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Resumo

Orbitas terrestres muito baixas oferecem intimeras vantagens para as missoes de obser-
vacao terrestre como, por exemplo, melhor resolucio e reducio do custo. No entanto, baixar
a altitude operacional dos satélites introduz certos desafios, tais como: maior densidade at-
mosférica e, consequentemente, maior resisténcia atmosférica e energia requerida. A propul-
sao eléctrica convencional tem dificuldade em manter estas missoes em Orbitas muito baixas
durante periodos prolongados devido ao arrasto atmosférico significativo que esgota o pro-
pelente a bordo. Por consequéncia, a tecnologia air-breathing electric propulsion (ABEP)
tornou-se promissora uma vez que utiliza o atmosfera residual circundante como propelente
para a geracao de tracao. No entanto, o desempenho dos propulsores eléctricos piora devido
a necessidade de colectar a atmosfera em regime molecular através de um sistema de admis-
sao. Além disso, as espécies atmosféricas tém um desempenho inferior em comparacao com
propelentes tipicos como o xénon.

Esta tese tem como objetivo identificar os requisitos para manter a altitude de um veiculo
espacial em orbitas muito baixas e avaliar a viabilidade da utilizacao da tecnologia ABEP para
este fim. Para tal, foi desenvolvida uma aplicacio em MATLAB® para caracterizar o ambi-
ente orbital e calcular o desempenho necessario para operar numa missao helio-sincrona
especificada pelo utilizador. A missao GOCE, que orbitou a altitudes muito baixas, foi re-
produzida pela aplicacao e os seus resultados foram validados comparando-os com os dados
de voo reportados. Além disso, os resultados da simulacao forneceram informacoes valiosas
sobre a viabilidade da incorporacao deste tipo de propulsores eléctricos em missoes semel-

hantes a GOCE.

Palavras-chave

Air-breathing electric propulsion;Orbitas terrestres muito baixas;MATLAB®;Estudo de vi-

abilidade
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Abstract

Very-low Earth orbits offer numerous advantages for Earth observation missions, includ-
ing improved resolution and reduced cost. However, lowering spacecraft orbits introduces
certain operational challenges such as: higher atmospheric density and, consequently, in-
creased atmospheric drag and power demand. Conventional electrical propulsion struggles
to sustain VLEO missions for extended periods due to the substantial drag that depletes
onboard propellant. Therefore, air-breathing electric propulsion (ABEP) has emerged as a
promising technology by utilizing the surrounding air for thrust generation and reducing re-
liance on onboard propellants. However, the performance of electric thrusters worsens due
to the need to collect the atmosphere in free-molecular regime through an intake system.
Additionally, atmospheric species have inferior performance in thrust generation compared
to typical propellants like xenon.

This thesis aims to identify the requirements for sustaining a spacecraft’s orbit in VLEO
and assess the feasibility of utilizing state-of-the-art ABEP technology for this purpose. To
achieve this, a MATLAB® application was developed to characterize the very-low environ-
ment and compute the required performance to operate in a sun-synchronous mission spec-
ified by the user. GOCE mission that orbited in very-low altitudes was replicated by the app
and its outputs were validated by comparing them to the reported flight data. Moreover,
the simulation outcomes provided valuable insights into the feasibility of incorporating air-

breathing electric thrusters in missions similar to GOCE’s.

Keywords

Air-breathing electric propulsion;Very-low Earth orbits;MATLAB®;Feasibility study
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Chapter 1

Introduction

Very-low Earth orbits (VLEO), commonly classified as orbits below 450 km, offer a num-
ber of benefits that can significantly improve the design and performance of satellites, partic-
ularly for remote sensing and Earth Observation (EO) applications. Reducing orbital altitude

below those conventionally used enables [1]:

« Optical payload to increase in resolution or reduce aperture size resulting in either im-

proved performance or smaller size and mass.

» Radiometric performance improvement by reducing the distance to the target, allowing
improved signal-to-noise ratio and reduced latency. Radar and communications appli-
cations also benefit from reduced altitude leading to improved link budgets, reduction

in power, and smaller antenna areas.

« No deorbit mechanisms are required as an unpropelled spacecraft naturally deorbits
due to atmospheric drag within a few years or even weeks depending on both altitude

and configuration [2].

« Lower risk of collision with space debris as they naturally undergo deorbiting. VLEO

are resilient to orbital debris built-ups, which is a prevalent problem at higher altitudes.

» Reduced launch costs as the same performance can be achieved with a smaller payload.

However, operating in very-low orbits presents new challenges mainly related to the
residual atmosphere. These challenges include increased atmospheric density, resulting in
higher experienced atmospheric drag by spacecraft. Additionally, there is a significant pres-
ence of atomic oxygen which cause erosion and degradation of spacecraft surfaces. As a re-
sult, this region remains not widely exploited as state-of-the-art (SoA) technology has not
been yet sufficiently developed for orbit maintenance for a long period of time. As shown
in Figure [L.1, the number of satellites operating at high altitude orbits is large, but there are

almost no satellites working in VLEO.
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Figure 1.1: (a) Number varieties of satellites in orbit. (b) Air-breathing electric propulsion
concept [3].

Traditional chemical and electric space propulsion systems rely on on-board propellant
that is unable to maintain a spacecraft in orbit for extended periods due to the substantial
drag experienced in near-Earth orbits. Once the system runs out of propellant, it ceases to
counteract the drag force, leading to a decrease in acceleration. Consequently, the spacecraft
initiates its orbital decay, eventually leading to re-entry into the atmosphere and its ultimate
demise.

The emergent technology Air-Breathing Electric Propulsion (ABEP) aims to address these
barriers to enable the sustainable operation of spacecraft in VLEO. ABEP is an alternative
approach by utilizing residual atmospheric particles to generate thrust, thereby counteract-
ing the effects of atmospheric drag without carrying conventional propellant on-board. This
technology is currently under development with numerous ongoing studies. Omnidea is a
Portuguese aerospace company that is actively conducting research in this field and proposed
the development of the present thesis within its activities.

The objective of this thesis is to create an application capable of calculating the required
propulsive performance for maintaining a spacecraft in VLEO utilizing an ABEP system. The
user is prompted to input key mission parameters such as orbital altitude, mission duration,
and spacecraft frontal area. Based on the provided mission details, the application then com-
putes the essential propulsive parameters needed to effectively counteract drag throughout
the mission. The primary outputs encompass the required thrust profile, electric power pro-
file, and the specific impulse, along with other pertinent atmospheric and orbital parame-

ters. The tool is developed using MATLAB® and the study is specifically focused on sun-
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synchronous orbits that demonstrate significant potential for enhancing air-breathing mis-
sions.

The results generated by the app are validated by comparing simulated data with actual
flight data. To achieve this validation, GOCE mission is simulated due to its operation at
very-low altitudes. Lastly, a mission with a spacecraft geometry and orbit similar to that of
GOCE is analyzed within the feasible altitude range for air-breathing electric propulsion to
evaluate the possibility of using this technology to counteract drag throughout the mission.

The outcomes generated by this app will provide insights into the feasibility of employing
air-breathing technology in very-low missions and highlight the need for additional develop-

ment to enhance its viability.

1.1 Outline

To enhance the understanding of the subject, this thesis is structured in chapters as fol-

lows:

« Chapter 1: Introduction

The introduction provides an overview of the benefits associated with very-low orbits
for EO, remote sensing, communications, and radar missions, emphasizing the signifi-
cance of developing ABEP technology as a potential solution to enable the exploitation
of this region. The objective of this thesis is also outlined as the importance of its find-

ings.

« Chapter 2: The very-low Earth orbit environment

In this chapter, a comprehensive characterization of the very-low orbit environment is

conducted to gain insights into the challenges that ABEP technology must overcome.

« Chapter 3: Air-breathing electric propulsion

In this chapter, a literature review of ABEP is carried out. The chapter begins by exam-
ining the fundamentals of traditional electric propulsion. Subsequently, the concept
of an air-breathing engine is introduced, and the challenges that traditional thrusters
encounter when operating in this mode are outlined. Finally, the chapter concludes
with a comprehensive review of the SoA of ABEP, providing an overview of the latest

advancements and developments in the field.



« Chapter 4: App development

In this chapter, the process involved in the development of the application is explained.
The flowchart is analyzed in detail as pieces of code are presented. Moreover, the GOCE
mission is simulated and the obtained results are compared to the existing reported

flight data to validate the application.

« Chapter 5: Case-study

In this chapter, the feasibility of employing an air-breathing electric engine on a mis-
sion similar to GOCE'’s is examined using the developed app. For this analysis, a space-
craft geometry and an orbit similar to GOCE'’s are selected, and the operational altitude

is chosen based on the feasible range of altitudes for air-breathing technology.

« Chapter 6: Conclusion

The final chapter serves as a comprehensive summary of the conclusions drawn from
the preceding chapters concerning the viability of spacecraft operation in VLEO uti-
lizing an ABEP system. Additionally, this chapter outlines potential areas for further

research and development.



Chapter 2

The very-low Earth orbit environment

Very-low Earth orbits are usually defined between 100 km (Karman line) and 450 km of
altitude. The interaction between the spacecraft and the atmosphere becomes more pro-
nounced as the orbital altitude decreases due to the increase in atmospheric density. There-
fore, aerodynamic forces and torques cannot be neglected. Aerodynamic torques will not be
analyzed as the primary focus of the thesis is drag compensation and not orbit control. Figure

b.1 illustrates the relative significance of various perturbations in low Earth orbit.

Primary gravity

Lunat gravity
Holar gravity

log,, (normalize d acceleration)
&,
|

-1

o a0 1000 1500 2000
Apacecraft altibude (k)

Figure 2.1: Significance of various disturbing accelerations on LEO [4].

The main sources of disturbing accelerations in VLEO are primary gravity, atmospheric
drag, and the Earth’s oblateness represented by the Js coefficient. Notably, as the orbital
altitude decreases, the atmospheric drag increases significantly.

As previously mentioned, remote sensing activities would greatly benefit from very-low
altitudes. However, such activities are commonly not operated in this region due to the envi-
ronmental challenges it poses. This is mainly due to the presence of the residual atmosphere
that leads to a large amount of on-board propellant required to compensate for drag force
and stay in orbit. In addition, the considerable prevalence of atomic oxygen contributes to
spacecraft erosion [2].

In this chapter, a detailed characterization of the very-low environment is undertaken to
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identify the specific requirements that an ABEP system must fulfill in order to enable suc-

cessful orbital operations in this region.

2.1 Atmospheric composition

VLEO is indeed a dynamic environment, in which its composition undergoes spatial and
temporal variations as a function of altitude, solar and geomagnetic activities (given by F10.7
and Ap parameters), geographic position (e.g., latitude and longitude), day-night cycles, and
solar zenith angle [2]. The effect of altitude on atmospheric composition for a given day and

geographic location is represented in Figure p.d.

Atmospheric composition in VLEO
20 _ NRLMSISE-00 Model: Av. Solar Activity, Latitude=0°, Longitude=0°

Number density (m™3)

10 F — sy

3 L L L | P .
100 150 200 250 300 350 400 450
Altitude (km)

10

Figure 2.2: Atmospheric composition in VLEO.

The atmospheric density decreases with altitude due to the effect of Earth’s gravity. The
predominant species encountered in VLEO are molecular nitrogen (Ns), atomic oxygen (O),
and molecular oxygen (O2). Note that atomic oxygen becomes increasingly prevalent com-
pared to O at ~110 km and the most abundant species at ~200 km of altitude.

Being one of the main atmospheric constituents and highly reactive, atomic oxygen can
damage materials and adsorbs to spacecraft surfaces causing erosion and affecting aerody-
namics. Thus, materials resistant to atomic oxygen must be selected in order to maintain
optimal performance and avoid degradation [4]].

Also, atmospheric density largely depends on solar and geomagnetic activities [5]. Par-
ticular attention must be taken concerning solar activity that cycles every 11 years as depicted

in Figure p.34d. Geomagnetic activity is depicted in Figure p.3H.
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Figure 2.3: Space-weather data from CelesTrak® [6].

F10.7 and Ap are two indices responsible for measuring solar radiation and geomag-
netic activity levels. F'10.7 index measures the solar flux emitted at a wavelength of 10.7 cm
(2800 MHz) which is a suitable proxy for solar extreme ultraviolet radiation. In turn, the ge-
omagnetic planetary index Ap measures the general level of geomagnetic activity on Earth

for a given day. These parameters are commonly used by models because they are available

for the longest period of time [7].

Figure p.44 and b.4b illustrates the effect of the solar and geomagnetic activities on atmo-

spheric density and temperature, respectively. The values considered for minimum, average,

and maximum activity are based on recorded events in Figures .34 and p.3H.

Total density in VLEO
NRLMSISE-00 Model: Latitude=0°, Longitude=0°
T T T T T T

High activity: F1(1.7avg=250, Ap=45
Average activitiy: F10.7avg= 140, Ap=15

Low activity: F10. - 65, Ap=0

Total density (kg/m™3)

o4 . . . .
100 250 300 350 400

Altitude (km)

(a)

150 200

450

Thermospheric temperature in VLEO
NRLMSISE-00 Model: Latitude=0°, Longitude=o0 °
T T T T T T

1400

1200

1000

800 [

600 [
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High activity: F10.7 =250, Ap=45

avg
Average activitiy: F1u,7nvg:14o, Ap=15

Low activity: F10.7, =65, Ap=0

. .
150 200 250 300 350

Altitude (km)

(b)

400 450

Figure 2.4: Effect of solar and geomagnetic activities on (a) atmospheric density (b) atmo-

spheric temperature.

The effect of solar activity weakens as altitude decreases, i.e., variations are milder for the

lower region of VLEO. In general, higher solar activity leads to an increment in density and
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temperature for a given altitude. This change occurs due to the significant heating and con-
sequent atmospheric expansion during high solar activity [8]. The thermosphere absorbs the
ultraviolet energy resulting in a rapid temperature increase at its lower region while reaching
a limit (exospheric temperature) at its upper region. The exospheric temperature is reached
due to the infrequency of intermolecular collisions that occur as a result of the very low den-
sity [9].

Additionally, the solar exposure (illuminated or eclipsed side of the Earth) and the geo-
graphic position also influence the atmospheric density. This means that atmospheric prop-

erties are intrinsic to spacecraft operation and trajectory.

2.2 Drag

As previously mentioned, the increasing air density defines the environment of low al-
titudes. Drag force results from the interchange of momentum between the residual atmo-
spheric particles and the surface of the spacecraft while colliding. As a result, the spacecraft’s
orbital energy gradually decreases limiting its lifetime. The magnitude of the drag effect de-
pends on spacecraft geometry, attitude, surface properties, and orbital medium. The drag

force F'p can be calculated as follows [9]:
1 2
FD = §pCDAfU (2.1)

where p is the atmospheric density, Cp is the drag coefficient, A; is the spacecraft frontal
area and v is the orbital velocity relative to the thermosphere. The velocity of the spacecraft
in VLEO is so high that the investigation considers the motion of the spacecraft traveling at
high speeds through a gas at rest [10].

A good estimation of this force is difficult due to the large uncertainties associated with:
atmospheric density, drag coefficient, and velocity of the body with respect to the thermo-
sphere. The dynamic nature of the thermosphere turns the spacecraft’s relative velocity (due
to thermospheric winds) and atmospheric properties hard to predict. Also, Equation .1 ne-
glects the significant contribution of the parallel surfaces for drag, as a simplification [11].

The orbiting medium can be classified by the Knudsen number (Kn) as continuous, tran-
sitional, or free molecular flow (FMF) in order of ascending altitude. Kn is a dimensionless

number defined as [9]:



where ) is the mean free path of particles in motion (i.e., the mean distance between consec-
utive collisions) and [, is the characteristic length of the spacecraft.

A continuum flow regime in which particle-particle collisions play a dominant role in gas
dynamics is classified by a Kn < 0.01. In this scenario, the spacecraft’s length greatly sur-
passes the mean free path of particles within the gas medium. A Kn > 10 indicates the flow
is FMF, where particle-wall collisions are dominant over particle-particle collisions. Contin-
uum flows should be analyzed using the Navier-Stokes equations while FMF should apply
the collisionless Boltzmann equation [g]. Flows in which Kn lies between these numbers are
considered transitional where particle-particle and particle-wall collisions are equally rele-
vant.

Bellow approximately 85 km of altitude, the flow regime is classified as a continuum while
above approximately 130 km is classified as FMF [12]. The criteria for FMF are generally
satisfied in VLEO, where )\ is significantly greater than the /..t of the body immersed in the
flow and collisions between molecules are extremely rare.

It is worth noting that solar activity also has an influence on the flow regime. During
periods of high solar activity, the atmospheric density at a given altitude increases, leading
to a decrease in the Knudsen number [9].

According to the flow regime present at VLEO, the forces imparted on the body are cal-
culated from the collision momentum transfer from the particle to the surface. The physical
theory behind these collisions is captured in the Gas-Surface Interaction (GSI) models. A
number of GSI models have been developed over the years assuming different assumptions
about the particle-surface interactions and the re-emission characteristics. The model’s ac-
curacy depends on the undertaken assumptions such as environmental conditions and the
surface materials. Most models rely on energy accommodation coefficients oz which relate
the extent of energy transfer from gas molecules to the surface and range from 0 to 1. This

parameter is given by [9]:

Ey

E; -
—" (2.3)

ap —

~

where F; and E, are the kinetic energies carried by the incident and the scattered fluxes, while
E,, is the energy flux that would be carried away if all the molecules were reemitted diffusely
in thermal equilibrium with the surface, such that they have the same temperature as the
surface. When a particle impacts a surface, the incident particles can be reflected specularly,
diffusely, or a combination of both.

Specular reflection (ap = 0) can be observed on smooth surfaces and implies an elastic
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collision in which the particle energy remains constant, whereas diffuse reflection (ap = 1)
implies an exchange of transversal momentum that is determined by the surface tempera-
ture. Figure p.q represents both reflections. In specular reflections, the particle is reflected
with the same angle of incidence while in diffuse reflections the angle of reflectance is deter-

mined by a Lambert cosine distribution.

>

Figure 2.5: Representation of specular (left) and diffuse (right) reflections [13].

Adsorption of atomic oxygen onto spacecraft surfaces influences gas-surface interaction.
More energy is lost to the surface by incident particles due to surface contamination. There-
fore, the effects of atomic oxygen adsorption are the broader angular distribution of reemit-
ted molecules, which is closer to the diffuse case, and higher particle accommodation to the
surface. Thus, diffuse reflection with complete thermal accommodation can be assumed for
altitudes lower than 300 km [14]. Note the utilization of materials that are resistant to the ad-
sorption of atomic oxygen, along with the application of specialized finishes, can effectively

reduce Cp [9].

Computational methods for analyzing the aerodynamics of a body in FMF, such as panel
methods and Direct Simulation Monte Carlo (DSMC), involve high computational time. In
the present study, the drag coefficient estimation is not carried out in order to save compu-
tational time. Cp is commonly assumed constant and equal to 2.2 in VLEO [g]. However,
GOCE mission conducted in-flight measurements of Cp in this region and recorded a value
much higher than 2.2. A value of Cp = 3.7 was measured and it is now assumed [15], [16].
This assumption shall compensate for neglecting the drag contribution of the parallel sur-

faces to the flow.

The expected experienced drag in VLEO for a spacecraft with a frontal area of 1 m? is
depicted in Figure b.6. In this analysis, it is assumed that the spacecraft is always perpendic-
ular to the incoming flow, and parallel surfaces to the flow are disregarded in terms of their

contribution to drag.
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Figure 2.6: Experienced drag in VLEO.

As observed, solar activity directly affects atmospheric density, resulting in an elevation
of experienced drag at a particular altitude. Consequently, solar activity plays a significant

role in determining the viable range of operating altitudes.

2.3 Atmospheric model

The atmospheric properties in VLEO can be estimated using atmospheric models. Differ-
ent atmospheric models of varying complexity and fidelity can be used with possible inputs
dependent on geographic position, time, and space weather. ESA Space Environment Stan-
dard (ECSS-E-ST-10-04C) recommends NRLMSISE-00 and JB2008 models for characteriz-
ing the very-low environment [3]. Both models provide data on atmospheric temperature,
total density, and the density of each atmospheric constituent. However, both models in-
herently present a degree of inaccuracy due to the complex and unpredictable nature of the
atmosphere [12]. It is known that these models tend to slightly overestimate atmospheric
density within +5% with respect to actual density [17].

As NRLMSISE-00 is the most commonly utilized model in similar studies to this thesis,
this model was selected for the present study. For clarification, NRL stands for Naval Re-
search Laboratory, MSIS stands for Mass Spectrometer and Incoherent Scatter Radar and E
indicates this model extends from the ground to space.

The model produces data on atmospheric properties from the surface to the lower exo-
sphere (0-1000 km) regarding the effect of geographic position, day-night cycles, altitude, and

solar activity. Optionally, it performs this calculation including contributions from anoma-
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lous oxygen (AO) that can affect satellite drag above 500 km.

Next in Chapter i, NLRMSISE-00 model is implemented in MATLAB® to analyze the
atmospheric drag experienced in orbit, which is influenced by the variation in atmospheric
density.

To conclude, the characterization of the thermosphere is fundamental for assessing the
feasibility of an ABEP spacecraft, as the performance of its thruster relies on the atmospheric
parameters and the atmosphere is a complex and dynamic system. This way, every environ-

mental parameter should be considered while designing an ABEP system.
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Chapter 3

Air-breathing electric propulsion

Extensive research and technology development efforts are currently underway to tackle
the critical challenges associated with VLEO operation. One area of focus is the investigation
of novel materials that exhibit resistance to erosion caused by atomic oxygen and demon-
strate specular GSI properties. By applying these materials in combination with aerodynam-
ically optimized geometries, spacecraft would experience reduced drag, thereby extending
their orbital lifetime. Aerodynamic geometries refer to forward-facing surfaces oriented at
shallow angles to the oncoming flow. These geometries have the potential to generate lift
forces enabling novel methods of aerodynamic attitude and orbit control. Beyond this, the
development of air-breathing electric propulsion systems would enable sustained operation
in VLEO, limited only by component lifetime [1].

The concept and working principles of air-breathing electric propulsion are introduced in
this chapter. It begins with an overview of the electric propulsion fundamentals and, towards

the end, the state-of-the-art of ABEP technology is presented.

3.1 Overview of space propulsion

Propulsion systems provide spacecraft with collision avoidance, orbital maneuvering,
station keeping, orbit transfers, formation flight, and interplanetary trajectories using thrust.
According to Newton’s second law, thrust 7" is defined as the instantaneous force on the
spacecraft that is proportional to the vector sum of the time rate of change of the momentum
of the expelled propellant particles.

The specific impulse I, indicates the achievable change in momentum per ejected fuel
mass. The Iy, characterizes the propellant consumption efficiency of the thruster. In general,
the higher the I, the less propellant is required to achieve the same thrust [18]. The selec-
tion of an appropriate propulsion system involves a careful balance between various mission
constraints, particularly considering the limitations associated with propellant mass.

Chemical propulsion uses chemical reactions (combustion) to release energy and accel-
erate gases through a nozzle to generate thrust. It can be divided into two categories: solid

and liquid propulsion. Chemical systems produce a high level of 7" in relatively short periods
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of time (up to 1 x 107 N) making them widely used for launching satellites, spacecraft, and
payloads into orbit or even beyond. However, their I, is low compared to other propulsion
categories (up to 500s). These systems are not suitable for VLEO applications because of
their significant weight, high cost, and limited operation lifetime as their fuel consumption
efficiency is very low.

Nuclear propulsion consists of a nuclear reaction that heats the propellant and accelerates
its ejection through the nozzle. It can be fission or fusion based, where fission is the splitting
of an atom and fusion is the combination of them. This type of propulsion is considered a
feasible option for crewed missions to Mars as it provides high 7" values (up to 1 x 10% N) and
high Is, (up to 1 x 10°s). However, it is unlikely that nuclear propulsion will be utilized in
spacecraft due to safety concerns, such as the potential for explosions during lift-off, as well
as the dissemination of radioactive materials, which would have harmful effects on living
beings on the planet.

In propellant-less propulsion systems, thrust is generated by the interaction between
the surrounding environment, such as solar pressure and planetary magnetic fields, and the
spacecraft. For example, photon propulsion provides high I, (up to 3 x 107 s) but very low T
values (up to 1 x 10~% N). These systems are not suitable for near-space orbits as the environ-
mental conditions would deorbit the spacecraft rapidly. However, they have great potential
in interstellar traveling and asteroid detection.

Electric propulsion (EP) systems rely on electricity to ionize and accelerate the propellant
out of the spacecraft and, hence, produce thrust. These systems can produce considerably
high Ig, (up to 1 x 10%s) but low 7' (up to 100 N). Regarding the notorious Igp, EP is the most
suitable solution for extended low-orbit operation [19]. Although electric thrusters may not
generate high levels of thrust, they are still capable of generating sufficient thrust for drag
compensation at these altitudes. Furthermore, these systems enable the reduction of the

spacecraft launch mass leading to lower launch costs when compared to chemical propulsion.

3.2 Electric propulsion

Several missions have already demonstrated the effectiveness of electric propulsion in
VLEO. The first mission orbiting this region was ESA’s GOGE from 2009 until 2013. GOCE
spacecraft carried out detailed measurements on the Earth’s gravitational fields in altitudes
between 230 — 280 km. Drag compensation and orbit keeping was performed by an ion

thruster until the stored xenon ran out.
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The Tsubame spacecraft, part of JAXA’s SLATS program, conducted experiments to eval-
uate the enhanced resolution of Earth’s surface survey when operating at altitudes below
200 km. The objective was to showcase the benefits of descending to lower orbits and demon-
strate the advantages it offers in terms of Earth observation capabilities. Tsubame main-

tained its altitude at 167.4 km for a week using electric propulsion [4]].

Both missions confirm that fuel mass storage is a key limiting factor for long-term orbit
keeping in VLEO. Another notable example is the International Space Station (ISS) which
maintains its orbit at ~400 km by regularly receiving propellant through frequent resupplies
[1]. Thus, air-breathing technology provides undoubted advantages as it uses the surround-
ing atmosphere as propellant.

The primary aim of SOAR mission was to characterize the aerodynamic performance of
different materials at very-low altitudes. The materials carried to orbit were selected for their
atomic oxygen erosion resistance. This mission is intended to improve the knowledge of the
GSI and to identify novel materials that can minimize experienced drag at these altitudes

[2d]. The spacecraft used in the mentioned missions are displayed in Figure 3.1.

Figure 3.1: (a) Goce spacecraft [21]. (b) Tsubame spacecraft [22]. (c) SOAR spacecraft [20].

Broadly speaking, EP encompasses any propulsion technology in which electricity is used
to ionize and accelerate the propellant to generate thrust. When the propellant is ionized, it

generates both ions and electrons, which collectively form plasma. The plasma is composed
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of a range of charged particles that can move freely in response to internally generated or ex-
ternally applied electromagnetic fields. Despite the presence of charged particles, the overall
electrical charge of plasma is nearly neutral [23].

The main metrics used to characterize electric thrusters are thrust 7', specific impulse Isp,

and efficiency 7; that can be determined by Equations B.1, B.9 and B.3, respectively.

T = mv, = (3.1)
Ispgo
T )
Ip=—=—= (3.2)
mgo go
P; Linw?
=" =2 — (3.3

Here, P, is the input power, P}, is the jet power, g is the gravitational acceleration con-
stant, 7 is the mass flow rate and v, is the exhaust velocity [18] [24]. Thruster efficiency
(n:) measures the effectiveness of the thruster in converting the input power to the directed
kinetic energy of the exhaust jet.

Electric thrusters can be divided into three major zones: the propellant storage (tanks),
the ionization zone, and the acceleration zone. These systems can be classified according to
the mode of operation (continuous or pulsed) or means of propellant acceleration (electro-
static, electrothermal, or electromagnetic).

For electrothermal thrusters, electric power is used to heat up the propellant which ex-
pands through a nozzle. This acceleration mechanism requires a relatively dense medium
[14]. Traditional propellants used are hydrogen, xenon, hydrazine, ammonia, and other
anaerobic propellants. There are two subcategories of this type of thrusters: arcjets and re-
sistojets. Globally, the main drawbacks of these devices are the ablation of electrodes and the
nozzle throat, and the achieved I, is limited to thermal heating. These thrusters were widely
used in communications satellites. Nevertheless, the advancement of promising electrostatic
thrusters has declined their potential applications.

For electrostatic thrusters, electric power is used to ionize the propellant, and an electro-
static field is used to accelerate it. Electrostatic systems are subdivided into different subcat-
egories: electrospray thrusters (EST), gridded ion thrusters (GIT), and Hall-effect thrusters
(HET). The most used propellants are liquid metals (indium, ceasium), xenon, krypton, and

argon. Electrostatic engines are currently successful due to their promising performance and
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are applied in several space missions, e.g., in the Starlink constellation and GOCE mission.
However, these thrusters also encounter the problem of plasma erosion that hinders the pos-
sibility of long-term missions.

For electromagnetic thrusters, electric power is used to ionize the propellant, and an elec-
tromagnetic field is used to accelerate it. It mainly includes pulsed plasma thrusters (PPT),
magneto-plasma-dynamic thrusters (MPDT), and electrodeless thrusters. PPT is the only
technology flight-proven in this category, used in station keeping and drag correction ma-
neuvers. MPDT require high power which is unattainable for current spacecraft. Tradi-
tional propellants used are PTFE, helium, argon, and hydrogen, among others [19], [18].
Finally, electrodeless thrusters use directed plasma to propel spacecraft without employing
electrodes that are prone to plasma erosion. These thrusters are still under development
and aim to tackle the erosion problems [25]. Table .1 summarizes the performance of each

electric propulsion system to further evaluate its feasibility for air-breathing applications.

Table 3.1: Performance of electric propulsion systems [19].

Category Subcategory Isp T P Nt Propellant
(s) (mN) kW) (%)

Electrostatic FEEP 8k~12k 0.001 ~ 1 0.01 ~0.15 | 30 —-90 In, Cs
HET 1.5k~2k | 80 ~ 200 1.5~5 50 Xe, Kr, Ar
GIT 3k 100 ~ 200 0.5~ 2.5 60 — 80 Xe

Electrothermal Arcjet 500~2k | 200 ~ 7000 0.3 ~ 100 35 N2H,4, NHj3
Resistojet 300 100 ~ 500 0.5~ 1.5 80 N2H4, NH3

Electromagnetic | PPT 1k 1~ 100 0.001 ~ 0.2 5 PTFE, Ar
MPD 2k~5k 1~200N 1 ~ 4000 25 NH;, H, Li

3.3 State-of-the-art

ABEP proposes the use of a forward-facing intake that collects the propellant from the
residual atmosphere that is subsequently used by an electric thruster, eliminating the need
of carrying onboard propellant. Furthermore, this technology has the potential to be applied
in the atmosphere of other planetary bodies, such as Mars [24]. It is possible to single out

five main elements of these thrusters [14]:

« an air intake that ensures the collection of atmospheric gas.

a thermalizer (accumulator) in which the gas is decelerated to thermal velocities.

an ionization stage in which the gas is ionized.

« an acceleration stage in which the ionized gas is accelerated by an electromagnetic field.
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« aneutralizer of the plasma jet.

The last three elements require electric power for their operation which source can be
a combination of solar arrays and batteries [26]. In a broader sense, the components of
air-breathing electric thrusters can be categorized into three principal systems: the intake
system, the thruster system, and the power source system as depicted in Figure B.2. The
intake system comprises the intake and the accumulator while the thruster system comprises

the remaining enumerated components.

Solar array Payload
volume

Thruster

Intake Collector

7 A
/k Solar panels
X Y (nadir) on s/c sides
(orbital
velocity)

Figure 3.2: Schematic of an ABEP system [12].

ABEP and EP systems have common features as significant differences. The primary dif-
ference is the propellant supply (collection or storage). Air-breathing thrusters collect the
residual atmospheric particles for use as propellant, whereas traditional thrusters carry on-
board propellant tanks. Consequently, ABEP relies on factors such as atmospheric collection
efficiency and orbital conditions, whereas traditional electric propulsion systems rely on pre-

determined propellant chemical composition and pressure throughout their operation.

Besides, atmospheric species (N2, O, O3) have an average atomic/molecular mass lower
and ionization energy higher than traditional propellants used in EP, such as Xe. Lower
molecular mass imparts less momentum to the exhaust jet and higher ionization energy re-
quires more energy to ionize the propellant. To illustrate this point, Table §.2 compares the
characteristics and performance of atmospheric species to noble gases. These conditions

contribute to a decrease in the performance of ABEP when compared to EP [14]].

Air-breathing technology is only a competitive solution within an altitude range of 160 —
250 km. The upper limit is determined by the minimum air density required for plasma

ignition, while the lower limit is constrained by the thruster capability to overcome drag [12].
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Table 3.2: The characteristics of atoms and molecules in the upper atmosphere compared
with noble gases [27].

Species | Atomic/molecular mass | 1°' ionization potential | Exhaust velocity (1500 V)
(g/mol) (eV) (km/s)
0] 15.999 13.618 134
02 32.0 12.2 95
N 28.016 15.58 102
CO. 40.02 13.7 85
Ar 39.95 15.76 85
Xe 131.30 12.13 47

3.3.1 ABEP systems

A plethora of institutions and companies are researching and designing ABEP systems
for VLEO applications. Most of the studies use traditional electric thrusters such as HET
and GIT due to their potential performance. However, the need to address the challenges
associated with the erosion caused by atmospheric propellants spurred the exploration of
electrodeless thrusters. Prior to introducing the proposed ABEP concepts, a brief explanation
of such propulsion systems is presented.

HET utilize an electrostatic field to accelerate propellant. This field is generated by an
externally positioned cathode and an internally positioned anode ring. The cathode sup-
plies electrons that attempt to reach the anode, but they encounter a radial magnetic field
induced by magnetic coils, which reduces their axial mobility and hinders their flow towards
the anode. Propellant is introduced into the discharge chamber and becomes ionized upon
colliding with the spinning electrons. The plasma, thus formed, is accelerated by the elec-
trostatic field, and some electrons provided by the cathode also depart from the thruster to
neutralize the ion beam. Figure B.3d provides a schematic illustration of a HET to facili-
tate a clearer understanding of its operational principles. Certain thrusters incorporate an
additional stage responsible for ionizing the propellant using microwave energy, such as an
electron cyclotron resonance (ECR) source. These devices operate without relying on elec-
trodes, which are susceptible to erosion caused by atomic oxygen.

GIT are also electrostatic thrusters. The propellant is injected into the discharge chamber
and typically ionized by electron bombardment. The generated plasma is further accelerated
by electrostatic grids and the ion beam is neutralized by a neutralizer mounted outside the
thruster. Energetic electrons can be emitted by a hollow cathode and then accelerated to-
wards the anode, a configuration known as the Kaufman type. Alternatively, propellant ion-

ization can be achieved through electromagnetic fields generated by a radiofrequency (RF)
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coil, followed by acceleration through grids. Notably, this mechanism operates without the
need for electrodes and is defined as a radiofrequency ion thruster (RIT). Figure §.3H pro-

vides a schematic illustration of the working principle of a GIT.
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Figure 3.3: Schematic drawing of (a) Hall-effect thruster [28] (b) gridded ion thruster [24].

Finally, electrodeless thrusters encompass various types of electromagnetic thrusters,
with inductive plasma thrusters (IPT) being one such variation. These thrusters inject pro-
pellant into a discharge chamber which is wrapped on a radiofrequency-fed coil. The pro-
pellant is ionized and accelerated by the oscillating electromagnetic field created by the coil.
Since the process is electrodeless, any gas can be used. Moreover, there is no need for a
neutralizer as the plume is charged neutral [19]. These thrusters hold significant promise,
although their development is still ongoing.

At first, Japan Aerospace Exploration Agency’s (JAXA) proposed a concept named Air-
Breathing Ion Engine (ABIE) composed of an intake, a discharge chamber (plasma genera-
tor), grids (ion beam acceleration), and a neutralizer. The concept uses a microwave-emitting
antenna to generate an electric field, and magnets to produce a strong magnetic field. The
electric and magnetic fields ionize the propellant to be further accelerated by a set of grids.
ABIE scoops up atmospheric particles traveling at ~8 km /s, ionizes them by means of ECR,
and accelerates them electrostatically to exhaust velocities of ~30 km /s. The key technology
of this thruster is the design of the intake. The concept is considered feasible in an altitude
range of 150 — 200 km and presented in Figure .44 [27].

European Space Agency (ESA) studied the feasibility of an ABEP system for very-low
Earth observation missions. The concept includes a collection system to capture the atmo-
sphere and four GIT to generate thrust. The intake is positioned in the axial direction of
the spacecraft and presents a honeycomb shape. The study concluded that the concept has

great potential for long-life missions within 200 — 250 km of altitude and for lifetimes of 3 — 8
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years. However, thruster performance was predicted using theoretical models. The thruster
of nitrogen-oxygen mixture still needed to be tested and verified in order to verify its feasi-
bility [30]. ESA’s concept is shown in Figure 5.4d.

Years later, ESA began with a test campaign of a GIT and a HET with non-conventional
propellant. Table 8.3 summarizes the results, however, it is important to emphasize that pro-
pellant conditions only reflect atmospheric composition at specific altitudes. Moreover, the
thrusters were originally not designed for non-conventional propellants, although they un-
derwent minor modifications to enhance performance. For example, RIT-10-EBB includes
water cooling as higher power consumption and temperatures are expected during operation
[31].

The results emphasize the reduced performance of ABET as indicated by the reduction of
n¢. During the tests, grids experienced erosion while operating with oxygen. However, long-
firing tests demonstrated that both devices were capable of continuous and stable operation
with atmospheric propellant. It was concluded that HET is preferable when a high thrust-

to-power ratio 7'/ P is required, while RIT is more suitable when low thrust levels are needed

[31].

Table 3.3: Experimental characteristics of EP with atmospheric propellant.

Thruster (type) Gas mix T m ] P Ip T/P M Ref.
(mN) | (mg/s) (scem) W) (s) | (mN/kw)
PPS1350-TSD (HET) Xe ~ 40 | 2.86mg/s - ~ 775 - ~ 51¢ - [R1]
N 21 2.65mg/s - 1000 - 21 -
1.27N2 + O2 24 2.75mg/s - 1000 - 24 -
RIT-10-EBB (RF GIT) Xe 15.1 - 3.2sccm 600 4879 25.1 0.6 [2], [31]
N2 7.43 - 6.0sccm 570 5306 13.0 0.34
(o)) 6.95 - 6.8 sccm 610 5011 11.4 0.28
0.56 N2 + 0.4402 7.16 - 6.0 sccm 560 5455 12.8 0.34

¢: calculated value.

Busek Co. demonstrated and tested an ABET concept for application in the Martian at-
mosphere. The thruster was named Martian Air-Breathing Hall-Effect Thruster (MABHET)
and is represented in Figure B.4B. The company tested an unmodified HET (designed to op-
erate with Xe) with a gas mixture reproducing the Martian atmosphere, mainly constituted
of COs. The study concluded the thruster may actually be able to compensate for the Martian
drag [32].

The European DISCOVERER Consortium of various universities and companies devel-
oped a concept consisting of an intake and a RF helicon-based plasma thruster (HPT), es-
pecially suited to survive long time exposure to chemically aggressive species, like atomic

oxygen in VLEO with its electrodeless thruster design [[16]. IPT concept is depicted in Figure
B.4d.
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Lastly, the European AETHER Consortium also contributed by designing and evaluating

a concept involving a passive intake and a double-stage HET, depicted in Figure .4d. Sitael,

an Italian company, led the way by becoming the first institution to test an ABEP system

within a simulated VLEO environment. The experimental set-up encompassed a particle

flow generator, which supplied the ABEP system with a high-speed flow reproducing in-orbit

conditions at a reference altitude of 200 km. The particle flow generator consisted of a HET

fed by a No/O5 mixture.

Table 3.4: Conceptual projects of spacecraft with ABEP.

Institution Type Altitude Intake B Ne e Lsp T Power | Ref.
(km) ) | mN) | W)
Jaxa/ABIE ECR+GIT 150 — 200 | passive - - - 3000 - 3300 [ﬂ]
ESA/RAM-EP RIT-10 200 — 250 | passive - - - - | 2-20| 1000 | [Bd]
Busek/ MABHET HET 160 passive 250 0.25—-0.33 | 0.25 - 46.5° 1500 | [R4]
Sitael/RAM-EP 2-stage HET 200 passive | 95 — 140 | 0.28 —0.32 - - 6 900° (R3]
Un. of Stuttgart/IPT | HPT 200 passive - 0.43 0.2 | 3400 4670 | [24]
¢: calculated value.
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Figure 3.4: Air-breathing electric systems concepts.
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Table B.4 summarizes the characteristics of the enumerated concepts. While significant
research efforts are currently ongoing, the highlighted concepts were specifically selected for

their experimental progress. However, ABEP technology is not been flight-proven yet.

3.3.1.1 Intake

The intake subsystem is responsible for collecting and compressing the airflow, allowing
the system to orbit at higher altitudes than 150 km since the required operating pressure is
provided at altitudes bellow. Effective thruster operation requires a minimum propellant
pressure generally higher than 10~° mbar [2]. Thus, the propellant number density at the
thruster inlet must be > 10'® m—3 for plasma ignition and stable burning at the ionization
chamber [14]]. Figure indicates that this value is not achieved at altitudes higher than
150 km (n < 10'6 m~3). Therefore, the surrounding air should be compressed at least 100 —
200 times for plasma ignition. A fairly complete review of the most recent developments
in intakes is presented in [3]. Intake performance is often evaluated in terms of collection
efficiency and compression factor.

Collection efficiency 7). represents the ratio of mass flow rates between the onset flow at
the intake entrance and the thruster. Typical 7. values range from 0.3 —0.5. The compression
factor g represents the density ratio between the intake exit and entrance. Typical § assumes
values between 95 — 140 [12].

The intake task is hampered in VLEO due to its unique environmental characteristics.
The low-density atmosphere makes it arduous to attain high collection efficiencies, mainly
because the collection of air is not uniform or consistent. In this environment, gas molecules
move independently, and their paths may not be predictable, which can lead to issues like
particle backflow.

7. is considered one of the most significant metrics to access lower altitudes. Increasing
n. leads to a larger . available for the thruster and thus more 7' generated, lowering the
required Is,. However, higher 7. leads to a diminished 3, thereby diminishing the maximum
achievable operational altitude due to declining density and the subsequent need for greater
compression. Consequently, the design of an intake can be tailored to target higher or lower
orbital altitudes by manipulating these parameters. Lower altitudes require higher 7. for
drag makeup, while higher altitudes require higher g due to density drop-off [12]. There are
two different approaches in terms of design for increasing air density: active compression
and passive compression.

Passive intakes compress the incoming flux by rarefied gas-dynamic processes. These
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processes can result in an increase of up to two orders of magnitude in pressure at the thruster
inlet, compared to the ambient conditions. In passive compression, 7. and 3 are strongly
related. Increasing the 7. usually reduces the 3, and vice-versa. Considering that 5 > 100
is required to operate at altitudes higher than 150 km, passive intakes prove to be feasible
mechanisms for air compression as they achieve the required compression factors. However,
their compression capability is limited which in turn limits the operational upper altitude for
ABEP systems (= 250 km).

The inclusion of an active compression stage enables the increment of 3, while keeping
high 7.. Moreover, active compression allows the storage of the collected propellant and
hence, the decoupling of the thruster operation from the propellant collection. Compared
with passive intake devices, active designs can provide an extremely high compression per-
formance. However, such a demanding design with complex active mechanical and heavy-
weight devices still needs to be optimized for space applications, particularly due to the uti-
lization of turbomolecular pumps for active compression [2].

The significant challenge posed by ABEP technology revolves around the collection and
compression of atmospheric gases to generate thrust. The intake component currently re-
mains the least developed as it is a novel addition to this technology. Although Sitael’s intake
has been tested, further development is needed. Table 3.5 summarizes the research efforts

on air intakes.

Table 3.5: Previous studies about intake designs [3].

Institution Configuration Length Inlet area | Altitude Style Scattering Ne B
(m) (m*) (km)
JAXA Ring collimator with ducts; Reflec- | 0.8 —2.91 0.48 180 — 220 | Passive Diffuse < 0.46 < 180
tor
ESA Grid system; Long collector 0.2-1.3 < 0.6 200 — 250 | Passive Diffuse - ~ 10
BUSEK Honeycomb ducts; Long cylinder 3.7 < 0.2827 | 120 — 180 | Passive Diffuse 02-04 250
Lanzhou Multi-hole plate; Active pump; Gas > 0.16 0.1865 150 — 240 | Active Diffuse 0.67 2.7¢5
chamber
U. Colorado Parabolic chamber 0.05 — 0.1 0.0078 100 — 300 | Passive | Diffuse; Specular | < 0.1;> 0.9 -
U. Stuttgart | Haxogonal intake and ducts; Ta- ~ 0.09 0.004 150 — 250 | Passive Diffuse 0.458 <4
pered chamber
TsAGI Parabolic chamber; Square inlet ~0.28 0.019 150 — 250 | Passive Specular 0.943 < 641
ducts; Accumulator
~ 0.1 < 0.0078 | 160 — 200 | Passive Diffuse 0.33 - 0.34 < 500
SITAEL/VIK | Split-ring ducts, Conical interface ~1 < 0.7854 | 180 — 250 | Passive Diffuse 0.28 —0.3 | 95— 140
NUDT Honeycomb ducts; Parabolic cham- 0.13 0.6467 200 Passive | Specular + Diffuse 0.6579 210.2
ber; Diffuse tube

As predicted, the best 3 performance is achieved by active devices. However, these sys-
tems rely on electric energy, making them less suitable for missions with power constraints.
The available solar energy may not be able to provide sufficient power supply for both pump
and electric propulsion systems. It is worth noting that passive intakes do not demand elec-
trical power for their operation, therefore, they are the most appropriate solution for ABEP

application to date. An active intake is represented in Figure B.54. In summary, the state-of-
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the-art intake systems are capable of achieving approximately 8 ~ 140 and 7. ~ 0.3, based

on experimental tests.
Passive designs generally include inlet ducts, a tapered chamber, and a tube to the electric

thruster. Presented below are the outcomes derived from the studies featured in Table §.5,

which were focused on enhancing intake performance.

Along and narrow design is proven to reduce the particle’s backflow effectively and achieve
higher .. This way, different duct cross-section configurations were studied, including hexag-
onal (honeycomb), cylindrical, annular, square, split-ring types, and so on. Most institutes
believe that the honeycomb design is the most promising among them due to its superior
performance. In addition, the aspect ratio of ducts must be optimized for each intake design.

Figures B.5b, B.5d and B.5d depict different configurations.
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Figure 3.5: (a) Active intake by Lanzhou Institute of Space Technology and Physics. (b)
Passive intake by JAXA. (c¢) Passive intake by Busek. (d) Passive intake by Sitael. (e) Passive
intake by NUDT [3].

Due to the same particle number in a smaller volume, a tapered chamber also demon-
strated the ability to attain higher input number density. Three different inlet shapes were
studied and analyzed: pyramidal, conical, and parabolic inlets. According to the findings, the

parabolic shape outperforms the other two, under the ideal scenario of specular reflection,
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due to its optic properties that reflect all the particles toward the focus of the parabola. How-
ever, the flow’s number density needs to be increased because its compression performance
is too low. A diffuse reflection tube can be seen as the solution to improve /3 and optimize
parabolic intake design. Figure B.5d represents a parabolic chamber.

To date, an intake featuring honeycomb inlet ducts, a parabolic chamber with a specular
wall, and a diffuse reflection tube seems to achieve better performance (higher 7. and j).
However, the design has not been validated experimentally and suitable materials must be
identified to retain the reflection properties of the intake surface under the atomic oxygen

corrosion in VLEO.

3.3.1.2 Thruster

The thruster system can be divided into two plasma stages: the generation and the ac-
celeration stages, even though they can be blended into one. The performance of traditional
electric thrusters operating with atmospheric propellant and conceptual ABET was already
presented in Tables 3.3 and §.4.

A potential thruster for air-breathing applications is one that allows long-term mainte-
nance in VLEO (high I, required) and drag compensation (appropriate 7") while operating
with the atmospheric medium. From Table B.4, it is observed that electrostatic and electro-
magnetic thrusters are the most considered thrusters for air-breathing applications.

The operation of electrothermal thrusters (resistojets and arcjets) in VLEO is improba-
ble due to the presence of chemically active propellants that can react with the components
(electrodes, resistors), leading to degradation in their performance. Additionally, the low Iy,
of resistojet is a decisive disadvantage when considering ABEP application [19].

Regarding electromagnetic thrusters, the required flow rates for magnetic-dynamic ones
may be too high for low-orbit applications [19]. Another drawback is the required power that
would demand large solar panels, thereby increasing the spacecraft’s mass and aerodynamic
drag. Concerning pulsed-plasma thrusters, despite their minimal power-consumption and
successful tests with gaseous propellants, their comparatively low I, greatly reduces their
application for the purpose [14]. Electrode corrosion is also an issue faced by electromagnetic
thrusters. As aresult, electrodeless thrusters have emerged as a promising solution, however,
they are still at a relatively low level of maturity.

Among electrostatic thrusters, electrospray thrusters are not appropriate since they op-
erate with ionic liquid propellant, demanding further complexity for implementing atmo-

spheric gases in the system. Despite their high Iy, these thrusters offer very low thrust val-
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ues, making them unsuitable for the applications. Both Hall-effect and gridded ion thrusters
are of interest for air-breathing applications regarding their high I, and potential 7'/ P [14].
Based on Tables B.4 and B.4, ABET concepts can currently provide a thruster efficiency,
thruster density, and specific impulse up to 0.35, 24 mN/kW and 5455s, respectively. In
Chapter | the development of an application able to compute the required 7', Is, and P,

for a given air-breathing mission is conducted.

3.3.1.3 Power

The power system provides electrical power P to all the subsystems of the spacecraft.
Typically, solar panels and batteries are used as power sources. The batteries are employed
when the solar arrays (SA) are not exposed to sunlight. Based on literature, the nominal

specific power per panel area is considered a, ~ 368 W/m? [12].

Body-mounted solar panels are preferred for minimizing experienced drag, even though
certain panels may not be fully illuminated or operating at peak efficiency. Deployable so-
lar panels are favored to meet the necessary energy demands, despite their contribution to
aerodynamic drag. Therefore, the optimal orientation relative to the direction of the Sun is
significantly limited. As an example, GOCE spacecraft presented 4 m? body-mounted panels

and 5 m? of wing-mounted panels [12].

A key aspect of flight in VLEO is the provision of electric power by solar arrays. The most
optimal solar arrays illumination conditions are observed in sun-synchronous orbits (SSO)
[14]. Furthermore, this type of orbit is also beneficial for Earth observation applications as
the spacecraft revisits the same spot at the same local time, enabling effective comparison

and analysis of changes [21].

3.3.2 Sun-synchronous orbits

Broadly defining, SSO are understood to be near polar orbits whose nodal precession
rate matches the Earth’s mean orbital rate around the Sun providing desirable exposition
characteristics for ABEP operation. Since the orbital inclination is nearly polar (i ~ 90°),
it provides almost global coverage at all latitudes. Additionally, solar exposure maintains
approximately constant throughout the mission as the position of the line of nodes remains

roughly fixed with respect to the sun’s direction. This type of orbit is represented in Figure

B.6.
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Figure 3.6: Sun-synchronous orbit [34].

To provide a comprehensive definition of SSO, it is necessary to begin with a review of the
fundamental principles of orbital mechanics and how they are influenced by Earth’s shape.

An ideal Keplerian orbit is described by:

F= 5 (34)
where 7is the position vector of the spacecraft and 1. is Earth’s gravitational parameter. How-
ever, external perturbing forces cause deviations from the ideal orbit that result in time-
varying orbital elements.
Orbital elements provide a framework for characterizing and understanding the path a

celestial object takes around a central body and are defined in Figure 3.7.
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Figure 3.7: Keplerian elements [35].

where the inclination i measures the angle between the orbital plane and the equator plane,
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the right ascension of the ascending node 2 or RAAN defines the orientation of the ascending
node of the ellipse with respect to the reference frame’s vernal point T, the argument of
the perigee w defines the orientation of the orbital ellipse in the orbital plane, and the true
anomaly v indicates the position of the orbiting body along the ellipse at a specific time.
Additionally, the semi-major axis a defines the orbit size, and the eccentricity e indicates the
deviation of the trajectory from a circle. The orbital period 7, and the period’s ratio in which

the satellite is illuminated are given by [36]:

Qe
tsunlight ~ T+ 2arccos ¢

T, - 27 (3:6)

where «. is considered the equatorial radius of the Earth (=~ 6378 km). Despite being a SSO
that offers optimal illumination conditions, there are still periods during each orbit when the
spacecraft is not exposed to sunlight.

Real orbits experience perturbations that render the two-point mass approximation pro-
vided by Equation B.4 invalid. These perturbations arise from various sources, including:
non-spherical shape of the Earth, gravitational effects of other bodies (especially the Moon
and the Sun), solar radiation, and atmospheric drag [37]. A real orbit can be described as

follows:

where q,, is the perturbation acceleration. For simplicity, only the non-spherical Earth’s per-
turbation is considered for this study.

As discussed in Chapter g, the motion of spacecraft in VLEO is primarily influenced by two
key perturbations. The first is the primary-gravity which considers a constant gravitational
acceleration vector g. The second perturbation, known as J5, accounts for the effect of Earth’s
oblateness caused by its rotational motion. The Earth exhibits a bulge at the equator, with a
radius ~20 km larger than at the poles [37].

The shape of the Earth is defined by its gravitational field and not by its topography.
The gravitational field is expressed by equipotential surfaces that are always perpendicular

to the direction of gravity. This way, the realistic shape of the Earth is a geoid. A geoid is
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an equipotential surface that closely approximates the mean sea level under the influence of
Earth’s gravitational field as depicted in Figure §.§ [38]. It is important to note that the geoid

is not the same as the Earth’s actual physical surface.

Figure 3.8: Earth geoid [39].

Its irregularity and, consequently, complexity are mainly due to the uneven distribution
of mass of the Earth. Therefore, it is necessary to approximate the geoid by a surface that can
efficiently be handled mathematically. Generally, an ellipsoid of revolution (or spheroid) is
adopted in order to consider the flattening, represented in Figure §.9d. The World Geodetic
System 1984 (WGS84) is one of the various global Earth models and is the nominal reference
ellipsoid used by the Global Positioning System (GPS).
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Figure 3.9: (a) Several ellipsoids approximating the geoid [40]. (b) Ellipsoidal coordinate
system [41].
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A coordinate system is a methodology to define the location of a spacecraft in space. On
an ellipsoidal system, positions are either expressed in Cartesians coordinates (X, Y, Z) or
in spherical coordinates (¢, A, h), i.e., geodetic latitude, geodetic longitude, and ellipsoidal
height. In a geocentric Cartesian coordinate system, the Z-axis coincides with the Earth’s
rotation axis, X-axis passes through the intersection of the Greenwich meridian and the
equator, and the Y'-axis is defined by the right-handed rule. Both coordinate systems are

represented in Figure B.9b [38].

In simple terms, Earth’s asymmetry creates an out-of-plane gravitational force on the
spacecraft’s orbit causing it to gyroscopically precess. This perturbation leads to time-varying
rates of change in all orbital elements. However, in a circular orbit, only 2 experiences change

as e = 0, a = 0, and w is undefined since there is no perigee.

SSO are made possible by this rate of change () as it ensures the orbital plane precession.
Without this precession, the orbital plane would remain fixed and not maintain its synchrony

with the Sun. The rate of change of 2 owing to J, perturbation is defined as:

. 3 a2 .
Q= —§J2; ncos(i) (3.8)

where p = a(1 — €?) is the orbit parameter, n = , / £ is the mean motion, and .J; =1.082 63 x
10~3 is the zonal harmonic coefficient. Thus, the nodal precession rate is a function of the
three classical orbital elements a, i and e, and can be manipulated by selecting the proper

orbital elements. Note that for a circular orbit p = a.

The condition for an orbit to be SSO is that the precession rate equals the Earth’s mean
motion, under the assumption the Earth’s orbit around the Sun is circular with a period of

one year:

0 360
~365.242199

= 0.986°/day = 1.991 x 10" "rad/s (3.9)

Circular orbits reduce the precession rate dependency only to orbital inclination and al-
titude (h = a — a.). This way, the specification of the desired orbital altitude yields the
inclination automatically. Figure displays the required inclination for an orbit to be

sun-synchronous at various altitudes.
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Figure 3.10: Sun-synchronous orbit inclination for different altitudes.

It is important to stress that for i < 90° the node regresses, i.e., rotates clockwise as
seen from the north, and for ¢ > 90° the nodal motion is posigrade, i.e,. precesses counter-

clockwise as seen from the north [42].
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Chapter 4

App development

The main goal of the present work is to create an app capable of calculating the required
propulsive performance for maintaining a spacecraft in VLEO utilizing an ABEP system. The
outcomes of the app will offer valuable insights into the feasibility of conducting very-low
missions with air-breathing technology.

The app is designed to receive specific mission parameters (orbital altitude, start time, du-
ration) and the spacecraft’s geometry (frontal area) as inputs. With this information, it can
accurately calculate the necessary thruster performance to maintain the spacecraft’s orbital
altitude by compensating for drag during the mission. Also, the user has the option to select
air-breathing system specifications (collector efficiency, thruster efficiency) and the drag co-
efficient. The default values for these parameters are 7. ~ 0.3, n; ~ 0.35, and Cp = 3.7. In
the previous chapter, these values were identified to be representative of the achievable per-
formance of air-breathing technology and the most appropriate drag coefficient to describe
the very-low environment. This chapter also highlighted the benefits of sun-synchronous or-
bits for air-breathing applications, making them the focus of the app. For simplicity, circular
orbits will be assumed.

The process for achieving the desired outputs is illustrated in Figure l4.1. The applica-
tion has been developed using MATLAB®, taking advantage of its features throughout the
process. To calculate the required conditions for altitude keeping, it is crucial to determine
the drag experienced by the spacecraft. This involves identifying the atmospheric proper-
ties along the orbit. Consequently, the position of the spacecraft over time, known as the
ephemeris, must be obtained. The processing blocks have been designed to address these
aspects and ensure accurate calculations. Hereby, the process flowchart is represented and

explained in more detail.

4.1 Sun-synchronous orbit block

This block calculates the Keplerian elements of a sun-synchronous orbit for a given orbital
altitude (1) and mission start time. According to Equation 3.d, the orbital plane must precess

approximately 1° each day to be synchronous with the sun.
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Figure 4.1: Process flowchart. User inputs (green), outputs (cyan) and process (blue).

Given the orbital altitude, the semi-major axis can be calculated asa = h + a.. In a
circular orbit, the eccentricity (¢) is approximately zero, and the argument of perigee (w) and
true anomaly (v) are undefined. In this case, the argument of latitude u represents the angle
measured between the ascending node vector and the position vector of the spacecraft. This
parameter was set to 0°. The orbital inclination () can be obtained by replacing the values
in Equation B.§ and the right ascension of the ascending node (RAAN) is set to be 90° at

equinoxes and 0° at solstices.

The calculated orbital elements are subsequently utilized by the orbit propagator, which
is responsible for determining the ephemeris of the spacecraft. By using the orbital elements
as input, the orbit propagator calculates and predicts the precise position and velocity of
the spacecraft at different points in time. Furthermore, the eclipsed time during the orbital
period is also calculated by Equations B.5 and .6 for further power analysis. The following

code represents the implementation of the SS0Block function based on provided explanation.
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function [SemiMajorAxis,period,eccentricity,ArglLatitude,

end

inclination ,RAAN,EclipseDuration,IlluminationPercentage]=
SSOBlock (altitude,StartTime)
Alcontants

#J2 coefficient

J2 = 1.08263%x107(-3);

4Earth radius at the equator

radius = 6378;

sgravitational parameter

mhu = 398600.44;

4SS0 precession rate

rate = 2*pi()/(365.242199*24%3600) ;
4SS0 precession rate

taxa = 360/365.242199;

Aforbital elements

SemiMajorAxis = altitude+radius;

period 2*xpi () *sqrt ((SemiMajorAxis~3) /mhu) ;

period = period/60;

eccentricity = 0;
ArglLatitude = O;
inclination = acosd((-2*rate/(3xJ2*radius~2*sqrt (mhu)))*

SemiMajorAxis~(7/2));

YearAnalysis = year(StartTime);

reference = datetime(YearAnalysis, 6, 20, 12, 0, 0); Jsummer
solestice (0 deg)

RAAN = (caldays(between(reference, StartTime, 'days')))x*taxa;

Alheclipse

IlluminationPercentage = (pi()+2*acos(radius/(radius+altitude))
)/ (2xpi());

EclipseDuration = (1-IlluminationPercentage)*period;
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4.2 Orbit propagator block

There are various orbit propagation models available, each designed to cater to the re-
quired accuracy of a specific mission. The complexity of these models varies depending on
the number of perturbations taken into account. As more factors are considered, the models
become more intricate, necessitating higher computational power and time for calculations.

A MATLAB® in-built Orbit Propagator block [43] was used for the purpose. The block
contains two propagation methods: “Kepler (unperturbed)” or “numerical (high precision)”.

“Kepler (unperturbed)” uses universal variables and Newton-Raphson iteration to prop-
agate spacecraft orbits over time. This analytical algorithm is fast but presents some limi-
tations. This method accounts only for central body spherical gravity (point-mass) and no
other perturbations, making it inadequate for propagating SSO.

“Numerical (high precision)” uses a Simulink® solver to integrate position and velocity
from central body gravitational acceleration at each simulation time-step. The method for
computing central body acceleration depends on the current setting for the parameter “Grav-

itational potential model”:

« “Point-mass” that treats the central body as a point-mass, including only the effects of

spherical gravity.

« “Oblate ellipsoid (J2)” which adds the perturbing effects of the second-degree, zonal

harmonic gravity coefficient J,, accounting for the oblateness of the central body.

» “Spherical harmonics” which increases fidelity by including higher-order perturbation

effects accounting for zonal, sectoral, and tesseral harmonics.

As seen in Chapter B, spacecraft in VLEO are affected by a broad spectrum of pertur-
bations due to Earth’s gravity field. Earth’s gravitational field is highly irregular due to its
uneven mass distribution. Thus, spherical harmonics are mathematical functions defined on
the surface of a sphere that are commonly used to model this complex field. These functions
help to approximate the non-uniform distribution of Earth’s mass, enabling a more accurate
representation of the gravitational potential across the globe. Nonetheless, the J; perturba-
tion stands out as the most significant perturbation in terms of Earth’s non-uniformity, as
represented in Figure p.1.

The present study only considers the J; perturbation which is the most relevant when
propagating a SSO. Therefore, “numerical propagation” and “oblate ellipsoid J,” model were

selected. Since the main goal of the analysis is to determine the required instantaneous thrust
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for drag compensation, the effect of atmospheric drag can be neglected. The thrust applied
by the propulsion system will counteract the drag, allowing the analysis to focus solely on
the task of maintaining the desired orbital altitude which is hindered by Earth’s gravity. The
remaining perturbations such as gravitational effects of other bodies and solar radiation are
neglected in this analysis.

The numerical propagation method uses a solver for solving the ordinary differential
equation (ode) B.7 and getting the position of the spacecraft over time. The optimal solver
balances acceptable accuracy with the shortest simulation time. Identifying the optimal
solver for a model requires experimentation [44]. Accordingly, a variety of solvers provided
by Simulink® were tested.

Firstly, orbit propagation was conducted with different fixed-steps solvers and then com-
pared. As the propagated orbit is circular, the orbital altitude is expected to maintain its al-
titude. Figure exhibits a noticeable pattern of increasing orbital altitude for low-order
solvers, suggesting to be inadequate for the study. It was concluded that only solvers with
order greater than four (ode4, ode5, ode8) provide the necessary level of precision. Note that

increasing the order-level of solvers enhances accuracy at the expense of computational time.
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Figure 4.2: Altitude analysis: fixed-step vs variable-step solvers.

Secondly, orbit propagation using variable-step solvers were also analysed. These solvers
adjust their step-size during the simulation to enhance computational efficiency. When a
model’s states are changing rapidly, they reduce their step-size to increase accuracy. This
adaptive approach allows to strike a balance between accuracy and computational efficiency,
resulting in faster simulations while ensuring the required level of precision. Figure
compares the computed altitude using fixed-step and variable-step solvers (ode23, ode45,

odell3).
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ode23 (Bogacki-Shampine) and ode45 (Dormand-Prince) solvers were found to be inade-
quate, as they fail to maintain the altitude. Upon careful analysis, it has been concluded that
only the ode113 (Adams) solver demonstrates the necessary capabilities for further advance-
ment in this study.

Next, the performance of the successful solvers was subjected to further analysis to quan-
tify the propagation error and ascertain its suitability for the study’s objectives. Based on
Figure and Table j4.1, ode113 can be discarded as it exhibits a significant propagation
error when compared to ode8 (Dormand-Prince). Note that ode8 is regarded as the most ac-
curate among the fixed-step solvers due to its highest order. The remaining solvers present
insignificant errors. The error was determined by comparing the last position of each solver

with the one provided by the odeS solver.
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Figure 4.3: Trajectory analysis: different solvers with the same time-step.

Table 4.1: Error quantification analysis: different solvers with the same time-step.

Solver Time—step Time X error Yy error Z error
() (min) | (%) (%) (%)

odes 250 | 0.0604 | 0.0078 [ 0.0077

ode5 400 | 0.0012 | 0.0002 | 0.0002

odes8 > 809 ref

odel13 5 | 117.9216 | 185.7206 | 206.3020

Note the primary objective of this study is to evaluate the spacecraft’s drag profile and de-
termine the maximum drag it could encounter. In other words, position accuracy is not the
primary concern of this study, instead, it focuses on exploring a wide range of geographic co-
ordinates and environmental conditions to establish the maximum thrust requirement. Con-
sequently, minor errors in terms of position precision are deemed acceptable as the analysis
encompasses all potential coordinates, whether they are advanced or delayed in time. Since

ode5 (Dormand-Prince) and ode4 (Runge-Kutta) present insignificant errors during one year
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of propagation and faster time simulations, ode8 may also be discarded as it takes longer to
propagate the orbit.

Moreover, a study was conducted using ode5 to explore the impact of different time-steps
on simulation time and accuracy. Similarly, decreasing the time-steps enhances accuracy at
a cost of computation time. Thus, the simulation of 5 s is considered the most accurate and
serves as a baseline for further comparison. From Figures [4.4d, [4.4H and Table [4.9, it is
concluded that a time-step of 30 s is satisfactory regarding the associate error and simulation
time.
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Figure 4.4: (a) Trajectory analysis: ode5 for different time-steps. (b) Altitude analysis: ode5
for different time-steps.

Table 4.2: Error quantification analysis: ode5 for different time-steps.

Time-step | Solver | Time X error y error | zerror
(min) (%) (%) (%)
5 400 ref
10 204 0.0370 0.0048 0.0047
30 ode5 73 12.4321 1.5194 | 1.4796
40 63 47.7512 7.0085 | 4.5848
60 35 257.7308 | 65.4708 | 8.7916
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Finally, a comparison was made between the ode5 and ode4 solvers using different time-
steps, to identify the most efficient simulation that maintain satisfactory accuracy. According
to Figure 4.4 and Table |4.3, it was concluded that ode4 solver would require more time to
attain a satisfactory level of accuracy in comparison to the ode5 solver when using a time-

step of 30s.

Step-size Comparison: odes vs ode4
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Figure 4.5: Trajectory analysis: ode4 vs ode5 solvers.

Table 4.3: Error quantification analysis: ode4 solver for different time-steps compared to
ode5 solver and a time-step of 5 s.

Solver | Time-step | Time X error y error Z error
() (min) (%) (%) (%)
5 250 0.0616 0.0079 0.0079
ode4 10 125 1.9273 0.2459 0.2490
30 40 177.2149 | 69.1725 | 142.7824

By assessing the performance of each solver, ode5 solver with a time-step of 30s was
deemed as the most adequate solver for numerical orbit propagation. However, the choice
of the solver used in the application analysis is left to the user’s discretion. The app provides
the user with the flexibility to tailor the analysis according to their needs and preferences,

ensuring the app’s usability and effectiveness for a wide range of applications.

After the simulation, the orbit propagator provides the position and velocity of the space-
craft in Earth-Centered Earth-Fixed (ECEF) frame which is the International Terrestrial Ref-
erence Frame (ITRF), represented in Figure B.9B. The spacecraft’s ephemeris will be an input
on atmospheric model block which requires a geodetic coordinates frame. This way, the po-
sition was transformed into geodetic/geographic coordinates according to the WGS84 model
[45]. The following piece of code implements this block, and the algorithm was devised based

on the provided explanation.
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Orbit Propagator Block
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Copyright 2020-2022 The MathWorks, Inc. (modified)

Figure 4.6: Simulink model: Orbit Propagator.

function [altitude,latitude,longitude,velocityl=
OrbitPropagatorBlock(StartTime ,SemiMajorAxis,inclination ,RAAN,
Arglatitude,solver,TimeStep,duration)
sopens Simulink model
open_system('PropagationModel')

Apropagation parameters

PropagationMethod = 'Numerical (high precision)';
GravitationalModel = 'Oblate Ellipsoid (J2)';
CentralBody = 'Earth';

OrbitType = 'Circular inclined';

Zconfigures orbit propagator block

set_param('PropagationModel/0Orbit Propagator', StartTime,
PropagationMethod, GravitationalModel, OrbitType,
CentralBody, SemiMajorAxis, inclination, RAAN, ArgLatitude);

Zconfigures numerical method (solwer)

set_param('PropagationModel', solver, TimeStep, duration);

sstmulates Simulink model

[position_ECEF, velocity_ECEF] = sim("PropagationModel") ;

Atransforms ECEF to geodetic coordinates

[altitude, latitude, longitude] = ecef2lla(position_ECEF,'WGS84

') ;end
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Furthermore, the user has the option to visualize the orbit trajectory and simulation. Fig-

ures .74 and j4.7H display an example of a ground tracks and scenario output.
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Figure 4.7: (a) 2D trajectory. (b) 3D representation of the first day of simulation.

4.3 Atmospheric model block

The main task of the atmospheric model block is to access the atmospheric properties the
spacecraft will be subjected to during the mission. NRLMSISE-00 atmospheric model [46]
was applied for the analysis.

As approached in Chapter B, atmospheric properties depend on geographic position, solar
and geomagnetic activities, and day-night cycles. Thus, NRLMISE-00 calculates atmospheric
density and temperature according to orbital altitude, geodetic latitude and longitude, year,
day-of-the-year, universal time, and solar and geomagnetic indexes (F10.7 and Ap).

Solar activity inputs require an m-by-1 array that specifies the 81-day average of F10.7
flux (centered on day), an m-by-1 daily F10.7 flux for the previous day, and m-by-7 array of
magnetic index information from the current time to 57h prior. Note that m corresponds
to the number of positions being analyzed. fluxSolarAndGeomagnetic function [47] ex-
tracts the solar flux and geomagnetic data from a MAT-file that is generated by the aeroRe-
adSpaceWeatherData function [48]. The space-weather data is provided by CelesTrak®
website [6].

This block generates several essential outputs, including the number density of each at-
mospheric species, the total atmospheric density, and the exospheric and altitude temper-
atures. The total density assumes particular significance as it serves as a critical input for
calculating the drag force experienced by the spacecraft. Moreover, having knowledge of the
abundance of each species is of utmost importance, as it determines the composition of the

air-breathing mixture that can be ionized to generate thrust. Next, the implementation of
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this block is presented.

function [temperature,density]=AtmosphericModelBlock(year,dayOfYear
,UTseconds)

sreads space weather data from the space weather data file
downloaded from CelesTrak® and stores the data in a MAT-file

matfile = aeroReadSpaceWeatherData(spaceWeatherFile)

sextracts the solar fluz and geomagnetic data from the MAT-file
[f107average ,f107daily ,magneticIndex] = fluxSolarAndGeomagnetic(

year ,day0fYear ,UTseconds ,matFile)

Zcalculates atmospheric properties

[temperature, density] = atmosnrlmsiseOO(altitude,latitude,
longitude,year ,day0fYear ,UTseconds ,F107Average ,F107Daily,
magneticIndex)

end

4.4 Performance block

Finally, the last block of the process is responsible for calculating the required perfor-
mance for orbit keeping. To maintain the altitude & at a constant level, the thrust 7" provided

by the ABEP system must compensate for the instantaneous drag force Fp:

Fp is directly influenced by p(h), v(h), and As. Note that a constant Cp, is considered and the
simulation calculates the drag for a frontal flat wall and does not consider an intake shape that
induces less drag. At lower altitudes, the p and v are higher, leading to more significant drag
effects. Additionally, larger A encounter more resistance from the atmosphere, resulting in

higher Fp. The available mass flow rate 72 for the thruster can be calculated via:

m = nepAinv (4.2)
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m at the inlet of the thruster will depend on 7., intake area A;,, and orbital altitude (p(h)
and v(h)). Based on this equation, an increase in 7. and A;,, and a decrease in altitude all
lead to an enhancement in i, thereby enabling a higher achievable T'. The provided T by the

propulsion system is also expressed by:
T =1mv. (4.3)
By inserting this expression in Equation [4.1:
. 1 2
e = §PCDAfU (4.4)
This equation can be rearranged for the required specific impulse /g, according to:
ve Cpv Ay  Cpu

Isp:i

= ~ (4.5)
g0 2mc90 Ain  21cgo

For this analysis, % is assumed to be approximately 1. Since the orbit is circular, v remains
nearly constant. Consequently, the mean velocity value was assumed and v. and I, resulted
in nearly constant values. Here, I, depends on altitude and 7. As expected, increasing 7,
reduces the required I, to achieve the same jet momentum since more air is collected. The

required electric power P;, is calculated by:

 Tve mu? B pAmC%v?’
Py, = = = (4.6)
2y 2my 8NNt

Similarly, the more efficient the thruster and the collector, the less P;, is demanded to gen-
erate 7. Additionally, lower orbits and larger spacecraft require more power for drag com-

pensation. A first approach for the required solar arrays area Ag4 can be calculated by:

tsunli ht
Aca = 2 g .
SA = X ( T ) (4.7)

where ¢ = 1.2 is a margin to account for sub-systems other than the thruster and n,; = 0.9
is included to account for losses resulting from the assembly of multiple solar panels into
larger sections [12]. The necessary Ag 4 is oversized to ensure sufficient power supply during
the periods in which the spacecraft is in the shadow and not receiving sunlight for power
generation. This analysis assumes that the solar panels are constantly oriented perpendicular
to the sun and do not experience degradation, acknowledging that this assumption is not

entirely realistic but serves as an initial estimation. The last block which aims to evaluate the
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required performance was developed under the represented equations. Next, a piece of code

is presented.

function [drag,AvailableMassFlow,ExhaustVelocity,power,
SolarArea]=PerformanceBlock(density,DragCoefficient,velocity
,FrontalArea,CollectorEfficiency,ThrusterEfficiency,

IlluminationPercentage)

drag = 0.5*density*DragCoefficient*mean(velocity) ~2%
FrontalArea;
AvailableMassFlow = CollectorEfficiency*density*mean (

velocity)*FrontalArea;

ExhaustVelocity = mean(velocity)*DragCoefficient/(2
CollectorEfficiency);

SpecificImpulse = ExhaustVelocity/9.81;

power = AvailableMassFlow*ExhaustVelocity~2/(2*
ThrusterEfficiency) ;

SpecificPower = 368;

margin = 1.2;

AssemblyEfficiency = 0.9;

SolarArea = max(power)*(1+1-IlluminationPercentage)*margin
/(SpecificPower*AssemblyEfficiency);

end

The final design of the application is represented in the following Figure [4.8.
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Figure 4.8: Graphic user interface of the developed MATLAB® app.
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4.5 App validation

To validate the data generated by the app, a real mission was replicated and its outputs
were compared with reported flight data. GOCE mission was chosen for this validation pro-
cess due to its operation in very-low altitudes. The flight data of the first 22 months of this
mission is reported in [49].

Given that the application was designed to calculate the required performance (thrust
and power) for an air-breathing thruster and GOCE spacecraft was equipped with tradi-
tional ion engines and stored propellant, a direct comparison of power demand with reported
data is not feasible. It is expected that air-breathing engines require more power to generate
thrust as their thruster efficiency is inferior. Nevertheless, it is possible to validate aspects
such as orbit propagation and environmental characterization by comparing the experienced

drag/thrust demands.

4.5.1 Background and flight data

Recently, ESA’s GOCE mission was dedicated to mapping Earth’s gravity field with ex-
ceptional precision to provide the most accurate model of the geoid with an accuracy of 1 — 2
cm at a spatial resolution of 110 km. This remarkable level of precision and accuracy was
achieved through operation in very-low orbits. The primary role of the spacecraft’s propul-
sion system was to counteract the drag experienced while orbiting. As a result, the spacecraft
only experienced acceleration due to gravity. This unique condition allowed a sensitive gra-
diometer to accurately probe higher-order harmonics of the Earth’s gravitational field. The
study concluded the gravitational acceleration at Earth’s surface is about 9.8 m/s?, varying
from a minimum of 9.788 m/s? at the equator to a maximum of 9.838 m/s? at the poles due
to Earth’s oblateness.

The spacecraft, depicted in Figure B.1d, had the following physical characteristics: alaunch
mass of 1050 kg, a length of 5.3 m, and a cross-sectional area of 1.1 m2. Operating at altitudes
ranging from 240 — 260 km in a polar SSO, the spacecraft utilized two QinetiQ T5 Kaufman-
type ion thrusters, which employed Xe propellant and provided a variable thrust within the
range of 1.5 — 20 mN. This thruster has been designed for a nominal thrust of 0.6 — 20.6
mN. The solar arrays delivered 1.6 kW of end-of-life (EOL) electric power, while lithium-ion
batteries were employed to ensure continuous power supply during eclipses [50].

Launched in March 2009 and after depleting its propellant reserves (40 kg of Xe) in Novem-
ber 2013, the spacecraft’s started deorbiting leading to an uncontrolled re-entry into the at-

mosphere. As a result, the spacecraft’s total operational lifetime spanned 56 months [51],
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[49]. This example effectively illustrates how propellant depletion becomes a limiting factor
for orbiting in VLEO.

Figure l4.d represents the thrust history provided by the propulsive system for drag com-
pensation at ~260 km. The majority of the thrust error occurs within +5% of the thrust de-
mands. This data represents the actual in-orbit thrust demand required to compensate for
drag and will be compared to the thrust demand generated by the application. The power
demand as a function of the provided thrust by the thruster during the commissioning phase
is represented in Figure [4.1d.
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Figure 4.9: Flight data: thrust profile throughout the mission for drag compensation [49].
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Figure 4.10: Fligh data: Power demand as a function of thrust [49].

The baseline 22-month science mission commenced in September 2009, during which
drag-free control operations were continuously conducted at ~259.4km. There was a brief
exception in February/March 2010 when the thruster performance was operated manually.
In July 2010, the altitude was raised to 263 km and the thruster operated at a constant 2.5 mN
through manual commanding after a serious communication malfunctioning. In September

2010, the altitude was gradually lowered to 259.4 km. The orbital inclination was 96.5°, period

48



was ~90 min and the eclipses up to 37 min. The main flow rate supplied to the thruster varied

between 0.087 — 0.531 mgs~! according to the demanded thrust level [49].

4.5.2 Validation

The mission parameters introduced in the app, which replicate GOCE mission, are pre-
sented in Table [4.4.

Table 4.4: App validation: GOCE mission parameters.

Altitude, h 260 km
Mission Starting date 1% of September 2009
Ending date 1% September 2011
Spacecraft Frontal area, A 1.1m?
Environment | Drag coefficient, Cp 3.7
. . Solver odeb
Simulation Time-step 30s

The calculated orbit inclination was 96.5°, period of 89.7 min, and eclipsed period up to
41.1min. Orbital inclination and period were found to be consistent with the GOCE'’s pro-
vided data. However, the calculated eclipsed period appears to be slightly higher than the
reported one. This increase was anticipated because Equation §.6 assumes the penumbra
condition as part of the umbra condition, leading to longer eclipsed periods. Nonetheless,
the computed eclipse duration is considered a good approximation for the app main goal.

The resulting experienced drag is depicted in Figures and [4.13. According to the
results, the experienced drag or thrust demand was predominantly ~3 mN and within a range

of 1.1 — 8.8 mN. Note that the reported drag was predominantly 2 — 3 mN and reached as
high as 7mN.

[52]
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Figure 4.11: App results: Thrust profile throughout the mission.
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Figure 4.12: App results: Thrust histogram throughout the mission.

The overestimation of the experienced drag can be attributed to two main factors. The
first one is the use of atmospheric models, which tend to slightly overestimate atmospheric
density within +5% with respect to actual density [17]. As mentioned in Chapter g, the dy-
namic and unpredictable behavior of the thermosphere poses challenges for its modeling.
The second one is the assumption of a constant drag coefficient, specifically Cp = 3.7 which
was the highest measured during the mission. This assumption can lead to an overestimation
of drag in certain conditions when the drag coefficient was lower than this value. However,
the computed results are considered satisfactory and representative of reality. Consequently,

the outputs and applicability of the app were validated.
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Chapter 5
Case-study

In this chapter, the feasibility of employing an air-breathing electric engine on a mission
similar to GOCE’s is examined using the developed app. For this analysis, a spacecraft ge-
ometry (A;) and a orbit (SSO) similar to GOCE’s were chosen, but within the feasible range
of altitudes for air-breathing technology. The mission parameters entered into the app are
outlined in Table k.1.

The chosen target altitude was 250 km based on the recognition that air-breathing tech-
nology is solely competitive for altitudes beneath 250 km, as previously identified. This is
mainly due to the extremely sparse atmospheric density at higher altitudes that makes plasma

ignition for thrust generation unattainable.

Table 5.1: Feasibility study parameters: GOCE at 250 km.

Altitude, h 250 km
Mission Starting date 1% of September 2009
Ending date 1% September 2011
Spacecraft Frontal area, Ay 1.1m?
Environment | Drag coefficient, Cp 3.7
Collector efficiency, 7. 0.3
ABEP .
system Thruster efficiency, 7: 0.35
Solver ode5
imulati .
Simulation Time-step 30s

To account for the omission of drag contribution from parallel surfaces, a Cp = 3.7 was
utilized in the analysis. Also, collector and thruster efficiencies were selected in alignment
with SoA ABEP systems. Lastly, the numerical orbit propagation was executed using the ode5
solver with a time-step of 30 s, as it emerged as the optimal solution in terms of computational
efficiency according to app’s performance objectives.

Hereby, the outputs of the app for the given mission parameters are presented. The calcu-
lated orbital inclination was 96.5°, period of 89.5 min, and eclipsed period up to 41.23 min. As
expected, the computed orbital period starts to decrease as orbital altitude decreases due to
the increase in orbital velocity (89.5 < 89.7 min). Conversely, the computed eclipsed period
starts to increase as orbital altitude decreases since lower orbits are prone to longer eclipses
(41.23 > 41.1 min).

The resulting thrust histogram, which corresponds to the experienced drag throughout
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the mission, is depicted in Figure f.1. According to the results, the engine must be able to
operate predominantly ~4 mN and within a range of 1.6 — 11.5 mN. Decreasing the altitude

resulted in an increase in experienced drag and, consequently, thrust and power demands.
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Figure 5.1: Thrust demand histogram throughout the mission.

Upon initial observation of Figure .24, a discernible increasing trend in thrust demand
is evident. The observed trend arises from the progressive increase of solar activity leading
up to a peak in 2014 (Figure 2.34d). On the other hand, short-term variations are induced by

fluctuations in atmospheric density, which depend on seasonality, time of day, and geogra-

phy.
12 . : w " 130 5.5 — — — —— 265
120 I
10 5
260
110 .
sl ~ 4.5 |
—~ a7 — | 1255
E 6 b F E | e}
= 90 g = 35 250 =
4t - /
80 31\ /
\ 245
2 70 2.5 | \ /
\/ A \ / \% \ /
0 . : : . 60 2 — S o0
Jul 2009 Jan 2010 Jul2010 Jan 2011 Jul 2011 12:00 13:00 14:00 15:00 16:00
Time Time Sep 01, 2009
(2) (b)

Figure 5.2: (a) Thrust and solar activity profiles. (b) Thrust and ellipsoidal height profiles.

The relationship between thrust and altitude profiles was also verified and displayed in
Figure §.2H. Although the altitude remains approximately constant throughout the mission,
there are minor oscillations due to Earth’s oblateness. Higher altitudes experience lower
atmospheric density and, consequently, lower thrust demand. The solar heating’s effect on

atmospheric density is also observable in this figure. The simulated orbit is a dawn-dusk SSO,
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i.e., the local mean solar time of passage for equatorial latitudes is around sunrise or sunset
as represented in Figure f.3. The effects of atmospheric heating become evident through the
disparities observed between the ascending and descending nodes. The atmospheric density
increases while descending due to solar heating during the day and, conversely, decreases

while ascending due to cooling during the night.

Figure 5.3: Sun-synchronous dawn-dusk orbit scenario (seen from the north pole),

Figure k.4 illustrates the simulated power demand throughout the mission. The propul-
sive system predominantly requires ~280 W within a range of 107.5 — 793.9 W. Indeed, the
calculated values are higher than the reported from GOCE at 260 km (~100 W) due to three
primary factors. Firstly, the simulated lower altitude leads to higher thrust demands and,
hence, power requirements. Secondly, the ABET efficiency is comparatively lower than that
of traditional electric thrusters due to the inferior performance of atmospheric propellants,
requiring more electric energy to generate thrust. Furthermore, the available mass flow for
the thruster is in the range of 0.0324 — 0.2392 mgs~', which is considerably lower than the
provided to GOCE’s thruster (0.087 — 0.531 mgs~!). Thirdly, the longer eclipse also con-
tributes to this increment to ensure that there is stored solar power during eclipses. It is
important to emphasize that the calculated power only considers the thruster demands and
does not account for all other electrical systems on the spacecraft.

To meet the power requirements, at least 4 m? of solar arrays are necessary. This value
already incorporates a margin of 1.2 for other electrical systems than the thruster. This re-
quired solar array area calculation assumes that solar panels are always perpendicular to
solar radiation, which is not accurate. In reality, the orientation of the solar panels changes
as the spacecraft orbits the Earth. Therefore, a more comprehensive analysis that accounts
for the varying angles of solar radiation should be considered to accurately determine the

required solar arrays area. The calculated value is a first estimate.
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Figure 5.4: Power demand histogram throughout the mission.

In conclusion, the ABEP system (1, = 0.35 and 7. = 0.3) achieves a I, ~ 4913.6 s, an
ve ~ 48.2 km/s and a T/ P;;, ~ 14.52 mN/kW which are values within the SoA experimental
tests. As reported, the solar arrays furnished 1.6 kW of electric power to the GOCE space-
craft, signifying a key constraint on its operation. Based on the results, operating at 250 km
necessitates a peak power of 793.9 W, which is within the available electrical supply. This

implies that the available power is sufficient to support thruster operation at this altitude.
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Figure 5.5: Atmospheric number density at the thruster inlet considering SoA intakes per-
formance (5 = 140 ).

However, the minimum required number density for thruster operation (n > 10 m~—3) is
only achievable for altitudes lower than 210 km, considering a compression factor of 5 = 140,
as depicted in Figure 5.5. This condition turns the mission unfeasible for altitudes exceeding

210km, unless there are advancements in intake system technology. In other words, a mis-
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sion with a spacecraft like GOCE’s is not feasible at 250 km using an ABEP system for thrust
generation due to intake’s inability to sufficiently compress the surrounding atmosphere for

plasma generation at current level of development.

To delve further into the analysis of this mission’s feasibility with an ABEP system, addi-
tional orbital altitudes with the same thruster were studied. The study focused on the most
critical condition during the mission (on 8" of March of 2011), when the highest thrust de-
mand occurred, to ensure drag compensation. Given the established understanding that
thruster operation is not feasible at altitudes higher than 210 km, these higher altitudes can be
eliminated from consideration. Figure .6 shows the thrust and power demands are 27.04 mN
and 1.85kW at 210 km. Here, the demanded power already exceeds the supplied (1.85 > 1.6
kW), requiring more solar arrays than available which could introduce more drag. This ren-
ders the mission unfeasible at all altitudes since the power demand rises for lower altitudes.
It is worth noting that the GOCE spacecraft employs body-mounted solar arrays along with
solar panels on its wings to minimize drag. In summary, a spacecraft with the characteristics

of GOCE can not currently operate using air-breathing technology.
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Figure 5.6: Impact of different very-low altitudes on the required performance.

Nonetheless, the potential for such a mission could be enhanced through advancements
in intake and thruster performance. The elevation of the compression factor could facilitate
operations at higher altitudes than 210 km where the necessary power is accessible. More-
over, improvements in thruster and collection efficiencies would also reduce power demands,

as depicted in Figures f.7d and .71, possibly enabling operations at 210 km or even lower.
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Figure 5.7: Impact of technological advancements on the required performance.

Figure.7d illustrates that an increase in 7. leads to a reduction in the required I, and P;,,
thereby facilitating operations at lower orbital altitudes as 7'/ P;,, is increased. Increasing 7.
to 0.5 leads to a decrease in power demand to 1.11 kW operating at 210 km. In turn, increasing
ne to 0.7 requires 0.79 kW. Also, a higher 7. reduces the required I, due to higher achieved
mass flow. These enhancements would indeed enable the successful execution of the mission.
Fixing 7; to 0.35 and increasing the 7. to 0.5 would enable GOCE mission within 198 — 210
km, considering the available power. In turn, increasing 7. to 0.7 would lower the minimum

altitude to 188 km.

Figure f.7H demonstrates that an increment in 7, decreases the power demand, hence,

the required solar arrays area. An increment in 7, to 0.6 leads to a decrease in power de-
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mand to 1.08 kW and solar array area to 5.56 m? operating at 210 km. In turn, increasing 7;
to 0.75 requires 0.86 kW and solar array area of 4.45 m2. Similarly, increasing n; would en-
hance the feasibility of the mission, as the same thrust could be generated using less power
through increased thruster efficiency. Fixing 7. to 0.3 and increasing the 7; to 0.6 would en-
able the mission within 197 — 210 km, considering the available power. In turn, increasing 7,
to 0.75 would lower the minimum altitude to 190 km. Overall, it can be inferred that further
advancements in ABEP systems are imperative to facilitate missions involving spacecraft of

dimensions similar to that of GOCE.

To finalize, spacecraft with smaller frontal areas were also subjected to analysis, given
that the frontal area significantly contributes to the experienced drag. Figure [.8 assesses
the operation with different cross-sectional areas. As expected, smaller cross-sectional areas
require less thrust and power demands as the experienced drag is reduced. A standard space-
craft like GOCE, experiences a drag of 27.04 mN and requires 1.85kW to operate at 210 km.
At the same altitude, a small-satellite experiences 8.11 mN and requires 0.55 kW and 2.86 m?
of solar arrays. Finally, a cubesat experiences even less drag 0.27 mN and demands 20 W and

0.1 m? of solar arrays.
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‘ ‘ 110

107 ¢ — Standard: 1 m?
L T~ T Smallsat: 0.3 m*
e Cubesat: 0.01 m?| |

10 |

D (mN)
P (kW)

10" ¢

-2
j10

10tk . . . . 1073
160 180 200 220 240

h (km)

Figure 5.8: Impact of different cross-sectional areas on required performance.

From the results, it can be concluded that reducing spacecraft area can also enable oper-
ations with current air-breathing engines. However, the miniaturization of spacecraft also
poses some challenges to electric propulsion such as limited space and power generation.
Small satellites have space constraints, making it challenging to fit propulsion systems and
generate power due to their small surface area for solar panels. Despite these challenges, the

miniaturization trend in the space industry is pushing the boundaries of what is possible with
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small satellites. For example, the gridded ion thruster NPT30-12-1U developed by ThrustMe
company is already fully proven with iodine as the propellant and can provide 0.3 — 1.1 mN
at 35 — 65 W [52]. It comes in 1U and 1.5U sizes. Also, ExoMG is a miniaturized Hall-effect
thruster developed by Exotrail to operate with xenon that can provide more than 2mN at
53 W of discharge [53]. It is important to emphasize that the available space also imposes
limitations on the size of intake inlet area, constraining atmospheric collection performance.
In conclusion, the progression of air-breathing electric propulsion systems is impera-
tive to enable missions involving spacecraft dimensions like GOCE’s. It is noteworthy that
smaller spacecraft are more likely to be effectively operated using state-of-the-art air-breathing

engines.
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Chapter 6

Conclusion

As previously discussed, very-low orbits offer numerous advantages for remote sensing
missions. However, operating in this region is challenging due to the increased atmospheric
density. Traditional space propulsion systems, reliant on onboard propellants to counteract
drag and maintain orbital altitude, are unable to sustain extended missions as they rapidly
deplete their propellant reserves due to the significant drag. In response to this challenge,
air-breathing electric propulsion technology has emerged as a promising solution for en-
abling near-Earth orbits. ABEP represents an innovative approach that utilizes residual at-
mospheric particles to generate thrust without the need to carry conventional propellants
onboard. From the literature review, state-of-the-art ABEP systems offer approximately
thruster efficiencies of 0.35, intake efficiencies of 0.3, and intake compression ratios of 140.

The primary objective of this thesis was to create an app capable of identifying the re-
quirements for maintaining a spacecraft’s orbit in VLEO to further assess the feasibility of
using state-of-the-art ABEP technology for this purpose. The app was designed to propagate
the orbit, characterize the very-low environment, and determine operational prerequisites,
such as thrust and power requirements, based on user-specified mission parameters. The
app also provides outputs such as required solar array area, specific impulse, Keplerian or-
bital elements, and atmospheric properties along the mission. The app is tailored to consider
sun-synchronous orbits as they were identified as the most suitable for ABEP operations. To
facilitate these complex numerical calculations, the app was developed using MATLAB®.

GOCE mission, which operated in very-low altitudes, was selected to be replicated within
the app to validate its outputs by comparing them with the reported flight data. The outcomes
of the app offered valuable insights into the feasibility of conducting very-low missions with
air-breathing technology, and guidelines for future development.

In the case-study, the feasibility of employing ABEP on a spacecraft like GOCE’s at 250 km
was analyzed with the developed app. The analysis showed that current ABEP is not yet
capable of effectively propelling a mission under these conditions. The primary limitation
identified was the poor performance of the intake compression, which could not provide the
thruster with the required atmospheric number density for ignition (n > 10'® m~3). SoA

intake systems can achieve a compression factor of approximately 140, limiting ABEP opera-
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tion to altitudes lower than 210 km. However, it is important to note that the required power
for the mission could be achieved within the constraints of the spacecraft’s power supply
(1.6 kW). The critical factor identified here was the intake technology, which requires fur-

ther development to enable this mission.

Further analysis found that at an altitude of 210 km, the required power for the mission
already exceeded the available power supply. In this scenario, while the thruster operation
was ensured by atmospheric compression, it was limited by the available power to generate
thrust. As lower altitudes were shown to experience greater drag forces, leading to higher
power demands, it was concluded that propelling a spacecraft like GOCE’s is currently not

feasible with the existing ABEP systems at any very-low altitude.

Nonetheless, advancements in intake and thruster performances could enhance the mis-
sion. For example, the compression factor improvement could facilitate operations at higher
altitudes than 210 km where the necessary power was accessible. Moreover, improvements
in thruster and collection efficiencies would also reduce power demands. Fixing the thruster
efficiency to 0.35 and raising the collection efficiency to 0.5 would enable the mission within
198 —210 km. On the other hand, fixing the collection efficiency to 0.3 and raising the thruster
efficiency to 0.6 would enable the mission within 197 — 210 km. Superior performance would

enable orbiting at even lower altitudes.

Lastly, spacecraft with smaller frontal areas (< 1.1 m?) were also subjected to analysis,
given that this parameter significantly contributes to the experienced drag. As expected,
reducing spacecraft area could also facilitate operations with current air-breathing engines
as power demands were reduced. However, the miniaturization of spacecraft also poses some

challenges to electric propulsion such as limited space and power generation.

In conclusion, the goals of the thesis were successfully achieved. The developed app
demonstrated the capability to simulate real orbit conditions and calculate the required op-
erational performance based on air-breathing thruster specifications. Additionally, the app
proved to be a valuable tool for assessing the feasibility of missions with this technology and

provided valuable guidelines for its future development.

However, some assumptions were taken to facilitate the numerical calculation required
for the study. Further investigation should explore variables such as the varying orientation
of solar arrays’ surface to the Sun vector and their degradation over time. Furthermore, there
is potential for improvement in the calculation of experienced drag, especially in account-
ing for the actual shape of an air-breathing spacecraft, which would involve considering the

shape of the intake rather than relying on a simplistic front wall approximation. Addition-
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ally, it might be worthwhile to estimate the drag coefficient throughout an entire mission for

more accuracy.
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