accuracy of the simulation results has been previously ver-
ified.?® However, while flow velocity choking is able to stabi-
lise fluid behaviour upstream despite undesirable conditions
downstream, there is no equivalent phenomenon that can
mask downstream conditions from upstream electric fields.
Consequently, CFD-plasma simulations using a vacuum back-
ground pressure invariably result in divergent solutions due to
the unavoidable limitations of fluid and plasma numerical
techniques in a vacuum environment. Nonetheless, the vali-
dated simulations S01, S02, and S03 provide adequate infor-
mation to extrapolate the expected results (S04) for fluid
behaviour during plasma operation with po=0Torr. S04 is
marked with an asterisk (*) to indicate that the results are
extrapolated from the respective referenced simulations
instead of an actual CFD-plasma simulation that has been
run with the listed operating conditions. The method by which

TABLE L. List of simulations presented in this paper, and a summary of the main parameters. All values for the CFD-plasma simulations are averaged over the
RF cycle. The results of the “simulations” marked with an asterisk (*) are extrapolated from the respective referenced simulations, as CFD-plasma simulations

cannot be performed in a vacuum environment.

Sim. Geometry Mode po (Torr) ps (Torr) P (W) F. (mN) F(-mN) Iy, (s) References

S01 PR-O Cold gas 0.349 1.367 0.794 1.095 273 26

502 PR-O Plasma 0.349 1.532 5.01 0.897 1.307 30.8 22,27, and 28

S03 PR-O Cold gas 0 1.335 1.363 0.764 46.8 26

S04* PR-0O Plasma 0 1.496 1.493 0.943 51.2 Extrapolated: S01, S02, and S03
S05 PR-C Cold gas 0.349 2.759 0.851 1.208 29.2 26

S06 PR-C Plasma 0.349 3.408 133 1.116 1.553 383 Present paper

S07 PR-C Cold gas 0 2.742 1.425 0.826 48.9 26

S08%* PR-C Plasma 0 3.386 1.818 1.014 62.4 Extrapolated: S05, S06, and S07
S09 PR-N Cold gas 0.349 4.992 0.855 1.383 29.3 Present paper

S10 PR-N Plasma 0.349 6.802 12.4 1.201 2.008 41.2 Present paper

S11 PR-N Cold gas 0 4.890 1.432 1.010 49.1 Present paper

S12%* PR-N Plasma 0 6.664 2.033 1.318 69.8 Extrapolated: S09, S10, and S11
S13 PR-N Cold gas 0.1 4.963 1.248 1.194 42.8 Present paper

S14 PR-N Plasma 0.1 6.380 12.0 1.607 1.591 55.2 Present paper

S15 PR-N Cold gas 0 4.890 1.432 1.010 49.1 Same as S11

Sle6* PR-N Plasma 0 6.286 1.821 1.357 62.5 Extrapolated: S13, S14, and S15
S17 PR-N Plasma 0.349 6.560 10.6 1.143 1.920 39.2 S10, SEEC = 0.05

S18%* PR-N Plasma 0 6.427 1.942 1.268 66.7 Extrapolated: S09, S10, and S17
S19 PR-N Plasma 0.1 6.165 8.75 1.525 1.548 523 S14, SEEC = 0.05

S20%* PR-N Plasma 0 6.074 1.735 1.320 59.6 Extrapolated: S13, S14, and S19
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this is done is discussed later in the text, along with commen-
tary addressing the accuracy of the method.

The above description also applies to the following sets
for PR-C (S05 to S08) and PR-N (S09 to S12 and S13 to
S16). For the CFD-plasma simulation S14, the background
pressure po = 0.1 Torr is set to the lowest possible value that
produces a converged result. The same po = 0.1 Torr is used
for the cold gas simulation S13 to provide a direct compari-
son to S14. Similarly, the results of S16 are extrapolated
from the respective referenced simulations. S15 is the same
as S11 but is repeated in this set for consistency.

Finally, S17 and S19 are run using the same operating
conditions as S10 and S14, but with the secondary electron
emission coefficient (SEEC) set to 0.05 instead of 0.1.%® 518
and S20 are likewise extrapolated from the respective refer-
enced simulations. While the simulation results of PR-O
using SEEC = 0.1 are in good agreement with experimental
measurements, there is some indication that a lower SEEC is
more appropriate at the slightly higher power drawn by the
nozzle geometry variations of PR. These four simulations are
performed to examine the effects of a lower SEEC on the ion
density, the neutral gas heating, and the resultant thrust
performance.

The PR-O simulations S01 to S03 have previously
been rigorously verified against experimental results.?>%!
The PR-C and PR-N simulations S05 to S20 use the PR-0
simulations as a foundation and are run using the same simu-
lation technique. The only change is the use of 120 time-
steps per RF cycle for the PR-N simulations instead of the
original 60 time-steps per RF cycle, in order to implement a
lower p, and also to manage the stronger coupling between
the fluid and plasma components in the discharge chamber
due to the narrower nozzle throat. Additionally, the higher
static pressures in PR-N allow local thermal equilibrium to
be attained quicker than in PR-O, and simulation conver-
gence is also achieved earlier.

In addition to the simulation number and input parame-
ters: geometry, operation mode, and background pressure py,
Table I also lists the output parameters: stagnation pressure
ps in the plenum, the cycle average RF power draw P of the
RF discharge (for the performed CFD-plasma simulations
only), the thrust force F,, the boundary layer friction force
Fy1, 28 and the specific impulse /y,. The simulation results are
discussed in Secs. III A-III F detailing the plasma, tempera-
ture, velocity, and thrust characteristics of each PR geome-
try. Comparisons are made to the cold gas operation mode to
envisage the instantaneous or pulsed plasma operation per-
formance of PR.

A. Plasma

Figures 2 and 3 plot the ion density along the central (hor-
izontal) z-axis for S02, S06, S10, and S14 in linear scale.
The solid lines denote the cycle average ion density 7; (shown
earlier in Fig. 1), while the lighter coloured lines (60 lines for
PR-0 and PR-C and 120 lines for PR-N) represent the varia-
tion of n;(¢) at each time-step during the RF cycle. Vertical
dashed lines divide the plots into three sections from left to
right: plenum, discharge chamber, and the downstream region.

J. Appl. Phys. 123, 173301 (2018)
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FIG. 2. Temporally varying ion density n;(¢) along the z-axis for PR-O S02
(blue) and PR-C S06 (red). The solid lines denote the cycle average ion den-
sity n;, shown earlier in Figs. 1(a) and 1(b). The dashed-dotted lines denote the
cycle average ionisation fraction n;/n (right vertical axis). —30mm < z
< 18 mm is the plenum, while —18 mm < z < Omm is the discharge chamber.
The nozzle throat in PR-C is located at z = —3 mm. The brown bar at the top
shows the location of the powered electrode at —11.5mm < z < —6.5 mm.

A vertical dotted line shows the location of the nozzle throat
for PR-C in Fig. 2 and PR-N in Fig. 3.

The n;(¢) profiles track the n; profiles closely, without
any anomalous deviation from the cycle average. For PR-0
and PR-C, n; peaks underneath the powered electrode with
n=5.37x10"m™3 at z = —9.9 mm and n; = 1.16 x 10"
m~? at z = —9.4 mm, respectively. The position of the cen-
tral peak is slightly upstream of the midpoint of the powered
electrode mainly because of the negative pressure and den-
sity gradient along the discharge chamber. The shape of the
n; profile is due to two separate ionisation modes that are
dominant during the negative and positive periods of the RF
cycle.

In PR, a negative self-bias?’ manifests in the section of
the discharge chamber wall shielding the powered electrode.
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FIG. 3. Temporally varying ion density »;(¢) along the z-axis for PR-N S10
(blue, po=0.349 Torr) and S14 (red, po = 0.1 Torr). The solid lines denote
the cycle average ion density n;, shown earlier in Figs. 1(c) and 1(d). The
dashed-dotted lines denote the cycle average ionisation fraction n;/n (right
vertical axis). —18.4mm < z < 12.6mm is the plenum, while —12.6 mm
<z < Omm is the discharge chamber. The nozzle throat in PR-N is located
at z=—4mm. The brown bar at the top shows the location of the powered
electrode at —8.5mm < z < —4 mm.
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During the negative period of the RF cycle, ions are acceler-
ated from the positive plasma potential towards the negative
discharge chamber wall. Jon bombardment onto the surface
of the discharge chamber wall results in the emission of
high energy secondary electrons. These secondary electrons
induce a “gamma mode” ionisation as they are accelerated
through the plasma sheath into the plasma bulk, giving rise
to the strong central gamma mode peak seen in the 7; profile
of PR-0 (S02) in Fig. 2. During the positive period of the
RF cycle, the self-biased section of the discharge chamber
wall maintains a positive electric potential, and hence there
are no secondary electrons emitted during this time. Instead,
bulk electrons from upstream and downstream of the pow-
ered electrode are attracted towards the positive electric
potential. Their motion in the discharge chamber induces
two regions of “alpha mode” ionisation, giving rise to the
two shoulder alpha mode plateaus seen on either side of the
central gamma mode peak.

A similar n; profile is observed in PR-C (S06). There is
still a strong central gamma mode peak, but the downstream
shoulder alpha mode plateau becomes a second peak just
upstream of the nozzle throat, with 7; =0.91 x 10"¥m ™~ at
z=-3.5mm. This is due to the high concentration of the
electric field lines in the nozzle throat. During the positive
period of the RF cycle, bulk electrons from the divergent
section of the nozzle travel upstream towards the powered
electrode along these electric field lines, inducing a high ion-
isation rate at the nozzle throat. To confirm that this is the
case rather than a second gamma mode peak, it is necessary
to examine the alpha mode ionisation rate.

Figure 4 shows a 2D colour plot of the direct ionisation
rate R, during the positive peak (f=m/2) of the RF cycle.
Bulk electrons are responsible for ionisation events during
this time as secondary electrons are only present during the
negative period of the RF cycle. Figure 4(a) reflects the
two shoulder alpha mode plateaus visible in the »; profile of
PR-0 (S02). Correspondingly, Fig. 4(b) confirms that the
second #; peak at the nozzle throat of PR-C (S06) is due to
alpha mode ionisation by bulk electrons travelling upstream,
and not gamma mode ionisation by secondary electrons.

While there are significant differences between the
geometries of PR-N and PR-C, the n; profile of S10 still
bears some resemblance to that of S06. The upstream shoul-
der alpha mode plateau is present, as well as the downstream
alpha mode peak with n;=2.81 x 10'"®* m > at z=—4.1 mm
near the nozzle throat, but the central gamma mode peak is
now a diminished hump in the n; profile. However, the ion-
isation fraction in S10 is roughly the same as S02 and S06
at ni/n~2x 107>, Instead of a strong central peak, the
gamma mode discharge is present along the length of the
convergent section of the nozzle under the powered elec-
trode. Like in S06, S10 has a high ionisation fraction in the
divergent section of the nozzle, mainly due to the lower pres-
sure and neutral density in the expanding plume. This is cor-
roborated by the region of high alpha mode ionisation at the
nozzle throat in Fig. 4(c), which shows the bulk electrons
from the divergent section of the nozzle travelling upstream
during the positive period of the RF cycle.

J. Appl. Phys. 123, 173301 (2018)

R, [mol m? s]

56.21

12.98 —

5.621 —

1.890 —

.

FIG. 4. 2D colour map of the direct ionisation rate R, in (a) PR-0 (S02),
(b) PR-C (S06), (¢c) PR-N (S10), and (d) PR-N (S14) during the positive
peak (t = m/2) of the RF cycle. The colour scale is logarithmic with the
green region of the spectrum representing 1/10 of the full scale.

The trapezoidal annulus shape of the powered electrode
in PR-N is designed to bring the self-biased region of the
discharge chamber wall closer to the nozzle throat, while
also creating a conical plasma sheath at the nozzle throat that
confines the plasma upstream. The consequences of this
can be seen more clearly in S14, which gives starkly differ-
ent results when the background pressure is lowered to
po=0.1Torr. In S14 (Fig. 3, red) the downstream alpha
mode peak at the nozzle throat disappears completely, in
exchange for a slightly higher ionisation fraction throughout
the discharge chamber. The gamma mode plateau merges
with the upstream alpha mode plateau, forming a more uni-
form discharge [Fig. 1(d)], with peak n; =1.73 x 10" m 2 at
z=—5.6 mm. Although p is not zero, S14 is demonstrative
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of how PR-N operates in the vacuum environment of space.
The accuracy of these results is substantiated later in the
text.

The most important effect is the plasma confinement
upstream of the nozzle throat. This occurs because the static
pressure p is much lower in the divergent section of the
nozzle, and the width of the plasma sheath, which varies
approximately inversely with \/p 3233 becomes larger than
the radius of the nozzle throat. Consequently, the plasma
sheath along the discharge chamber wall merges to form a
cone that terminates in the nozzle throat [Fig. 1(d)]. Thus,
the discharge is restricted to the region upstream of the noz-
zle throat. Since there are no bulk electrons downstream of
the nozzle throat, alpha mode ionisation is evidently absent
in this region [Fig. 4(d)]. Similar ionisation loss behaviour
has also been observed experimentally in the supersonic
expanding plume of a cascade arc discharge,*** in which
ion-neutral charge exchange collisions are responsible for
enhancing recombination in the first few centimetres of the
expansion. The plasma confinement is also beneficial for the
convergence of the CFD-plasma simulation in the low pq
environment of the downstream region.

Another interesting feature is the steep drop in electric
potential across the plasma sheath in the nozzle throat. Ions
falling through the plasma sheath are accelerated to very
high velocities in the axial direction. Ion-neutral charge
exchange collisions in the divergent section of the nozzle not
only aid fast recombination and ensure a neutral plume but
may also impart axial momentum to a small population of
neutrals and be beneficial for thrust performance.’®
However, due to the low ionisation fraction, this contribution
and the thrust force from the remaining ions in the exhaust
plume are expected to be very small relative to the main
flow.

B. Temperature

The primary purpose of the plasma is to impart energy
to the gas propellant in the form of heat. Many experimental
techniques®’” have been used to characterise neutral gas tem-
peratures in plasmas. These include using atomic line pro-
files from Doppler, Stark, and van der Waals broadening, as
well as rotational spectroscopy'®'*! and laser-induced fluo-
rescence.”® However, rotational spectroscopy becomes unre-
liable at low pressures,>'*® and the temperature profile in PR
is highly nonuniform. Hence, computational modelling tech-
niques are required.

The cycle average temperature T of the background neu-
tral Ar gas is plotted for the first four sets of simulations (S01
to S16) in Figs. 5-8, comparing cold gas operation (blue
lines) to plasma operation (red lines). Solid lines are for CFD
and CFD-plasma simulations run with a nonzero background
pressure po, while dashed-dotted lines are for CFD simula-
tions run with po=0Torr and CFD-plasma ‘“‘simulations”
extrapolated to po =0 Torr (S04, S08, S12, and S16).

The variation of T(¢) at each time-step during the RF
cycle is also shown (light red lines) for the performed CFD-
plasma simulations (S02, S06, S10, and S14). However, it
is for visual reference only, because the variation of the fluid
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FIG. 5. Cycle average temperature 7 along the z-axis for PR-0. Cold gas
operation: S01 (blue solid line, po = 0.349 Torr) and S03 (blue dashed dot-
ted line, po = 0 Torr). Plasma operation: S02 (red solid line, po = 0.349 Torr)
and S04 (red dashed-dotted line, po = 0 Torr, extrapolated results).

parameters at each time-step is to a large extent a conse-
quence of the large fluid time-step size (Aty = 1.0 us) rather
than an actual response to the variation of the plasma param-
eters over the plasma time-step size (At, = 1.229 ns).
Hence, the fluid parameters must be averaged over the RF
cycle for valid interpretation. Nonetheless, the T(z) profiles
provide some insight into where heating of the neutral gas by
the plasma is taking place.

The extrapolated profiles are obtained using a pointwise
function that transforms cold gas operation in nonzero back-
ground pressure cases to cold gas operation in py = 0 Torr
cases. Using the PR-0O CFD simulations as an example, a func-
tion fr specifically for temperature is found such that
fr(Tso1) = Tsos, fitting all of the T data points in both S01
(blue solid line) and S03 (blue dashed-dotted line). Note that
these CFD simulations are steady state, so the T profiles in SO1
and S03 are constant in time. The same function is then applied
to each of the temporally varying T'(¢) profiles (light red lines)
of the transient CFD-plasma simulation S02 and calculates the
temporally varying T(¢) profiles of S04 (not shown in Fig. 5).
JFr(Tso2(t)) = Tsoa(r) thereby gives a prediction of the 7'(¢)
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FIG. 6. Cycle average temperature 7 along the z-axis for PR-C. Cold gas
operation: S05 (blue solid line, po=0.349 Torr) and S07 (blue dashed dot-
ted line, po =0 Torr). Plasma operation: S06 (red solid line, po = 0.349 Torr)
and S08 (red dashed-dotted line, po= 0 Torr, extrapolated results).
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FIG. 7. Cycle average temperature 7 along the z-axis for PR-N. Cold gas
operation: S09 (blue solid line, po =0.349 Torr) and S11 (blue dashed dot-
ted line, po =0 Torr). Plasma operation: S10 (red solid line, po = 0.349 Torr)
and S12 (red dashed-dotted line, po = 0 Torr, extrapolated results).

profiles in PR-O during plasma operation in py=0Torr
(S04), using data from the three performed simulations in
po=0.349 Torr (S01, S02, and S03). Finally, the calculated
T(z) profiles of S04 are averaged over the RF cycle, resulting
in the T profile of S04 plotted in Fig. 5 (red dashed-dotted
line). The same procedure is performed for the other sets of
simulations, with unique fr for each set. The procedure also
works for other fluid parameters like density, pressure, and
velocities, with functions specific to each parameter, e.g.,
fu (12501 () = =503 () = fir. (4z502(¢)) = Uz g0a(t). Plasma
parameters cannot be extrapolated as the cold gas simulations
do not contain such information.

Figure 5 plots the T profiles of PR-0. S01 (blue solid
line) and S03 (blue dashed-dotted line) are the cold gas
operation cases. The initial temperature of the neutral gas
propellant is 7 =300 K at the front plenum wall
(z = —30 mm). There is a slight drop in T as the propellant
enters the discharge chamber (z = —18 mm). This is due to
a slight acceleration of the flow called the Venturi effect,
caused by the sudden constriction of the flow diameter from
40mm in the plenum to 4.2mm in the discharge chamber.
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FIG. 8. Cycle average temperature 7 along the z-axis for PR-N. Cold gas
operation: S13 (blue solid line, py = 0.1 Torr) and S15 (blue dashed dotted
line, po=0Torr). Plasma operation: S14 (red solid line, po = 0.1 Torr) and
S16 (red dashed-dotted line, po = 0 Torr, extrapolated results).
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Along the plenum and discharge chamber, T falls monotoni-
cally as the propellant is accelerated by the pressure gradient
bridging the stagnation pressure ps in the plenum (see Table
I) to pp downstream. There is another drop in T as the propel-
lant exits the discharge chamber and expands into the lower
pressure environment downstream. In S01, T returns to ther-
mal equilibrium with the ambient gas at po =0.349 Torr and
T = 300 K. In S03 on the other hand, T continues to fall as
the propellant expands into vacuum. The accuracy of the fluid
parameters a certain distance beyond the discharge chamber
exit cannot be guaranteed for the CFD simulations run with
po=_0Torr. This is discussed in more detail in Sec. III C.

During plasma operation, the T profile of S02 (red solid
line) rises slightly in the plenum due to the presence of a
weak plasma in the region. The slight drop at z=—18 mm is
still present, but T quickly rises in the discharge chamber
due to heating by the plasma. The peak temperature is
attained with T=467.7K at z=—8mm, which is slightly
downstream of the n; peak. This is expected as thermalisa-
tion happens while the propellant is flowing downstream at
significant velocities. The difference in temperature between
plasma operation (S02) and cold gas operation (S01) is
AT =+195.9K at this location.

The extrapolated T profile of S04 (red dashed-dotted
line, pp =0 Torr) mostly follows that of S02 (red solid line,
po=0.349 Torr) in the plenum and discharge chamber. This
is the expected result since the flow conditions upstream of
the sonic surface® are insensitive to the flow conditions
downstream due to flow velocity choking.*® Past the dis-
charge chamber exit, the T profile of S04 transitions follows
that of S03 (blue dashed-dotted line). As such, it deviates
from the verifiable T profile of S02, and there is indetermi-
nate uncertainty regarding the accuracy of the data in the
downstream region. Nonetheless, only the results up to
z < 0mm are necessary for characterising the performance of
PR, and the deviation is small within the discharge chamber.

Figure 6 plots the T profiles of PR-C, and the main fea-
tures are quite similar to those of PR-O (Fig. 5). In PR-C,
the pressure gradient is mostly dropped at the nozzle throat,
and so the temperature drop associated with the acceleration
of the propellant occurs at the nozzle throat (z=—3 mm).
The temporally varying T(¢) profiles of S06 (light red lines)
reveal a peak that corresponds to the position of the central
gamma mode peak, as well as a second peak that corre-
sponds to the downstream alpha mode peak at the nozzle
throat. The combined heating from these two locations
results in a T profile (red solid line) that peaks in between
the powered electrode and the nozzle throat. The maximum
temperature is attained at T=704.9K (AT =+4409.5K) at
z=—6.6 mm. The larger increase in temperature is primarily
due to higher »; and also constitutes a higher power draw. At
the discharge chamber exit, the T profile shows a large dip,
which indicates significant overexpansion of the exhaust
plume. This is expected, as the nozzle geometry is more
suited for operating in a near-vacuum environment rather
than at po=0.349 Torr. There is a small bump following the
dip as the fast expanding exhaust plume encounters the static
background gas before reaching thermal equilibrium.
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As for S08 (red dashed-dotted line), the T profile fol-
lows that of S06 almost exactly in the discharge chamber.
There is less deviation in the results upstream of the nozzle
throat, since the nozzle throat provides a more well defined
vena contracta. This is advantageous as there is little to no
error or uncertainty in the f7 (as well as the functions for
other fluid parameters), and all the extrapolated fluid param-
eters are accurate in that region. However, there is still a sim-
ilar amount of deviation near the discharge chamber exits in
PR-Casin PR-O.

Figure 7 plots the T profiles of PR-N (S09 to S12).
While the cold gas operation S09 (blue solid line) and S11
(blue dashed-dotted line) look very similar to those of PR-C
(Fig. 6), there is a striking difference in the T profile of S10
during plasma operation. The temperature in the plenum has
increased significantly and rises almost linearly along the
z-axis. This creates a T profile in the shape of a wedge instead
of a peaked profile like those seen earlier in PR-O and PR-C.
Closer inspection of the temporally varying T(z) profiles
reveals features very similar to the shape of the n; profile (Figs.
1 and 3, blue solid line). In the discharge chamber, there is a
plateau in the T'(¢) profiles, followed by a peak, and then a sec-
ond peak. The plateau in the T(¢) profiles is more evident in
PR-N as the upstream alpha mode ionisation is significantly
higher than in PR-O and PR-C (see Fig. 4). While the top
of the T profile is almost flat, the maximum temperature T
=764.0 K is attained at z = —5.4 mm, slightly upstream of
the nozzle throat. This gives a temperature difference of
AT = +474.9 K.

An interesting result is the large variation in the T(7)
profiles in the divergent section of the nozzle. This is mainly
due to the cyclic heating by the alpha mode discharge at the
nozzle throat. The variation is much larger than in PR-C
(Fig. 6, light red lines) as it directly corresponds to 7;(¢) (Fig.
3, light blue lines) and the alpha mode ionisation [Fig. 4(c)]
in the nozzle throat. The large variation in the T(¢) profiles
persists in the downstream region but as a whole produces
the same overexpansion feature in 7 seen earlier in PR-C.
The temporal variation in 7(f) together with the overexpan-
sion results in a larger deviation of the 7T profile of S12 (red
dashed dotted line) from that of S10 at the discharge cham-
ber exit.

The fourth set of simulations performed with PR-N
(Fig. 8, S13 to S16) eliminates all of the issues mentioned
earlier: the deviation of the extrapolated results from the
results of the performed CFD-plasma simulation, the overex-
pansion of the exhaust plume exiting into a high p, environ-
ment, and the inability to accurately model the plasma
operation of PR in a vacuum environment. For the cold gas
operation cases S13 (blue solid line) and S15 (blue dashed-
dotted line), the T profiles are very similar to that of S09 and
S11 (Fig. 7), except that they deviate after z = 0 mm rather
than before. This is evidence that pg = 0.1 Torr, which is
sufficiently high for fluid numerical techniques to be valid, is
at the same time sufficiently low for emulating the fluid
parameters of PR-N operating in vacuum, with adequate
accuracy at least up to z < O mm.

The T(¢) profiles of S14 (light red lines) differ from that
of S10 (Fig. 7) even though the same geometry is used. This
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is because of the distinctly different discharge characteristics
in PR-N when operating in a background pressure of
po = 0.1 Torr. The upstream plateau and downstream peak
features in the T'(¢) profiles are replaced by a single lower but
wider peak corresponding to the location of the alpha mode
ionisation [Fig. 4(d)]. The overlap of the alpha mode and
gamma mode ionisation regions results in a much higher peak
in T(¢) under the powered electrode. The absence of plasma
in the divergent section of the nozzle [Figs. 1(d) and 3, light
red lines) has also resulted in a stable temperature in neutral
exhaust plume.

Overall, the cycle average T profile of S14 (solid
red lines) still has the shape of a wedge, but with steeper
gradients and a rounded top. The maximum temperature
is T = 831.6 K, attained at z = —6.9 mm. The difference
in temperature compared with cold gas operation is
AT = +537.2 K, which is the largest increase recorded so
far. The T profile also does not show overexpansion at the
discharge chamber exit, indicating that pg = 0.1 Torr is low
enough to mimic vacuum expansion of the propellant in
PR-N.

Because the T profiles of S13 and S15 are almost iden-
tical throughout PR-N, the extrapolation function fr makes
very little adjustments to the T profile of S16 (red dashed-
dotted lines) up to z < 0 mm. Essentially, this means that
S14 performed with pg = 0.1 Torr can be considered to be
a proxy for obtaining an equivalent CFD-plasma model of
PR-N operating in po= 0 Torr, thereby overcoming the limi-
tations of the fluid and plasma numerical techniques in a vac-
uum environment. Nonetheless, extrapolation of S16 is
performed for consistency and comparison to other extrapo-
lated results (S04, S08, and S12).

C. Knudsen number

Another reason for addressing the problem via CFD-
plasma simulation is that the alternative via theoretical
means brings about particular difficulties as the flow is in the
slip regime, where the Navier-Stokes equations are only
valid in the main flow and not in the boundary layer. In this
regime, it is necessary to use the slip boundary condition,
which requires a full CFD treatment.?®

The slip regime is characterised by a Knudsen number
in the range of 0.01 <Kn=0.1. Kn is a dimensionless
parameter given by the ratio of the mean free path of a mole-
cule A to the characteristic length of the flow system L. The
mean free path is defined as

kT
V2na?p’

where kg =1.381 x 10727 K is the Boltzmann constant,
while T and p are the local temperature and static pressure,
respectively. Note that the 4 uses the kinetic description with
the Lennard-Jones collision diameter ¢ instead of the fluid
description with the fluid dynamic viscosity, as the former
definition preserves its accuracy even in high Kn regimes.
The characteristic length of the flow system is half of the
shortest dimension in each region. In the plenum, L is half
the length; in the discharge chamber, L is the radius; in the

)



173301-9 Ho, Charles, and Boswell

S15

516

i L 513
L s14

15.0

2 [mm)]

FIG. 9. Knudsen number Kn for S13 (blue solid line), S14 (red solid line),
S15 (blue dashed-dotted line), and S16 (green dashed-dotted line). Flow in
PR-N s in the slip regime (0.01=<Kn=0.1).

downstream region, L =22.5 mm (radius of the glass expan-
sion tube in the experimental setup'?) is used as a worst case
scenario. Figure 9 plots Kn for the fourth set of simulations
using PR-N as an example, demonstrating that most of the
flow is in the slip regime, and hence simple theoretical calcu-
lations are inadequate for providing an accurate understand-
ing of the flow characteristics in PR-N.

CFD and CFD-plasma techniques on the other hand are
well suited for treating flows in the slip regime. In particular,
the low Kn in the downstream region of S13 and S14 con-
firms that the fluid and plasma results are wvalid at
po=0.1Torr. Although Kn is at the upper limit of the slip
regime in S15, the results from this CFD simulation are
almost identical to that of S13, indicating that they are also
valid and accurate to a high degree. Since the extrapolation
from S14 to S16 is very close to the original CFD-plasma
simulation results, S16 is therefore valid and accurate as
well, up to z < Omm. As Kn quickly rises in the downstream
region for S15 and S16, there is a limited distance past the
discharge chamber exit that the CFD and CFD-plasma results
remain accurate. In practice, all results past z >0 mm are dis-
carded to preserve the integrity of the data and the rigour of
the method.

D. Velocity

The primary purpose of heating in PR is to increase the
exit velocity of the propellant. There is no easy method to
experimentally measure the velocity profile of the propellant
inside the discharge chamber due to its geometry and small
physical dimensions. Again, the only solution is by computa-
tional means, with a full treatment of boundary layer effects
which are dominant in the slip regime.

Figures 10-13 plot the cycle average axial velocity u.
profiles for the first four sets of simulations (S01 to S16),
comparing cold gas operation (blue lines) to plasma operation
(red lines), and also comparing operating in a nonzero p, envi-
ronment (solid lines) for operating in a vacuum environment
with pp=0Torr (dashed-dotted lines). During plasma opera-
tion, the u, profiles (red solid lines) clearly show a marked
increase in the acceleration of the propellant at the nozzle
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FIG. 10. Cycle average axial velocity u, along the z-axis for PR-0. Cold gas
operation: S01 (blue solid line, po = 0.349 Torr) and S03 (blue dashed dot-
ted line, po = 0 Torr). Plasma operation: S02 (red solid line, po = 0.349 Torr)
and S04 (red dashed-dotted line, po = 0 Torr, extrapolated results).

throat of PR-C (Fig. 11) and PR-N (Figs. 12 and 13).
Although plasma operation raises the temperature of the pro-
pellant in PR-0O (Fig. 10), the energy of the hot propellant is
not effectively transformed to acceleration. Another advantage
of the nozzle geometries of PR-C and PR-N is the low u, in
the discharge chamber. The propellant takes a longer time to
transit through the discharge chamber, thereby allowing more
time for effective thermalisation with the hot ions through
ion-neutral charge exchange collisions,”> which are also more
numerous at the higher pressures in PR-C and PR-N.

For a short time just after the negative peak (¢ = 37/2)
of the RF cycle, the temporally varying u.(¢) profiles of S10
(Fig. 12) and S14 (Fig. 13) become negative (light magenta
lines) in the region of the discharge chamber just upstream of
the powered electrode, while also being the highest down-
stream of the powered electrode. This is a strong suggestion
of neutral pumping by ion-neutral charge exchange colli-
sions***! for two reasons. First, it occurs symmetrically on
either side of the gamma mode discharge. Second, its occur-
rence is just after the peak of the gamma mode ionisation,
during which a new population of hot ions has been created.
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FIG. 11. Cycle average axial velocity u. along the z-axis for PR-C. Cold gas
operation: S05 (blue solid line, po=0.349 Torr) and S07 (blue dashed dot-
ted line, po =0 Torr). Plasma operation: S06 (red solid line, po = 0.349 Torr)
and S08 (red dashed-dotted line, po= 0 Torr, extrapolated results).
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FIG. 12. Cycle average axial velocity u, along the z-axis for PR-N. Cold gas
operation: S09 (blue solid line, po =0.349 Torr) and S11 (blue dashed dot-
ted line, po =0 Torr). Plasma operation: S10 (red solid line, po = 0.349 Torr)
and S12 (red dashed-dotted line, po = 0 Torr, extrapolated results).

The neutral pumping is unlikely to be due to heating by
electron-neutral elastic collisions, first because the ion-neutral
charge exchange collisions are far more dominant in terms of
the amount of power transferred to the neutrals*® and second
the time and position of the peak electron-neutral elastic colli-
sion rate do not synchronise with the neutral pumping feature
in the u.(r) profiles.

While the u,(¢) profiles demonstrate neutral pumping
both upstream against the main flow and downstream accel-
erating over the main flow, the same behaviour is not percep-
tible in the radial direction towards the discharge chamber
wall, as the radial velocity u, is convergent towards the cen-
tral axis of the nozzle throat. In any case, the neutral pump-
ing features (light magenta lines) do not constitute absolute
evidence of the phenomenon, as the temporal variation of
the u,(¢) profiles is to a certain degree a result of the large
fluid time-step size rather than an actual response to the vari-
ation of the plasma parameters over the plasma time-step
size.

In all the simulations performed with py=0.349 Torr
(Figs. 10-12; solid lines), the u, profiles decline rapidly as
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FIG. 13. Cycle average axial velocity u. along the z-axis for PR-N. Cold gas
operation: S13 (blue solid line, py = 0.1 Torr) and S15 (blue dashed dotted
line, po= 0 Torr). Plasma operation: S14 (red solid line, py = 0.1 Torr) and
S16 (red dashed-dotted line, po = 0 Torr, extrapolated results).
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the exhaust plume encounters the static gas in the down-
stream region. For PR-C and PR-N, the u, profiles already
start to decrease in the divergent section of the nozzle due to
overexpansion into the high background pressure. This cre-
ates an indeterminate uncertainty when extrapolating those
results to po=0Torr, as seen by the deviation between the
solid and dashed-dotted lines. This problem is solved by
using po=0.1 Torr instead (Fig. 13, solid lines), which pro-
duces almost identical results for S13 (blue solid line) and
S15 (blue dashed-dotted line). Extrapolation of the u, profile
from S14 (red solid line) to S16 (red dashed-dotted line) is
therefore minimal. Moreover, the u, profile has an almost
constant and flat gradient at the discharge chamber exit, indi-
cating no overexpansion in the nozzle, and thus ensures a
high degree of accuracy in the extrapolated results.

E. Thrust force

As mentioned earlier, terrestrial experimental instru-
ments are often not sufficiently accurate for measuring thrust
forces on the order of ~ I mN or thrust force variations in
smaller fractions of this value. Alternatively, thrust forces
are often estimated using theoretical methods that are only
valid for conventional nozzles, neglecting the important slip
regime boundary layer effects that are dominant at the oper-
ating conditions of the microthruster. For example, calculat-
ing the thrust force from the pressure force imbalance in the
microthruster does not take into account the friction forces
between the boundary layer and the wall.?® Another com-
monly used method is to assume that the exit velocity of the
propellant is the local sound speed ¢, = +/7pkgT /m, where 7
is the adiabatic index, T is the local temperature of the pro-
pellant, and m is the molecular mass of the propellant. If
there is a nozzle, then acceleration of the propellant is
assumed to be relative to the ratio of the exit area to the
throat area. In reality, the sonic surface is not flat, and
the exit velocity has a profile that is highly modulated by the
boundary layer near the wall and cannot be simplified to a
single number. Again, a full CFD treatment with the appro-
priate slip boundary condition is required to accurately
model the flow characteristics in this Kn < 0.1 regime.

Figures 14—17 plot the exit cycle average axial velocity
u; x profiles for the first four sets of simulations. In PR-0O
(Fig. 14), the u. ¢ profiles of the po=0Torr cases (dashed-
dotted lines) are displaced positively relative to the u,ex
profiles of the po=0.349 Torr cases (solid lines), while pre-
serving the rounded shape. This indicates that the propellant
flow is simply accelerated by a certain amount, and the width
of the boundary layer at the exit is roughly the same in the
four PR-0O simulations. On the other hand, there is a pro-
nounced difference between the u.. profiles for the
po=0Torr (dashed-dotted lines) and py=0.349 Torr (solid
lines) cases in PR-C (Fig. 15) and PR-N (Fig. 16). This is a
sign of overexpansion in the py=0.349 Torr cases (solid
lines). The concern here is with the accuracy of the extrapo-
lated u..x profiles (red dashed-dotted lines), which have a
large deviation from the original CFD-simulation results. In
the fourth set of simulations performed with PR-N (Fig. 17),
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FIG. 14. Cycle average axial velocity u. ., across the discharge chamber exit
for PR-0. Cold gas operation: SO01 (blue solid line, po=0.349 Torr) and
S03 (blue dashed dotted line, py =0 Torr). Plasma operation: S02 (red solid
line, po=0.349 Torr) and S04 (red dashed-dotted line, po = 0 Torr, extrapo-
lated results).

the propellant is ideally expanded in both the py = 0.1 Torr
and po =0 Torr cases.

The u.. profiles of the nozzle geometries PR-C and
PR-N (Figs. 15-17) are strongly peaked in the centre of the
discharge chamber exit, as the flow on the central axis is
least affected by viscosity and friction from the boundary
layer. The rising portion of the u..x profiles near the wall
shows that the boundary layer is dominant over a significant
area of the flow cross section. Neglecting to account for this,
as it often happens, inevitably results in gross overestima-
tions of the propellant exit velocity, and therefore the esti-
mated thrust force and other performance metrics. Trying to
find the shape of the u.., profile via theoretical means is
nontrivial; the fictitious slip velocity and temperature jump*?
parameters at the wall must be determined using a full CFD
treatment with appropriate tangential momentum and ther-
mal accommodation coefficients.

In the extrapolated plasma operation results, the peak exit
velocity attained is: u; ¢x = 399.7 m s~! or Mach 3.1 in PR-0,
Uz ex = 635.9 ms~! or Mach 2.5 in PR-C, U.ex = 718.4 ms~!
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FIG. 15. Cycle average axial velocity u. ¢ across the discharge chamber exit
for PR-C. Cold gas operation: S05 (blue solid line, po=0.349 Torr) and
S07 (blue dashed dotted line, po =0 Torr). Plasma operation: S06 (red solid
line, po=0.349 Torr) and S08 (red dashed-dotted line, po= 0 Torr, extrapo-
lated results).
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FIG. 16. Cycle average axial velocity u. . across the discharge chamber exit
for PR-N. Cold gas operation: S09 (blue solid line, po=0.349 Torr) and
S11 (blue dashed dotted line, po =0 Torr). Plasma operation: S10 (red solid
line, po=0.349 Torr) and S12 (red dashed-dotted line, po =0 Torr, extrapo-
lated results).

or Mach 3.6 in PR-N (S12), and u. ¢ = 685.3m s~ or Mach
2.1 in PR-N (S16). Note that the Mach number is calculated
relative to the local sound speed cg, which is dependent on the
local temperature of the propellant. The cross sectional area at
which u. .« reaches ¢, is called the sonic surface.® In PR-C
and PR-N, the sonic surface is at the nozzle throat. In a cylin-
drical geometry like PR-O, it forms as a parabolic shape
slightly upstream of the discharge chamber exit. As the exit
velocity is limited by cy, it is beneficial to increase ¢ as much
as possible by increasing the local temperature of the propel-
lant. The PR-N geometry is the most effective in heating and
accelerating the propellant. The peak u..c in S14 is higher
than in S16 primarily due to the propellant heating in the noz-
zle throat, which produces a hotter exhaust plume as well as a
higher stagnation pressure p; in the plenum (see Table I).

Thrust is generated from the linear momentum of the
propellant when it leaves the exit surface of the discharge
chamber. The thrust force is calculated using the integral
form of the general thrust equation
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FIG. 17. Cycle average axial velocity u. ¢, across the discharge chamber exit
for PR-N. Cold gas operation: S13 (blue solid line, py = 0.1 Torr) and S15
(blue dashed dotted line, po = 0 Torr). Plasma operation: S14 (red solid line,
po = 0.1 Torr) and S16 (red dashed-dotted line, po=0Torr, extrapolated
results).
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R
Fy= sz r<pexu_%.ex T Pex —po)di’, 2
0

with the radial fluid density p,,, axial velocity u. ., and pres-
sure pex profiles across the exit. Figure 18(a) shows a visual
representation of Eq. (2). The integration is performed begin-
ning at the central axis at 0 mm and ending at the cavity wall
at R = 2.1 mm for PR-O and PR-C, and R = 2.2 mm for
PR-N. As discussed previously,”® the integral form is pre-
ferred since the radial profiles of the aforementioned parame-
ters are not flat across the exit surface. To ascertain the
accuracy of the thrust force calculations, a similar integration
of the mass flow rate of the gas (1ex = pe Uz ex) 1S performed
across the exit area and compared to the supplied mass flow
rate at the inlet of 11 = 100 SCCM. The error is found to be in
the range of —5.6% < Anmiex < +0.1%, indicating that the
results of CFD and CFD-plasma simulations are reasonably
precise. Table I lists the nominal thrust force F, at
m = 100 SCCM, with Amie, already taken into account. F,
values for simulations run with nonzero p are greyed out; the
primary interest is the performance in a vacuum environment.

The thrust force increases during plasma operation by
the following amounts: +9.5% in PR-0O, +27.6% in PR-C,
+42.0% in PR-N (S12), and +27.2% in PR-N (S16). The
largest increase is seen in S12, due to the heating of the pro-
pellant in the nozzle throat. However, it has been established
that plasma operation in a vacuum environment drastically
changes the discharge characteristics, and the ion density no
longer peaks in the nozzle throat, and therefore S12 is not an

(a)
> <
- <
> «
(b)
« >
(—
e >
« =
« >

FIG. 18. (a) Force diagram for the general thrust equation. The thrust force
is calculated as the external forces acting on the propellant volume and the
momentum of the exiting propellant. Arrows represent the terms ,oexu_?‘eX
(green), pex (blue), and pq (red) in Eq. (2). Black arrows also represent pg
but may be ignored as they cancel each other out. (b) Force diagram for the
internal forces method. Pressure forces within the propellant volume act on
the walls of PR and on the background environment at the exit. The thrust
force is assumed to be the difference between the positive force vectors
(blue) and the negative force vectors (red). The friction force between the
boundary layer and the wall is not accounted for. This results in gross over-
estimation of the calculated thrust force.
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accurate representation of the performance in reality.
Nonetheless, S12 provides very useful information on how
to further optimise the geometry of PR-N in order to reach a
compromise between the desirable features of both plasma
confinement and also propellant heating in the nozzle throat.
If possible, the optimised geometry can perhaps achieve
around a +35% thrust force increase during plasma opera-
tion. Again, it must be stressed that these performance met-
rics and the F, values represent the instantaneous or pulsed
plasma operation performance of PR at the present power
draw, and higher performance is expected when the dis-
charge chamber wall and attains thermal equilibrium with
the heated propellant or with higher RF power.

The cycle average specific impulse /g, calculated using
F, is also listed in Table I. The values may be compared with
the theoretical maximum specific impulse, given by

_ 1 kT, 2 5
I[p=—- Bls 27 1— po , (3)
g m -1

where g =9.81 ms™2 is the standard gravity, kg is the

Boltzmann constant, y is the adiabatic index, m is the molecu-
lar mass of the gas, and T and py are the stagnation tempera-
ture and pressure, respectively. The p, term within the
parentheses assumes that the flow at the exit is perfectly
expanded such that p.x = po. For expansion into vacuum, I. -
becomes independent of ps and is solely determined by 7.
For Ty = 300K, the theoretical maximum specific impulse
for Ar gas is I_Sp = 57.0s. In S15, the steady state /s, = 49.1s
is somewhat lower than /g, due to frictional and viscous losses
in the boundary layer, which are unavoidable in practice. In
S16 on the other hand, the transient [, = 62.5 s represents
the minimum value achieved immediately after plasma igni-
tion, and the eventual steady state /g, is expected to be consid-
erably higher after thermal equilibrium is attained (or with
higher RF power).

The net pressure force F), on PR can be measured by
integrating the total fluid pressure force along all the internal
facing walls [illustrated in Fig. 18(b)]. Because ions are
treated as being part of the fluid in the CFD-plasma simula-
tions, it is not possible to investigate the plasma pressure
forces separately from that of the neutral fluid. The integra-
tion is performed radially and excludes the radial component
of the pressure force which cancels out on opposite sides of
PR anyway. I, obtained by this method is roughly 1.6 to 2.7
times of F. F,, must not be misinterpreted as the actual thrust
force. It is not so, because this method neglects to account for
the friction force Fy; between the boundary layer and the
wall?® and therefore results in a gross overestimation of the
actual thrust force. F, can be thought of as a force exerted on
the propellant by the wall, result in a loss against the momen-
tum that the propellant has gained from the net pressure force
imbalance. Alternatively, from the reference frame of the pro-
pellant, F, acts on the wall in the direction of flow, which is
opposite to the intended direction of motion of PR.

While there is no method for experimentally or theoreti-
cally measuring Fy,, the CFD and CFD-plasma simulations
offer a way of obtaining its value by simply calculating the
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difference F'y — F, = Fy,. Since the flow in PR is in the slip
regime, boundary layer effects are significant, and it shows
in the comparison of the respective values of Fy, and F listed
in Table 1.

F. Power

Different amounts of RF power are required to drive the
300 V amplitude sinusoidal RF waveform on the powered
electrode in each PR geometry and test case. The cycle aver-
age RF power draw P may be extracted by integrating the
volumetric and surface energy at each time-step of the RF
cycle. Volumetric power deposition (Py) in the plasma is
dominated by ion-neutral charge exchange collisions but
also includes processes such as electron-neutral charge
exchange collisions and other volumetric reactions. Surface
power deposition (Pg) is primarily due to ion bombardment
in to the self-biased section of the discharge chamber wall
shielding the powered electrode, with negligible contribution
from other processes like surface recombination and deexci-
tation reactions.”” These values are listed in Table II.

In S02, P=5.01 W, which is in great agreement with
the value of 4.8 W measured with a digital inline voltage/cur-
rent (V/I) probe on the PR-0 experimental setup. While the
CFD and CFD-plasma simulation techniques have been fine
tuned for PR-0 against experimental and theoretical parame-
ters such as pressure, velocity, thrust force, spatiotemporal
heating trends, and the self-bias formation, the same techni-
ques applied to PR-C and PR-N and different operating con-
ditions produce results that are reasonable but not guaranteed
to be absolutely accurate until they have been tested experi-
mentally. For example, a CFD-plasma simulation of PR-0O
using a 400 V amplitude instead of 300 V shows a RF power
draw of P=16.3 W, which is significantly higher than the
experimentally measured value of 10.0 W. This suggests that
P is likely to be overestimated at higher RF voltages.

One possible solution is to empirically find the appropri-
ate secondary electron emission coefficient (SEEC) that
scales with RF voltages. To explore this issue, simulations
S17 and S19 are run exactly the same as S10 and S14,
respectively, but with SEEC = 0.05 instead of 0.1. The simu-
lation results of S17 and S19 have the same general charac-
teristics as S10 and S14, but with a slight scaling down of n;
and P along with the other corresponding fluid and plasma

TABLE II. The total RF power P drawn by the discharge in each CFD-
plasma simulation, compared with the power deposition in volumetric (Py)
and surface (Ps) processes. Also listed is the power efficiency given by the
increase in thrust force from cold gas operation to plasma operation, using
results extrapolated to po =0 Torr from the listed simulations. All values are
averaged over the RF cycle.

P Py Py/P P Ps/P AF/P
Sim.  Geometry (W) (W) (%) (W) (%) (iNW1)
502 PR-O 5.01 034 6.87 4.67  93.1 25.8(S04)
S06 PR-C 133 1.16 8.74 12.1 91.3 29.6 (s08)
s10 PR-N 124 214 17.3 102 827 48.6(s12)
S14 PR-N 120 197 16.4 100 83.6  32.4(Sle)
S17 PR-N 10.6  1.47 13.8 9.15 86.2  75.2(S18)
S19 PR-N 875 1.20 13.7 7.55 86.3 24.1(sS20)
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parameters (see Tables I and II). It is important to note that
n; and P are also dependent on a number of other factors
such as the plasma impedance and the self-bias voltage at
the discharge chamber wall.”” Each of these factors must be
treated rigorously in the CFD-plasma simulations and tested
against experiments.

It is evident from Table II that the amount of power Py
deposited volumetrically into the propellant that effects
heating is only a small proportion of the total RF power
draw P. The remainder Pg, which is a significant proportion
of P, is deposited onto the plasma-facing surface of the dis-
charge chamber wall via ion bombardment. This energy is
not wasted per se, as ion bombardment is a critical and nec-
essary process for the creation of the secondary electrons
that are ultimately responsible for sustaining the gamma
mode discharge in PR. Additionally, Pg heats up the dis-
charge chamber wall over time. As Pg is considerably
higher than Py, the thrust performance may increase quite
significantly when the propellant is in thermal equilibrium
with the discharge chamber wall. Unfortunately, this behav-
iour is not captured on the time scale of the present CFD-
plasma simulations.

There is an improvement in Py/P moving from PR-O to
the nozzle geometries, with the highest proportion seen in
PR-N. Interestingly, the values of S10 and S14 are very
close, as are those of S17 and S19. This is due to the domi-
nant Pg, which is directly related to ion dynamics in the
plasma sheath along the self-biased section of the discharge
chamber wall. Evidence of this is found in the cycle average
electric potential on the plasma-facing surface of the dis-
charge chamber wall @, which is the main determining
factor of ion dynamics in the plasma sheath apart from the
SEEC. In Fig. 19, the @, profiles of S10 (blue solid line)
and S14 (red solid line) track closely to each other along the
first half of the discharge chamber wall. The same behaviour
is seen with the @, profiles of S17 (cyan solid line) and
S19 (magenta solid line).

The partitioning of Py versus Pg is directly related to
the discharge impedance. Experimentally, this means that
different PR designs require different impedance matching
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FIG. 19. Cycle average electric potential on the plasma-facing surface of the
discharge chamber wall @, in S10 (blue solid line), S14 (red solid line),
S17 (cyan solid line), and S19 (magenta solid line). Note that @,y is not
necessarily the self-bias voltage.”’
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conditions. The CFD-plasma simulations are not affected as
the RF voltage amplitude on the powered electrode is a fixed
variable, with the assumption of perfect impedance matching
in the RF electrical circuit between the powered electrode
and the RF power generator. Overall, P tends to scale with
n;. A larger number of ions increase the electrical conductiv-
ity of the discharge and thus allow for more power to be cou-
pled into the plasma while driving the powered electrode at
the same RF voltage. This is analogous to the relation
P =V?/R.

Power efficiency may be quantified by calculating the
increase in thrust force during plasma operation from cold gas
operation per unit of supplied RF power. Most values of
AF/P are the range of 24.1 uNW~! to 32.4 uyNW~!. For
perspective, the current holder of the world record for the high-
est thrust generated by an electric thruster is the X3 three-
channel nested Hall effect thruster.**** It has a mass of 230 kg
and uses Xe propellant flowing at up to m = 2000 SCCM
=1.95 x 10~*kgs~!. X3 produces 542N of thrust force
while drawing 98.4 kW of power, giving it a power efficiency
of 55.1 uyNW . Table II shows S10 and S19 both giving sur-
prisingly high power efficiencies. This indicates that propellant
heating in the nozzle throat is very desirable, if it is indeed
achievable in po=0Torr conditions. Further optimisation of
the nozzle geometry and discharge impedance can potentially
allow PR to attain AF\/P values comparable to X3 at a fraction
of the thruster mass and volume, as well as propellant and
power consumption, and be a highly attractive propulsion
option on nanosatellite missions.

IV. CONCLUSION

In summary, this paper investigates the performance of
three different geometries of the PR radiofrequency plasma
electrothermal microthruster. This is done by means of
highly precise CFD-plasma simulations, which offer insights
that are otherwise unobtainable through experimentation or
theoretical estimation.

The plasma, temperature, velocity, thrust force, and
power parameters of PR are discussed in detail, making com-
parisons between the geometries PR-0, PR-C, and PR-N, as
well as between cold gas and plasma operation modes.
During plasma operation, the thrust force is increased by
~30% with a reasonable power efficiency of ~30 uNW ' at
a total power draw of ~10W. These performance metrics
reported in this paper represent the instantaneous pulsed
plasma operation performance of PR, and higher perfor-
mance is expected when the discharge chamber wall attains
thermal equilibrium with the heated propellant or with higher
RF power.

The best performance is found in the sculpted PR-N
geometry. A higher ion density is achieved, and more RF
power can be coupled into the plasma at a fixed RF voltage.
The nozzle geometry not only increases the transit time of
the propellant through the discharge chamber, which allows
for more effective heating through more numerous ion-
neutral charge exchange collisions, but is also able to confine
the plasma within the discharge chamber due to the forma-
tion of a plasma sheath at the nozzle throat. Enhanced

J. Appl. Phys. 123, 173301 (2018)

recombination in the divergent section of the nozzle ensures
that the exhaust plume is essentially neutral, thereby avoid-
ing contamination of solar panels and interference with
externally mounted instruments. Future optimisations of PR
are recommended to seek a compromise between desirable
propellant heating in the nozzle throat and plasma
confinement.
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