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Abstract: Atmosphere-breathing electric propulsion (ABEP) is a type of electric propulsion system
that uses the atmosphere as a propellant source instead of a stored reservoir. This technology is still
in its early stages, but holds the promise of providing a clean, efficient, and sustainable propulsion
system for spacecraft, enabling very low Earth orbit (VLEO) mission scenarios. To optimise the ABEP
technology, accurately simulating air-based plasma chemistry plays a crucial role. In this paper, an
air-based global model (GM) is presented that includes a detailed chemistry model for the various
reactions that are involved in ABEP applications. The model’s goal is to forecast the performance
of a cathode-less RF plasma thruster under various pressure levels and species concentrations that
are typical of VLEO missions. The GM was exploited to map the performance of a fictitious ABEP
based on a cathode-less RF thruster in order to assess its feasibility in VLEO. The numerical model
is promising as a tool for the design of ABEP systems and for the preliminary optimization of
mission scenarios.

Keywords: aerospace propulsion; numerical modelling; plasma thruster; atmosphere-breathing
electric propulsion; atmospheric plasma

1. Introduction

The low Earth orbit (LEO), ranging from 160 up to 2000 km [1], represents the most
crowded region around the Earth, mainly due to the great benefits that it can provide to a
mission as a whole. The lowest part of LEO is usually referred to as very low Earth orbit
(VLEO) and it consists of orbits below 450 km [2,3]. These orbits, much lower than the
traditional LEO, are gaining increased attention due to their potential for a variety of appli-
cations, including high-resolution Earth observation, communications, and navigation [4].
VLEOs offer a number of advantages over traditional LEOs [2]. For example, satellites can
provide higher-resolution imagery and communications due to their proximity to Earth’s
surface. Additionally, VLEO satellites have shorter orbital periods and require less propel-
lant to reach their orbits, resulting in lower launch and operating costs. Moreover, because
of the increased air density in VLEO, any space debris that is produced there or reaches
this regime from higher orbits would degrade more quickly [2], making the region safer for
the life of the satellite. This, however, implies that a satellite or spacecraft is subjected to
increased drag force as well. The spacecraft gradually slows down due to drag, causing
the orbital altitude to drop. For orbits beyond VLEO, this issue is normally extremely
limited, and the ensuing orbit decay is tolerable for the duration of the satellite’s operative
life [5]. To prevent an orbit’s rapid decline, at lower altitude, the drag must be effectively
counteracted by means of a propulsion system [6]. However, the thrust requirements for
VLEO missions are quite a considerable obstacle in terms of both the stored propellant and
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thruster performance. To increase the capabilities of electric propulsion (EP) and render it
useful in certain target orbits, the amount of on-board propellant must be decreased.

Atmosphere-breathing electric propulsion (ABEP), often referred to as RAM-EP, for
satellites is an emerging technology that has the potential to revolutionise satellite opera-
tions. This type of propulsion system mainly uses residual air present in the atmosphere as
a propellant source instead of traditional ones (e.g., xenon or krypton) to allow for satellites
to maneuver and remain in orbit. This method results in a large reduction in onboard
propellant, since plasma is created by using the particles ingested by the thruster intake.
Depending on the type of cathode, it could still be necessary to carry an onboard reser-
voir [1]. Additionally, atmosphere-breathing propulsion systems are more environmentally
friendly than chemical propellants, as they do not produce any harmful emissions [7].

In the last few years, several ABEP concepts have been developed all across the globe.
At JAXA, Fujita [8,9] first proposed a thorough concept for an air-breathing ion thruster in
2004 with a focus on the creation of a suitable intake. The Air-breathing Electric THrustER
(AETHER) project [10], funded by the European Commission under the H2020 program,
intends to create the first propulsion system capable of keeping a spacecraft at VLEO
altitudes for a sustained period of time. The major goal of the project is to illustrate in
a realistic setting the vital roles played by an atmosphere-breathing electric propulsion
system and how well it can counteract atmospheric drag. BUSEK led the primary research
on atmosphere-breathing EP in the US for usage in a Martian environment, demonstrating
the viability of Martian Atmosphere-Breathing Hall Effect Thruster (MABHET) [11]. To
achieve this goal, BUSEK tested an unaltered Hall thruster (intended to run on xenon)
with a gas combination primarily constituted by CO2, which is the main chemical species
present in the Martian atmosphere. Recently, Romano et al. [12,13], from the University
of Stuttgart, presented a concept for an RF helicon-based plasma thruster (IPT) within
the DISCOVERER programme, a Horizon 2020 project whose goal is to innovate Earth
observation satellites for long-term operations at significantly low-orbit altitudes [14].

In order to optimise the design of the aforementioned models, simulations of air-based
plasma chemistry are carried out. Taploo et al. [15] produced a study on the ionisation
process inside an ABEP in low Earth orbit applications (80–110 km), with the aim of
removing the external neutraliser, hence decreasing design complexity. Mrozek et al. [16]
presented the global plasma model of the laboratory model of a gridded atmosphere-
breathing electric propulsion concept based on magnetised high-frequency plasma. An
operating background pressure range was considered as well, allowing for the simulation of
the performance within the range of 10−3 to 1 Pa. An investigation of an electron cyclotron
resonance (ECR) plasma source for VLEO was carried out by Obrusnik et al. [17] by means
of a global plasma model (GPM) for the absorbed power and a direct Monte Carlo (DSMC)
simulation for the gas flow at the intake.

This work presents a description of an air-based global model (GM) containing a
detailed chemical model for the several reactions that are involved in ABEP applications.
The model is aimed at predicting the performance of a cathode-less RF plasma thruster
(such as the helicon plasma thruster (HPT) [18]) at different altitudes (and hence different
pressure levels and species concentrations). Atmospheric composition changes significantly
with altitude; as a consequence, the importance of particular species and/or reactions may
change depending on the orbit altitude. The GM was first used to predict the propulsive
performance of an HPT [18–21], and compared to the same fed with iodine for which
the GM had been validated in a previous work [22]. Lastly, the GM was exploited to
predict the performance envelope of a fictitious cathode-less RF thruster targeted to work
in atmosphere-breathing mode in order to show its capability and potential use for mission
design in such scenarios.

2. Methodology

A cathode-less RF plasma thruster was taken into consideration in this work (refer to
Figure 1). The newly developed global model (GM) based on [23–26] was used to forecast
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the population density for each species and the electron temperature within the source
chamber. The GM takes into account the following hypotheses: (i) the magnetic field was
assumed to be uniform and completely aligned with the thruster’s axis; (ii) the chamber
was cylindrical with an open end for the exit; (iii) the influence of cusps was taken into
account via empirical relations [27]. The plasma production was assumed to occur only
within the cylindrical region of the source with an open end for the outlet; it had radius
R, length L and volume V = πR2L. The dynamics of the plasma source were solved
according to the conservation of mass (Equation (1)) for each species involved in the plasma,
and electron energy (Equation (2)) equations:

Figure 1. Atmosphere-breathing cathode-less plasma thruster layout and schematic of the global
model functioning.

dnI
dt

= RI
chem − RI

wall − RI
ex + RI

in (1)

d
dt

(
3
2

neTe

)
= PRF − Pchem − Pwall − Pex (2)

where nI is the number density of species I. Te and ne are the electron temperature in eV
and number density, respectively. For species I, RI

chem is the source/sink term associated
with plasma reactions, RI

wall to wall losses, RI
ex to particle outflow, and RI

in to particle
inflow. PRF is the power coupled to the plasma, along with Pchem being the source/sink
term associated to plasma reactions, Pwall to wall losses, and Pex to particle outflow. The
chemical contributions can be written as follows [28]:

RI
chem = ∑

J
KJ InJne −∑

J
KI JnIne (3)

Pchem = ∑
I

∑
J

KI JnIne∆UI J + ∑
I

KI InIne
3me

mI
Te (4)

where KI J is the rate constant for the inelastic transitions from species I to species J, KI I is
the rate constant for elastic collisions between species I and electrons, ∆UI J is the energy
difference (in eV) between species I and species J, and me and mI are the electron mass and
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the species I mass, respectively [29]. The terms related to wall losses (or production) can be
evaluated by means of

RI
wall =

SI
wall
V

ΓI
wall (5)

Pwall = Re
wall

(
2 + log

√
mi

2πme

)
Te (6)

where V is the volume of the source, ΓI = nIuB (uB being Bohm speed) is the particle flux,
SI is an equivalent source surface for particle loss, and mi is the mass of ions. In order to
use Equations (5) and (6), the Bohm sheath criterion at the source wall was also assumed to
be the sonic condition at the thruster outlet [25]. Secondary electron emission was taken
into account as well by means of the model employed in Zhou et al. [30].

We assumed that the neutrals were in the free-molecular regime, Γg = 1/4nguth,
where uth is the neutrals’ thermal speed [31] and ng is their number density. Regarding the
exhaust contributions, RI

ex and Pex read, respectively,

RI
ex =

SI
ex

V
ΓI

ex (7)

Pex = Re
ex

(
2 + log

√
mi

2πme

)
Te (8)

For a closed cylinder with a nonuniform magnetic field (i.e., with cusps), SI can be
accounted by means of

SI = 2πR2hLβ + hR⊥(2πRL− Scusp) + hR‖Scusp (9)

where hR, hL and β are semiempirical coefficients [32–34] that account for the nonuniformity
of the plasma profiles inside the source tube, and for the effect of electronegativity on the
diffusion coefficients. According to Goebel et al. [27], the total cusp area can be evaluated
as follows:

Scusp = 4Ncusp
√

rcirce2πR (10)

which can be interpreted as the equivalent area influenced by magnetic cusps [32]; Ncusp
is the number of cusps present in the magnetic topology, and rci and rce are the ion and
electron cyclotron radii, respectively.

Air-based plasma is composed by both positive and negative ions, and can be generally
classified as electronegative plasma. In this case, the expression of hR and hL is: [16]

hL = 0.86

(
3 +
L
2λ

+ (1 + α)1/2 γ+

5

(
L
λ

)2
)−1/2

(
γ− − 1

γ−(1 + α)2 +
1

γ−

)1/2
(11)

hR = 0.8 fb

(
4 +
R
λ

+ (1 + α)1/2γ+

(
R
λ

)2
)−1/2

(
γ− − 1

γ−(1 + α)2 +
1

γ−

)1/2
(12)

where λ is the mean free path, α = n−/ne is the electronegativity parameter, γ+ and γ−
are the temperature ratios as described by Chabert [35], namely,

γ+ = T+/Te (13)

γ− = Te/T− (14)
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fb = (1 + (ωτ)2)−1, with ω being the cyclotron frequency and τ the mean free time.
The computation of diffusion parameters relies on the method of Lennard–Jones

potentials, which provides an empirical description of the particles’ interatomic and inter-
molecular interactions.

When dealing with molecular plasma (e.g., iodine and air), a mixture-averaged ap-
proximation must be assumed in the computation of diffusion coefficient D for generic
species I, with the aim of fully describing the diffusion of the species mixture:

DI =
1−YI

∑J 6=I
XI
DI J

(15)

where X and Y are defined, respectively, by:

XI =
nI

∑ nJ
(16a)

YI =
MInI

∑ MJnJ
(16b)

MI and MJ are the mass of species I-th and J-th, respectively, while nI and nJ refer to their
number density.

2.1. Plasma Chemistry

The composition of air, which is a combination of various gases, changes significantly
with altitude. As a result, depending on the altitude at which the ABEP system is running,
some species and/or reactions become more significant. Density fluctuation for the two
primary species present in air, namely, oxygen and nitrogen, in both atomic (O, N) and
molecular (O2, N2) forms, is illustrated in Figure 2 with respect to the altitude from sea
level at a latitude of 38.91◦ and longitude of 77.04◦ [36]. Moreover, other species might be
present within the plasma (e.g., NO), especially at denser altitudes, as a consequence of the
heavy particle interaction [15].

Figure 2. Atmospheric species’ number density as a function of the orbit altitude (latitude = 38.91◦

and longitude = 77.04◦), NRLMSISE-00 atmospheric model: F10.7, Ap = 15, moderate solar activ-
ity [36].
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Each reaction involving electrons (i.e., elastic scattering, ionisation, dissociation, dis-
sociative attachment/detachment, and ionisation) has a different rate coefficient K that is
evaluated by means of

K =

√
2q
me

∫ ∞

0
εσ f0dε (17)

where q is the electron charge, ε is the electron energy in eV, and σ is the collision cross-
section for the generic electron-particle reaction in m2. The electron energy distribution
function (EEDF) f0 was assumed to be Maxwellian [37], namely

f0(ε) = 2

√(
1

T3
e π

)
exp

(
− ε

Te

)
(18)

In this work, the considered species were electron, atomic, and molecular neutral
species, namely, N, N2, O, O2, NO, N2O, NO2, excited state, and single-charged atomic and
molecular ions. Regarding the chemistry model, the reactions that were included are elastic
scattering, excitation, ionisation and neutralisation, molecular dissociation, attachment and
detachment, dissociative neutralisation and ionisation, and charge exchange. The relevant
reaction cross-sections can be found in [15,30,38].

2.2. Thrust Model

In order to predict the propulsive performance (i.e., thrust and specific impulse) of
the thruster, the plume model from [39] was adopted. In order to use such a model, we
assumed the following: (i) electron inertia is negligible; (ii) cold ion hypothesis [39,40];
(iii) ions and electrons leave the ionisation chamber at Bhom’s speed uB. The overall thrust
can be then evaluated as

T = ∑
I

(
FI

p + FI
gas

)
(19)

where for the I-th species (i.e., O, O2, N, etc.), FI
p is the contribution of the plasma accelera-

tion, and FI
gas is the force generated by the expansion of neutrals. The latter can be easily

computed by means of

FI
gas = ṁIvI

(
1 +

kBTg

mIv2
I

)
(20)

where kB is the Boltzmann constant, ṁI is the ejected mass flow rate of the I-th species,
Tg is the neutral gas temperature in Kelvin, vI =

√
γkBTg/mI is the sound speed, and γ

is the specific heat constant. Plasma acceleration term FI
p is given via the combination of

two terms:
FI

p = FI
0 + FI

mag, (21)

namely, the contribution of source FI
0 and magnetic nozzle FI

mag. By assuming the paraxial
approximation for the magnetic nozzle (i.e., Bz(r, z) ∼ Bz(0, z)), from mass and momentum
conservation [39,41], the magnetic nozzle term can be expressed as a function of FI

0 :

FI
mag = FI

0
(M− 1)2

2M (22)

whereM = v/uB is the magnetic Mach number (v is the plasma velocity). Considering
the nozzle contribution up to the plasma detachment point allows for the evaluation of the
overall thrust generated by plasma acceleration as follows:

FI
p = FI

0
M2

det + 1
2Mdet

(23)
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whereMdet is determined for each species according to [39]. Lastly, FI
0 can be expressed as

follows [39]:
FI

0 = 2βqnI Te A0 (24)

where β is a dimensionless parameter that accounts for nonuniformity within the plasma,
and A0 is the outlet section of the thruster.

The specific impulse Isp can be evaluated as follows:

Isp =
T

geṁ0
(25)

where ge is the gravity acceleration constant at sea level, and ṁ0 the total mass flow rate.

3. Results
3.1. Comparison of the GM with Air and Iodine

To the authors’ knowledge, no detailed experimental measurements on ABEP have
been applied to cathode-less thrusters at conditions representing different altitudes; hence,
different chemical compositions of the atmosphere are present in the literature. Therefore,
in order to provide a reasonable set of results, the outputs provided by the GM were
first compared to the ones obtained with the same GM targeted at iodine propellant
whose thrust prediction capability had been tested against the measurements of a helicon
plasma thruster (HPT) [22,42]. Figure 3 shows the experimental thrust measurements of
a laboratory model of an HPT [19,21] run on iodine. The thrust prediction obtained by
the global model implementing the iodine chemistry model is presented as a function of
the power absorbed by the plasma in the ionisation chamber and the one obtained for the
air-based plasma. An uncertainty band of ±25% was attributed to the numerical results
and was mainly associated to the assumptions (see Section 2) performed on the plasma
profiles, the plasma–walls interaction, the cross-sections of the plasma reactions, and the
detachment criterion in the propulsive model [23,25].

Figure 3. Comparison of thrust estimated from the GM against experimental measures of a laboratory
model of ambipolar thruster as a function of power.
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It is fairly reasonable to state that the GM was able to reproduce the overall thrust
trend of the thruster, with the error being limited to a maximal value of ∼30%. The thrust
profile predicted for air showed a different tendency, as more linear behaviour with respect
to power could be observed. Moreover, the thrust produced with air was lower with
respect to iodine. This reduced performance can be mainly attributed to the large number
of mechanisms (e.g., dissociation, and recombination) that lead to the production of neutral
species in the air. These reactions act as an energy sink and limit ionisation. Similarly, the
multiple involved vibrational and rotative excitation modes contribute to reducing the
overall available energy to produce and heat up plasma. The result is colder and less dense
plasma, and hence poorer thruster performance (see Equation (24)).

3.2. Feasibility Analysis of an ABEP Cathode-Less RF Plasma Thruster

The GM presented in Section 2 was exploited to test its potentiality as a tool for
the mission assessment of an ABEP system based on cathode-less plasma thrusters. The
considered scenario consisted in circular orbit maintenance in circular VLEO at orbital
altitudes of 250–400 km [43]. The drag generated by the atmospheric residual particles to
the spacecraft had to be compensated by the ABEP system during the whole operational
time. In this analysis, a spacecraft similar to GOCE [44]) was considered. The spacecraft
was equipped with an intake [45] responsible for collecting the atmospheric particles and
funnelling them inside the thruster’s discharge chamber (see Figure 1).

In Table 1 the main parameters of the whole ABEP system are briefly reported. The
considered intake is similar to the diffusive one described by Romano et al. [45], and
a value of intake efficiency of ηc = 0.43 was considered in accordance to the analysis
proposed by Vaidya et al. [4]. The intake cross-sectional area Ain was assumed to be equal
to the spacecraft’s frontal cross-section and the exit area Aex from the thruster’s outlet.
An expansion ratio ε = 10 was considered between the intake (outlet) and the discharge
chamber cross-section, and the spacecraft length was L = 1 m. The GOCE spacecraft drag
coefficient (CD = 3.7), which was derived from direct measurements, was considered [44]
and assumed to be constant in the altitude range considered. Regarding the ABEP system,
only configurations with a thruster efficiency of ηthr = 30% or lower were considered,
coherently to the state of the art [46]. A magnetic field of intensity up to B = 0.15 T,
generated by three rings of permanent magnets, was assumed. In the following analysis,
the input power Pin considered in the GM is antenna–plasma coupled power.

Table 1. Main spacecraft and ABEP system parameters used for analysis.

ABEP System Parameters Values Unit

L 1 [m]
Ain 1 [m2]
Aex 1 [m2]
ε 10 [-]
ηc 0.43 [-]
CD 3.7 [-]
B 0.15 [T]
Pin 5–3000 [W]

The drag force experienced by the spacecraft reads

D =
1
2

ρAinCDv2
orb, (26)

where ρ is the atmospheric density, and vorb is the orbital velocity. For the sake of simplicity,
the effects of atmospheric corotation and space weather were not taken into consideration.
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From Equation (26), the specific impulse requirement could be derived assuming the thrust
to be equal to the drag force:

Isp =
1
2

CDvorb
geηc

, (27)

where ge is the gravity acceleration constant at sea level. Figure 4 shows the drag force
to which the spacecraft is subjected and the required specific impulse for different orbital
altitudes (250–400 km); the required thruster’s beam power (PBeam = 1

2 DIspge) and the
air mass flow (ṁ = ηCρAinvorb) available for the thruster are shown as well. The latter
decreases exponentially with increasing orbital altitude, and the same happens to the drag
force, whereas the specific impulse slightly decreases with a linear trend. The atmospheric
density and composition considered in the calculations are discussed in Section 2.1.

250 300 350 400

10
-1

10
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10
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10
-3

10
-2

10
-1

10
0

(a)

250 300 350 400

3370

3380

3390

3400

10
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1

10
2

10
3

(b)

Figure 4. Mission requirements assuming CD = 3.7 and intake efficiency ηc = 0.43. (a) Drag in
function of the orbital altitude and available mass flow; (b) Isp in function of the orbital altitude and
required thruster’s beam power (PBeam = 1

2 DIspge).

The GM presented in Section 2 was run at varying orbital altitudes (250–400 km), i.e.,
at varying mass-flow and chemical compositions, and input power (see Table 1) to map the
performance of the ABEP system. Figure 5 shows that the thrust was mapped for different
input powers (namely, the coupled power absorbed by plasma given as input to the GM)
and altitudes. The dashed line represent the breakeven points, i.e., the configurations
where the drag force was fully compensated by the developed thrust. At constant power,
thrust increases as the orbital altitude decreases due to the more available mass flow (see
Figure 4a). Notably, the required power for drag compensation decreases with increasing
orbital altitude, as both the atmospheric density and the spacecraft orbital velocity decrease.
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Figure 5. Available thrust at different input power levels and different orbital altitudes. The magenta
dashed line represents the breakeven points where the thruster meets the drag requirement.

The electron density predicted with the GM is shown in Figure 6. At lower orbital
altitudes, density increased in proportion to the available mass flow of atmospheric parti-
cles. However, the peak was located slightly below 500 W. This may be explained by the
fact that, at higher power ranges, the plasma temperature increases, shifting the chemistry
equilibrium favouring the mechanisms of energy loss among heavy particles [15] and
thereby lowering the ionisation ratio. Lastly, Table 2 shows the species density and plasma
temperature for a altitude of 250 km at the breakeven point for drag compensation. Gener-
ally, the number density of atomic ions is greatly larger with respect to the molecular ions
(>1 orders of magnitudes), and it is comparable to the electron density, thereby respecting
plasma neutrality. Due to their low population density, molecular ion species are expected
to provide little contribution to the overall thruster performance.

Table 2. Positive ion density and plasma temperature at breakeven for 250 km of orbital altitude.

Te [eV] ne [m−3] n+
O [m−3] n+

O2
[m−3] n+

N [m−3] n+
N2

[m−3] n+
NO [m−3]

n+
NO2

[m−3]
n+

N2O
[m−3]

18 7.21× 1016 5.79× 1016 1.11× 1015 9.96× 1015 3.15× 1015 2.73× 1013 2.21× 105 1.59× 104
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Figure 6. Plasma density as a function of the orbital altitude and input power.

4. Conclusions

Alternative propellants such as air have recently attracted much interest due to the
application of atmosphere-breathing technology. To this end, a chemistry model was set
to collect data, namely, cross-sections and transport coefficients, from the literature, and a
GM capable of simulating RF cathode-less plasma thrusters was developed. Thanks to this
numerical tool, it is possible to design novel thrusters and perform preliminary optimisation.
Moreover, this tool allows for the preliminary estimation of an ABEP system’s performance,
and can be used to assess both propulsion and system analysis of the thruster operating
at various altitudes, providing a valid contribution in enabling ABEP technologies with
cathode-less thrusters, such as the helicon plasma thrusters, and generally any RF plasma
thruster. To test the potential use of the GM as a design tool and for the assessment of
VLEO missions, feasibility analysis of a fictitious ABEP cathode-less RF plasma thruster
was performed. The performance envelope of the thruster was calculated with this tool and
compared to the mission requirements, showing promising results. The power requirement
needed to fully compensate the drag force experienced by the spacecraft at an altitude of
250 km was around 460 W (see Figure 5), which means that the thruster’s configuration,
designed employing the GM, showed a thruster efficiency of 30%, which is in line with what
was expected in the literature [4]. To further improve the thruster’s performance, a few
options could be considered. First, further increasing the thruster’s efficiency: this could be
achieved by optimising the thruster’s design, such as the thruster’s geometry, magnetic
confinement and nozzle design, and power deposition. Second, decreasing the power
requirements: another way to improve performance is to reduce the power requirements of
the thruster by changing the propellant composition and flow rate. Analysis on variable
propellant composition over time could lead to a better understanding of how different
propellant mixtures affect the performance of the thruster. This could help in optimising
the thruster in order to work with different compositions of the propellant for different
altitudes or mission requirements, leading to improved performance. Overall, the GM
tool could be used to study the effect of these different options on the performance of the



Aerospace 2023, 10, 100 12 of 14

thruster, helping in identifying the best approach to improve performance and meet the
requirements of a mission.

The GM is a promising tool for gaining macroscopic insights on the physics and
propulsive performance of ABEP systems based on cathode-less RF plasma thrusters fed
with alternative propellants, such as air. Nevertheless, a number of future developments
must be accounted for. The air chemistry model must be properly validated against
experimental data. To this end, an experimental campaign is currently underway at the
University of Stuttgart with the aim of collecting data for proper validation. Furthermore,
effort must be dedicated to finding an accurate cross-section for the reactions involved
in the model, which may be accomplished via spectroscopic experiments [29] or through
calculations with quantum methodologies [47].
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