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Abstract: This study investigates the preliminary propulsive performances of a cathode-less plasma
thruster with air as its propellant. The analysis is carried out through a global model and simulates a
thruster over a power range of 0 to 50 W. The developed code considers a set of 177 chemical reactions
involving 8 different species and includes empirical equations to account for electronegative effects.
The analysis presents the steady-state values of species densities at 10 W, 30 W, and 50 W to gain
insights into the key characteristics of plasma dynamics. Moreover, the study estimates the thrust
and specific impulse and compares the results to data from models that employ xenon and iodine,
aiming to understand the performances of air in low-power thrusters. Lastly, the study examines the
effects of varying air inflow concentration on the chemistry, analyzing three different orbit altitudes
(i.e., 200, 300, and 400 km).

Keywords: aerospace propulsion; numerical modeling; plasma thruster; atmosphere breathing
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1. Introduction

In the field of space technology, there are numerous uses that require satellites to
be positioned in low orbits. This area is particularly important for applications such as
communication and Earth observation, where performance is directly influenced by the
distance from the target [1]. For this reason, its not surprising that the most crowded
region around the Earth is the low Earth orbit (LEO) zone, ranging from 260 to 2000 km [2].
However, greater benefits can be obtained by positioning the satellites into the lower part
of LEO, which is called the very low Earth orbit (VLEO) and refers to the region below
450 km [3,4].

VLEO is a desirable region for satellite applications due to its proximity to the Earth
and lower launch costs. Reaching a lower orbit is indeed less demanding in terms of the év
required, thus saving on propellant and downsizing the launcher vehicles [5]. Moreover,
VLEOs are located in a part of the thermosphere which is not so well-characterized, making
the region also desirable for scientific purposes. However, this zone represents a very
challenging band due to the presence of a residual atmosphere with higher density, thus
a stronger effect is produced by atmospheric drag. In particular, this force has a great
influence on the spacecraft, reducing the orbital velocity and leaving the satellite to drop in
a way that is not compatible with the typical satellite’s operative lifetime [6]. To mitigate the
spacecraft’s orbital decline, a drag compensation system is needed. Since the requirements
are very demanding in terms of stored and consumed propellant, electric propulsion
systems are the best option for this purpose due to their high specific impulse [7]. However,
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even in this case, the spacecraft’s design must foresee a consistent amount of propellant
that can only be used for drag compensation.

Atmosphere-breathing electric propulsion systems (ABEP) have been proposed to
accomplish this purpose. The concept consists of using the residual air present in the VLEO
space atmosphere as a propellant for an electric thruster instead of the commonly used
noble gases [8]. These gases can be indeed ionized and accelerated by electric fields to
generate thrust. Even though performances are in theory lower than the most commonly
used xenon or iodine [9], ABEP systems are considered promising for their potential to
reduce the masses of spacecrafts and make missions more cost-effective, as they eliminate
the need to carry heavy fuel loads. Moreover, the absence of a limited storage of propellant
makes this technology a good candidate for atmospheric drag compensation since it has a
theoretically infinite propulsive lifetime [10].

In the VLEO region, the atmosphere is mainly composed by oxygen and nitrogen, both
in atomic and molecular form [11], but the mixture of gases is not constant and changes
with the altitude, which makes it difficult to predict thruster characteristics. Moreover,
even in this case, there is a significant corrosive effect from the generated particles [12];
thus, materials need to be accurately selected. Therefore, cathode-less thrusters such as
the Helicon plasma thruster (HPT) are favored over other types of thrusters as they have
smaller surfaces exposed to the corrosive flow. However, the thrust efficiency of these
thrusters can reach values around 30% [13], which is lower than that of other mature
systems such as Hall effect thrusters and ion gridded thrusters. Nevertheless, the presence
of residual atmosphere can be an advantage in terms of spacecraft security since space
debris would degrade more quickly, decreasing the possibility of catastrophic impacts with
foreign objects [14].

Several ABEP projects have been studied in the last few years. For example, ESA
is developing the project RAM-EP (Residual Atmosphere for Maneuvering by Electric
Propulsion) [15], which consists of an atmosphere-breathing electric propulsion system
that aims to demonstrate the feasibility of using the residual atmosphere as a propellant for
electric thrusters in VLEO. Similarly, the Japanese Aerospace Exploration Agency (JAXA) is
working on their project, the ABIE (Air-Breathing Ion Engine) [16]. The goal of the program
is to improve the efficiency and performances of electric propulsion systems by using
residual atmospheric air as a propellant. Recently, the European Commission founded
the project AETHER (Atmosphere-breathing Electric THrustER) [17] to demonstrate the
sufficient and reliable net thrust production of an ABEP system for a sustained period
of time. In addition, the privately owned space propulsion company Busek Co. (Natick,
MA, USA) is working on its own atmosphere-breathing electric propulsion system. The
project, called the Martian Atmosphere-Breathing Hall Effect Thruster (MABHET) [18], is
the first approaching the use of an ABEP system in a Martian environment. The intention
is to demonstrate that it is possible to use atmosphere-breathing systems for planetary
exploration, reducing the amount of heavy propellant needed by the spacecraft and making
it more efficient and cost-effective for long-duration missions on Mars.

Finally, at Stuttgart University, a group of researchers has presented the DISCOVERER
project [19,20] for a Helicon-based plasma thruster, which aims to use ABEP technology for
long-term remote sensing operations in VLEO.

In order to provide a preliminary overview of thruster performances and to optimize
the design of ABEP models, simulations of atmosphere plasma must be carried out. In
particular, Taploo et al. have studied the chemistry of an atmosphere-breathing system
in a range from 80 to 110 km by varying the mean electron energy with a consistent
set of considered reactions [11]. Moreover, the project aims to present an ABEP design
without an external neutralizer. A global model (GM) for zero-dimensional simulations is
presented by Mrozek et al. [21], which simulates a gridded atmosphere-breathing electric
propulsion system with a high-frequency plasma source. The model was validated using
experimental measurements in a pressure range from from 103 Pa to 1 Pa, and the focus
was on investigating the scalability of the plasma source.
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There are also some works in the literature related to multi-dimensional models.
In particular, Zhou et al. [9] developed a fluid two-dimensional asymmetric code to
provide preliminary results for an atmosphere-breathing Helicon plasma thruster (HPT)
and compares the propulsive performances to a xenon fed HPT. Another fully kinetic
multi-dimensional model has been studied by Taccogna et al. [22] to analyze possible
changes in size-geometry, electrode arrangement, and magnetic field topology, aiming to
optimize the efficiency of the mass propellant’s utilization in an ABEP thruster.

This study uses three different global models to analyze the preliminary performances
of a cathode-less thruster with a power range of up to 50 W, e.g., the Helicon plasma
thruster REGULUS-50 developed by the Italian company Technology for Propulsion and
Innovation (T4i) [23,24]. The models simulate a range of propellants, including traditional
gases such as xenon and alternative options such as iodine and air, with a particular focus
on the chemistry models. The objective of the study is to understand the relative behavior of
different gases and the main characteristics of air used on these systems. Additionally, air-
fed simulations account for the predicted inflow at various orbits, taking into consideration
the consistent variation in species concentrations and atmospheric pressure with changes
in altitude.

2. Methodology

Global models analyze the time evolution of plasma in a 0-dimensional domain, hence
without direct consideration of spatial variations, which makes them computationally efficient.

Figure 1 presents the scheme of an atmosphere-breathing, cathode-less, RF plasma
thruster, which includes an intake and a cylindrical ionization chamber terminating with
an open section, where ions are accelerated by a magnetic nozzle. Plasma is produced and
confined inside the cylinder with radius R and length L. The magnetic field is uniform and
aligned with the thruster’s axis, but cusps are considered through empirical equations [25].

RF antenna
Magnets/coils Magnetic nozzle
\ 1 ,
INTAKE PRODUCTION STAGE ACCELERATION STAG

Figure 1. Atmosphere-breathing, cathode-less plasma thruster layout.

The set of governing equations counts one particle balance equation for each species
that has been considered, and the electron power balance is obtained by the Ordinary
Differential Equation (ODE ) [26-28]:

dn;

(th =Y+ Yway, + ¥in, — Fexn, 1)
d /3
a EnekB Te | = Pw — Pehem — Ywantéwall — Yexn€exh (2)

Here, n; is the number density of the generic i-th species. ¥i, and ¥y, are the entering
and exiting particle flows, respectively, while ¥; and ¥, are source terms that contain
i-th’s production and loss by volume and surface reactions. In the second equation, #, is the
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electron particle density, kg is the Boltzmann's constant, and T, is the electron temperature
expressed in [eV]. Py, is the uniform power density deposited by the antenna to electrons,
and Ppep, is the source/sink term associated with plasma reactions. ¥y an€wan and ¥exh€exh
are the wall and exhaust power losses, respectively, obtained by multiplying the particle’s
flow by the associated energy. The populating and depopulating mechanisms for a generic
species i can be expressed by the following equation:

¥i= ) K @)
12
where n;, and n;, are the densities of the two generic reactants, while K;, ;,; is the reaction
rate of the reaction that involves both reactants and product i. Similarly to the particle
balance, the source/sink terms in the power balance can also be evaluated by the use of
the reaction rates. Since the power balance solely addresses electron energy, only electron—
heavy particle interactions are considered, i.e.,

Pehem = ZZ”L’”] ji€ji 4)

where ¢; is the energy lost or released for the generic j — i reaction and is given in [eV]. In
case of elastic scattering interaction, i.e., when both j and i species are equal, the value of
this parameter can be evaluated as 3’"" T, [29], where m, and m; are the electron mass and
the mass of species i, respectively. The sink term for surface reactions ¥,y in the particle
balance of the generic i — th species can be determined as:

At At
Ywal, = Iﬂwau,v7€ = njup, ; 5)

Here, I'yya1, is the flux of the i-th species and V is the chamber volume. Moreover, ug, is
the Bohm speed and A, represents the effective area, i.e., the wall area affected by surface
losses [30]. While positive ions are governed by Equation (5), electron losses are obtained
with the hypotheses of quasi-neutrality; thus, the number of lost electrons is equal to the
number of lost positive ions. In order to evaluate the energy lost at the wall, the number of
recombined electrons has to be multiplied by the term e,,,;1, which can be expressed as:

T, 27tm
Ewall—ZTe_zen< m'e>' (6)
1

The exhaust contribution for positively charged particles is provided by the term ritoyt in
Equation (2). For the generic species i, this term can be computed as:

exh ) Aexh (7)

Texhi = T'exn v niup; Vv

Here, Aeyp is the exhaust section. Exhausted neutrals are taken into account considering a
free-molecular regime; hence, I'y = 1/4nguy,, where uy, and ng are the neutrals’ thermal
speed and number density [31]. Power losses due to exhaust are considered by multiplying
the electron flux by the energy associated with each electron leaving the chamber [29], i.e.,

R ?m(ﬁ@) ®)
1

The effective area A.¢s was evaluated considering the presence of a non-uniform magnetic
field (i.e., with cusps):

Acgt = 27TR* I B + hg (27TRL — Acusp) + hig | Acusp ©)
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where semi-empirical coefficients hy, h1, and p are used to consider the non-uniformity of
plasma profiles inside the source tube and the impact of electronegativity on diffusion coef-
ficients [32]. R and L are the radius and the length of the cylindrical chamber, respectively,
while Acysp is the total cusp area and can be evaluated as follows[25]:

Acusp = 4Ncusps\/rciTC827TR (10)

where 7 and e represent the ion and electron cyclotron radii, i.e., the ratio between
thermal velocity and cyclotron frequency. Ncusps is the number of cusps and is set equal
to 2 in this work. The equations mentioned are part of a global model that assumes the
presence of only neutral and positively charged particles, such as in the case of a noble gas
GM. However, when propellants like iodine and air are used, the presence of negatively
charged particles can have a significant impact on the overall properties of the plasma. In
such cases, the plasma tends to stratify into an electronegative core and an electropositive
edge, as explained in [29]. To account for this behavior, certain parameters need to be
corrected. In particular, the expression of i, and hg shall be [21,33]:

L s (DN a1 1\
h, =0. — 1 — | = —_— 11
L 086<3+2/\+( + «) G <A>> (7(1+a)2+7) (11)

R e (RNE) e —1 1\

where & = n_ /n, is the electronegativity parameter calculated in the bulk, while v, and
- are the temperature ratios described as:

Yo =T/T, (13)

y_=T,/T_ (14)

where A is the mean free path and f}, is function of cyclotron frequency w and mean free
time T, as depicted by the equation:

fo=(0+(wr)?)! (15)

Negative ions are not considered in the exhaust flow since they are confined in the core,
but the electronegative condition affects the power lost at the boundaries [29]. An equation
for electronegative plasma has been introduced by [34], who defined the energy lost as:

Ewall = 2Te + qu =+ qu (16)

where g represents the charge of an electron, while Vs and V|, denote the magnitudes of the
sheath voltage and plasma potential, respectively. The last two terms can be computed
with the formulas provided by Thorsteinsson and Gudmundsson [35]:

T, 1+«
= = 17
P2 149 ag 17
<ﬁB> 14 a >
Vs =Ten|( 4 . 18
° ‘ < O, 14 as(vy,_ /o, )? (1)
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where vy, and vy, refer to the thermal velocities of negative ions and electrons, respectively.
The quantity (iig) denotes the weighted average Bohm speed in electronegative conditions,

which is determined as:
. 1+ as
g = Ugy| —————— 19
B=UB\| 1 Py (19)

Finally, the electronegativity at the sheath edge & can be obtained solving the following
equation:

NES ocexp(‘;p(l - 'y_)> (20)

Moreover, since plasma potential V;, is itself a function of as, the system is non-linear and
is solved by a numerical approach. The use of molecular propellants also requires the
recombination at the wall to be considered. This reaction is accounted for by:

A 1 A
LI'rwalln = Yrec I1’th,, i% = E'Yrec”nvthn v (21)

where 7. is the recombination coefficient and express the percentage of neutral atoms
that recombine into molecules when hitting the wall, I'y,  is the thermal flux for the generic
n-species and A is the total surface area. To calculate the diffusion parameters for a plasma
containing molecules such as iodine and air, the Lennard-Jones potential method is used to
empirically describe the interactions between the particles [36]. However, when dealing
with molecular plasmas, a mixture-averaged approach must be considered to accurately
compute the diffusion coefficient D for each species i in the mixture, i.e.,

D= oo @)
Lj#i b
where X and Y are respectively defined by:
n:
X; = — 23
= 23)
min;
Y= = 24
= M 24)

2.1. Chemistry Model

It is crucial to provide a detailed explanation of the chemical models involved, as
different propellants have distinct chemical properties. In this study, different types of
thrusters were utilized to compare their propulsive performances with different propellants.
The chemistry models for iodine and xenon are described in detail in [7,37], respectively.
Air, instead, is a mixture of various gases, and its composition varies with the altitude.
Therefore, certain reactions may become more or less relevant if the thruster is operated
at different altitudes. The density evolution of oxygen and nitrogen in both atomic (O, N)
and molecular (O,, Ny) states with respect to orbit altitude is presented in Figure 2. The
data have been computed using the MSIS-E-90 Atmosphere Model [38] at latitude 38.91
and longitude 77.04. These elements constitute the primary components of air, which is
the inflow gas of the thruster. Nevertheless, other components may be generated within
the ionization chamber due to collisions with heavy particles; hence, molecules such as
nitric oxide (NO), nitrogen dioxide (NO,), and nitrous oxide (N;O) have been considered
in the model to understand their contribution to the performances. The model developed
considers a total of 8 different species (i.e., electrons, N, Ny, O, Oz, NO, N,O, NO,) and 177
chemical reactions, including elastic scattering, ionization, neutralization, and dissociation
that are summarized in Table Al in Appendix A. The code also takes into account heavy
particle collisions, and considers negative ions during electron detachment and attachment
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processes by means of a characteristic reaction rate Kji [9,11]. For reactions that involve
electrons, the reaction rate is evaluated using the following equation:

K= 1/%/000 o fode (25)

where ¢ is the electron energy in electron-volts (eV), and ¢ is the collision cross-section
for the electron—particle reaction in meters squared (m?). The electron energy distribution
function (EEDF) f is assumed to follow a Maxwellian distribution [39], given by:

fole) =2 (T;n) exp(—i) 26)

In this work, each species is considered in the ground state and with positively and
negatively charged ions, except for nitrogen in both atomic and molecular forms due to its
weak electronegativity, which makes negative ions unstable. Excited particles are supposed
to rapidly decay into ground state through radiation emissions [40] and hence are not
present as reactants but only as energy sink terms.

10" g

p—y

10‘2;

5_.
=

Density [cm 2]

| | | | | ]
100 150 200 250 300 350 400 450 500
Orbit altitude [km]

1025

Figure 2. density of air species with respect to the orbit altitude.

2.2. Thrust Model

The global model implements a thrust model to preliminary predict thrust F and
specific impulse I5p, based on the plume model described in [41]. To make these predictions,
certain assumptions are taken into account: (i) electron inertia is considered to be negligible;
(ii) the cold ions hypothesis [42,43] is applied; and (iii) ions and electrons are assumed to
exit the ionization chamber at the Bohm’s speed (up). The total thrust is considered as
being made up of two contributions, one provided by accelerated ions F,, and the other by
neutral expansion Fgas:

F= 2 (p;; + Féas) (27)

where i indicates a generic species. The contribution of the neutrals to the thrust can be
determined using the following equation:

Féas = péAthroa’t (28)

where Agyoat represents the throat section of the thruster, and p6 is the fraction of the
total pressure in the chamber related to the i-th species. Specifically, p}) can be calculated
as pf) = kpTgniotX;, where Ty is the neutral gas temperature and nyot is the total particle
density of the neutral species. To evaluate the plasma contribution to the overall thrust,
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both the source and magnetic nozzle effects are taken into account. These two effects are
related if the assumption of paraxial approximation is valid for the magnetic nozzle, and
this relationship is expressed by the following equation:

(M-1)2
F, rInag =F oM (29)
Here, M represents the magnetic Mach number, which is defined as the ratio of the plasma
velocity v to the Bohm’s speed ug. F = 2qBn T, A is the upstream plasma thrust, as defined

in [41]. The overall contribution of the plasma to the thrust can be expressed as [44]:

2
MG +1

Fl=Ff —det _—
P 0 2-A/lcle’t

(30)
where the M g¢; is determined according to [41]. Finally, the specific impulse is evaluated
using the following equation [45]:

F

Iy = 31
P Selily S

where g, represents the gravity acceleration constant at sea level and i is the total mass
flow rate.

3. Results

In this section, the results of an investigation into the use of air propellant applied
to cathode-less thrusters are presented. In order to analyze the main characteristics and
differences, the propulsive performances associated with these propellants are compared
via simulations carried out with the global model described in Section 2. Additionally, three
different orbital conditions are considered for the air case, which are at altitudes of 200 km,
300 km, and 400 km. These conditions are simulated to represent the varying atmospheric
compositions that the thruster would encounter when operating at different orbit altitudes.
It is important to note that, while the GM results for xenon and iodine propellant systems
have been validated against empirical data [46—-48], there are currently limited experimental
data available in the literature to validate results for cathode-less thrusters fed with air [49].
Furthermore, the few measurements available are not representative of the conditions
considered in this work, particularly for different orbit altitudes. The comparison between
the global models is carried out by evaluating the physical characteristics of a thruster
with a cylindrical chamber that has a length (L) of 80 mm and a radius (R) of 7.5 mm.
The magnetic field strength is set to 0.06 T, and it is assumed that the inflow rate remains
constant at 0.1 mg/s. However, it should be noted that this hypothesis may not be valid
for air, as the mass flow rate is dependent on the orbit altitude. Nonetheless, this study is
focused on comparing the chemistry effects in different global models, and for this reason,
the value is being considered as constant. As a preliminary step, the air model has been
simulated with three different input power levels (i.e., 10 W, 30 W, and 50 W) for each of the
three orbits. The resulting steady-state values for ion species densities in units of [m 3] are
shown in Figures 3-5. Overall, the simulations exhibit a common feature: the population of
negative ions is at least two orders of magnitude lower than that of positive ions, indicating
a weakly electronegative plasma. Additionally, the quasi-neutrality principle is upheld, as
the number of positively charged particles is in close proximity to that of the negative ones.
Furthermore, the results reveal that the primary positive ions are O", while nitrogen, in
both atomic and molecular forms, is present in lower concentrations. This gap increases
with orbit altitude, in accordance with the data from Figure 2. Notably, the sum of positive
ions is almost equal in all the three considered orbit altitudes, but the lowest case exhibits a
higher population of molecular ions. Finally, the density of molecules, such as NO™, N,O™,
and NOJ is several orders of magnitude lower than other species; hence, their effect is not
relevant in the behavior of the system.
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Comparison of Densities at Pw = 10W
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Figure 3. Steady-state density values for global air model with 10 W input power.

Comparison of Densities at Pw = 30W
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Figure 4. Steady-state density values for global air model with 30 W input power.
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Figure 5. Steady-state density values for global air model with 50 W input power.

Based on the methodology described in Section 2, the propulsive performances of
three different global models have been estimated, and the results are presented in Figure 6
The thrust and specific impulse values of these models are plotted as a function of the input
power, and the performances of air at 300 km altitude is compared against the numerical
results for the other two propellants. The plot also includes empirical measurements from
REGULUS-50 using both iodine and xenon and demonstrates the agreement with simulated
values within the error bands, which have been assumed at 25% for the global models.
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Figure 6. Comparison of thrust and specific impulse values obtained from the different propellants
with respect to the input power in range 0-50 W.

It is evident from the plots that air has poor propulsive performances with respect to
xenon and iodine. At 50 W input power, the air case presents less than 50% of the thrust and
specific impulse in relation to xenon and iodine. This condition is caused by the fact that,
with this low input power, air is fundamentally not ionized. Indeed, most of the energy
introduced into the system is lost in molecular dissociation processes, resulting in high
losses. Additionally, the ionization potential required for nitrogen and oxygen is higher
than that for xenon and iodine [50]; hence, more energy is necessary to produce a singly
ionized particle. Furthermore, air has a lower molecular mass compared to xenon and
iodine. Consequently, for the same mass flow rate, a larger number of elementary particles
is injected into the system, requiring more ionization events to achieve full ionization.

Table 1 illustrates the different ionization ratios (i.e., the ratio between the sum of
positive ions and all particles) of air at 300 km with respect to three different input powers.
The table also highlights the densities of positively charged particles and electrons at 50,
300, and 700 W. Even if increasing the power in a system designed for 50 W does not
have a physical meaning, the table mentioned clarifies the behavior of the air propellant in
cathode-less thrusters. As previously explained, the poor thrust and specific impulse values
are consequences of a weakly ionized gas. The ionization ratio at 50 W indicates that less
than the 8% of the overall particles have been ionized. This value is very low if compared
against Table 2, where xenon and iodine results at 50W input power are presented.In both
high-energy cases, instead, the density of positive ions is more than 50% of the total amount.
In particular, in order to achieve a significant ionization percentage, the input power has to
be much higher than the analyzed range.

Table 1. Ionization ratio, electron density, and positive ion density steady-state values for different
input powers using air.

Quantity 50 W 300 W 700 W
Tonization Ratio 7.55 x 1072 5.57 x 107! 7.61 x 1071
Electron density [m~3] 4.87 x 108 2.54 x 10" 2.26 x 101?
Positive ion density [m 2] 4.87 x 1018 2.54 x 10" 2.26 x 101

Neutral density [m 3] 5.96 x 10% 2.02 x 10" 7.09 x 108
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Table 2. Ionization ratio, electron density, and positive ion density steady-state values in the xenon
and iodine cases at 50 W input power.

Quantity Xenon Iodine
Ionization Ratio 8.86 x 107! 9.3 x 107!
Electron density [m—3] 9.43 x 1018 1.20 x 10%°
Positive ion density [m 2] 9.43 x 1018 1.20 x 10"
Neutral density [m 3] 1.23 x 10'8 1.94 x 1018

Finally, Figure 7 presents an investigation on the influence of orbit altitude on propul-
sive performances. The plots illustrate the thrust and I, results for three different inflow
concentrations, representing 200, 300, and 400 km across a power range from 0 up to
300 W. Overall, the trends observed for the different propellants are very similar, and any
differences between the values are below 10%. From the plots in Figure 7, it seems that orbit
altitude does not affect propulsive performances in a significant way. However, it should
be noted that the focus of this study is on the chemistry of the propellants, specifically their
air concentrations. As a result, the analysis presented only considers a constant inflow, and
the actual values may vary depending on the specific orbit being considered. Nonetheless,
what can be gleaned from the Figure is that the propulsive performances of the system do
not appear to be significantly impacted by changes in the air concentration.

2500
Air 200km Air 200km

e Air 300km e Air 300km
2r Air 400km Air 400km

2000
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1000 [

0.5F 5001
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Figure 7. Comparison of thrust and specific impulse values obtained from the different propellants
with respect to the input power in range 0-300 W.

4. Conclusions

In conclusion, this study has examined the chemistry of air as a propellant in a cathode-
less thruster using a global model with different input powers and orbit altitudes. The
analysis of the steady-value densities has shown that the influences of molecules such
as NO, N;O, and NO; is negligible and that plasma is weakly electronegative under the
assumed conditions. In addition, a comparison against xenon and iodine data has been
performed. Based on the preliminary estimation of thrust and specific impulse, which
covered a range of 0 to 50 W, it has been found that the air case exhibited poor propulsive
performances. In fact, its values are only around 50% of those obtained from xenon and
iodine data. This discrepancy can be explained by the very low ionization ratio observed at
low input power, which was determined to be just 8%. To better understand the chemistry
of air, the power range has been increased. Good values of ionization ratios can be achieved
around 700 W, where the number of positive ions is almost 76% of the overall particles.
Hence, in order to be able to compensate for atmospheric drag, the input power needs to
be much higher than the range that was evaluated.
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Finally, an analysis has been carried out to investigate the impact of orbit altitude
on propulsive performance. To examine the air chemistry, the study considered different
concentrations of various species in the inflow of the system. The results have shown that
the effects of these factors are constrained within a range of 10% at orbit altitudes of 200 km,
300 km, and 400 kmm. However, it should be noted that, in this work, the mass inflow was
assumed to be constant. Further analysis would be necessary to fully evaluate the impact
of orbit altitude on propulsive performances, especially considering that mass inflow is
likely to vary with the orbit altitude. Moreover, the influence of ionized particles in the air
inflow should be investigated.
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Appendix A. Atmosphere-Breathing Summarized Chemical Reactions

Table A1 summarizes the 177 chemical reactions considered in the global model. The
Table presents the interactions with generic particles denoted as “A” and “B”, along with
the involved species and reaction rates. Excited species, positive ions and negative ions are
respectively indicated with *,™ and ~.

Table A1l. Complete set of considered reactions.

# Name Reaction Involved Species Reaction Rates
1 Atomic Elastic Scattering e+A—A+e N, O,N*+,0* [9,11,51]
2 Atomic Excitation e+A— A*+e N, O [9,11]
3 Atomic Ionization e+A— At +2e N, O [11,51]
4 Atomic Neutralization e+AT — A N, O [11]
5 Atomic Attachment e+A— A™ 0,, NO, NO, [11]
6 Molecular Elastic Scattering e+AB— AB+e Np, O, [11]
7 Molecular Excitation e+AB — AB*+e Ny [11]
8 Molecular Ionization e+ AB — ABT+2e Ny, Oy [11]
9  Molecular Dissociative Ionization e+ AB — A +Bt+2e O, [11]
10 MOIQX‘:f;CEEZii‘atIVQ e+AB— A+B~ 0,,NO,, N,O [11,51]
11 Molecular Dissociation e+AB— A+B+e N, O, [9,11]
12 Molecular Neutralization e+ ABT — AB Ny, Oy, NO [11]
13 Molecular Attachment e+ AB — AB™ O,, NO, NO, [11]
14 Molecular Dissociative e+ ABT —5 A+B N,, 0y, NO, NO,, N,O [11]
15 Charge Exchange AT +B— A+BT N, N, O, O,, NO, NO,, N,O [11]
16 Mutual Neutralization At+B- — A+B N, N, O, O,, NO, NO,, N,O [11]
17 Recombination A+B— AB N, N, O, O, NO [11]
18 Ion recombination A +Bt — ABT N, O, NO [11]
19 Associative Detachment A+B™ — AB+e 0, Oy, NO, NO, [11]
20 Associative Neutralization AT +B~ — AB N, N, O, O,, NO [11]
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