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Classifica=on	of	air-breathing	propulsion	

Ramjet	/	Scramjet	

Beamed-energy	propulsion	

In-space	propulsion	
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Classifica=on	of	air-breathing	systems	

•  Ramjet	/	Scramjet	
–  (Supersonic)	air-breathing	jet	engine		
–  Fuel-efficient	ascent	to	mesospheric	al=tudes	and	half-orbital	velocity	

•  Air-breathing	beamed-energy	propulsion		
(see	lectures	10/26	and	11/02)	
–  Laser	or	microwave	propulsion	
–  Fuel-efficient	ascent	to	orbital	al=tudes	

•  Atmosphere-breathing	in-space	propulsion		
–  Use	of	atmospheric	residual	gases	in	spacecraQ	propulsion	
–  Reduc=on	of	atmospheric	drag	in	lower	al=tudes	
–  Extension	of	in-orbit	life=me	
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Orbit	decay	without	propulsion	

•  Orbit	decay	of	satellites	is	driving	factor	for	life=me	in	LEO	

Ballis=c	coefficient	

� =
mSC

CD · S
β	is	high:	

	high	momentum	
	low	drag	

β	is	low:	
	low	momentum	
	high	drag	

For	al=tudes	lower	than	
400	km,	orbit	decay	
overtakes	commercial	
benefit	
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Example	for	LEO	spacecraQ	

•  GOCE	(ESA)	
–  260	km	orbit	
–  Designed	life=me:	

•  20	months	

–  Actual	life=me:	
•  56	months	
•  Lower	solar	ac=vity	than	expected	

–  Use	of	fuel-efficient	ion	thrusters	
–  Very	high	ballis=c	coefficient	to		

extend	possible	life=me	

–  Reason	for	end	of	life:		
•  Fuel	deple=on,	decayed	

www.esa.int	

Designed	

Actual	

� =
1077 kg

3.7 · 0.9 m2
= 323

kg

m2
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Purpose	of	air-breathing	propulsion	

•  Extension	of	satellite	life=me	in	LEO	for	orbit	al=tudes	less	
than	400	km	
–  Increase	data	outcome	of	Earth	observa=on	satellites,	scien=fic	

pla\orms,	reconnaissance/espionage	satellites,	etc.	
–  Increase	profit	margin	for	commercial	satellites	

•  Enable	scien=fic	missions	in	very	low	Earth	orbits	(VLEO)	of	
less	than	160	km	in	al=tude	

Air-breathing	space	propulsion	
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Atmosphere	

•  Thermosphere	and	especially	
the	VLEO	are	scien=fically	
interes=ng	due	to	strong	
gradients	in	physical	profile	

•  Satellites	in	orbits	closer	to		
Earth	could	enable	new	missions	
–  Earth	observa=on	
–  Scien=fic	applica=ons	
–  Military	use	
–  …	

	
	

VLEO	

LEO	

160	km	
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Atmospheric	proper=es	

•  Necessary	proper=es	for	design	of	spacecraQ	and	breathing	
propulsion	system	
–  Mass	density	(translates	to	eventual	usable	mass	flow	rate	and	drag	

force)	
–  Temperature,	conduc=vity	(influence	on	collector	and	satellite	design)	
–  Atomic,	ionic,	and	molecular	species;	molar	composi=on	(usage	as	

propellant)	
–  …	

•  De	facto	standard	model	for	descrip=on	of	the	atmospheric	
proper=es	is	the	1975	Interna=onal	Standard	Atmosphere	
(ISA)	with	amendments	in	1985	and	1997	
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Atmospheric	models	(a	brief	review)	

1960	 Jacchia	model	
(1965,	1971)	

JB2006	

JB2008	

NRLMSISE-00	

MSIS	(1977)		
- Total	density	as	f(h)	
- Temperature	as	f(h)	1970	

1980	

1990	

2000	

now	

- Improved	density	descrip=on	
- New	temperature	as	f(h)	

- Even	beger	temperature	func=on	

MSIS-83	

MSIS-86	

MSISE-90		

- Species	composi=on	included	
(N2,	O2,	O,	He,	Ar,	and	H)	
- 120-150	km	

- 80-220	km	

- Atomic	nitrogen	added	

- Revision	for	120	km	and	below		
(down	to	mesosphere)	

- Anomalous	oxygen	
- Improved	modeling	

Current	most	accurate	model	for	composi=on	

Current	most	accurate	
model	for	total	density	

Both	models	adapted	to	the	2008	ECSS	
standard	ECSS-E-ST-10-04C	

MSIS:	Mass	Spectrometer	and	Incoherent	Scager		
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Atmospheric	proper=es	

•  Atmospheric	density	as	a	func=on	of	al=tude	and	solar	ac=vity	
•  Several	parameters	affect	density	

–  Loca=on	
–  Time	of	year	
–  Solar	ac=vity	
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Low,ȱmoderate,ȱhighȱlongȱtermȱandȱhighȱshortȱtermȱsolarȱandȱgeomageneticȱactivitiesȱhaveȱtheȱfollowingȱmeanings:ȱ
lowȱ(F10.7ȱ=ȱF10.7avgȱ=ȱ65,ȱS10.7ȱ=ȱS10.7avgȱ=ȱ60,ȱM10.7ȱ=ȱM10.7avgȱ=ȱ60,ȱApȱ=ȱ0)ȱ
moderateȱ(F10.7ȱ=ȱF10.7avgȱ=ȱ140,ȱS10.7ȱ=ȱS10.7avgȱ=ȱ125,ȱM10.7ȱ=ȱM10.7avgȱ=ȱ125,ȱApȱ=ȱ15)ȱ
highȱlongȱtermȱ(F10.7ȱ=ȱF10.7avgȱ=ȱ250,ȱS10.7ȱ=ȱS10.7avgȱ=ȱ220,ȱM10.7ȱ=ȱM10.7avgȱ=ȱ220,ȱApȱ=ȱ45)ȱ
highȱshortȱtermȱ(F10.7ȱ=ȱ300,ȱF10.7avgȱ=ȱ250,ȱS10.7ȱ=ȱ235,ȱS10.7avgȱ=ȱ220,ȱM10.7ȱ=ȱ240,ȱM10.7avgȱ=ȱ220,ȱApȱ=ȱ240)ȱ

FigureȱGȬ2:ȱVariationȱofȱtheȱJBȬ2006ȱmeanȱairȱdensityȱwithȱaltitudeȱforȱlow,ȱmoderate,ȱhighȱlongȱ
andȱhighȱshortȱtermȱsolarȱandȱgeomagneticȱactivitiesȱ

Solar	ac=vity	

ECSS-E-ST-10-04C	
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Figure 3: Atmospheric composition for mean solar and geomagnetic activities (NRLMSISE-00 model - F10.7
= F10.7avg = 140, Ap = 15); O* refers to anomalous oxygen.

of 100-200 can be achieved with typical designs.3,16,17 Recent experimental work confirmed the theoretical
results.18

Due to the impact of the particles on the intake wall, the wall temperature will increase and thermal balance
design of the spacecraft needs to include the heat flux16 as well as possible erosion and corrosion of the intake
walls. As the intake needs to be sufficiently large, the spacecraft needs to allow such tremendous geometric
components. The choice for air-breathing propulsion is, thus, a design-driving criterion. By and large, all
previous studies showed that a pressure of roughly 1 mPa is achievable at the point of injection into the
thruster head.

C. Electric propulsion concepts

1. Electrothermal propulsion

Resistojets and arcjets have played a substantial role in electric propulsion for long time, and are the most
successful commercial application thereof. However, when considering the usage of residual atmosphere, the
question of lifetime becomes dominant. Most thermal arcjet developments rely on oxygen-free propellants
like hydrogen, hydrazine or ammonia.19 Erosion of the nozzle throat in particular due to a high-temperature
oxygen flow limits the general lifetime. The same reasoning applies to the resistive body in resistojets, and it
is therefore unlikely to think of a concept of electrothermal propulsion system using air. As all atmospheres of
the inner planets include oxygen or oxygen compounds, application in other planets orbits seems comparably
unlikely.

2. Electrostatic propulsion

Electrostatic propulsion including ion thrusters (GIE, RIT, etc.), Hall effect thrusters (SPT, TAL), FEEP,
etc., are current research focus, and therefore most existing studies on air-breathing, or rather atmosphere-
breathing, electric propulsion is within this field.
ABIE - air-breathing ion engine - was one of the first air-breathing electric propulsion systems to be pro-
posed.1 Using a microwave discharge, the thruster with a performance of 10 mN/kW was designed to handle
very low input pressures in the order of a few mPa to about 0.5 Pa,20 still higher than the above-estimated
1 mPa. Mission application was thought to be in altitudes of about 150-200 km, and computation showed

5
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Composi=on	of	species	

•  Strong	gradients	of	temperature	and	varia=on	of	solar	
radia=on	yield	distribu=on	of	species	over	al=tude	

•  For	most	orbit		
al=tudes	
residual	air	
consists	of	
molecular	
nitrogen	and	
atomic	oxygen	

•  Negligible	
degree	of	
ioniza=on	

VLEO	 LEO	

Mean	distribu=on	
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Atomic	density	

•  Influence	of	solar	ac=vity	on	densi=es	of	individual	species	
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Low, moderate, and high long term solar and geomagenetic activities have the following meanings: 
low (F10.7 = F10.7avg = 65, Ap = 0)  
moderate (F10.7 = F10.7avg = 140, Ap = 15)  
high long term (F10.7 = F10.7avg = 250, Ap = 45) 

FigureȱGȬ3:ȱVariationȱofȱtheȱNRLMSISEȬ00ȱmeanȱatomicȱoxygenȱwithȱaltitudeȱforȱlow,ȱmoderateȱ
andȱhighȱlongȱsolarȱandȱgeomagneticȱactivitiesȱ

ECSS-E-ST-10-04C	



•  Atmospheric	drag	force	imposed	on	satellite	
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Consequences	for	the	satellite	

FD =
1

2
⇢|{z}

JB2006

· v2|{z}
7.8 km/s

·S · CD|{z}
2.1�2.7

Orbital	speed	

Drag	coefficient	

v ⇡
r

GM

r

G

M

r

…	Earth’s	mass	

…	Orbit	radius	

…	Gravita=onal	constant	
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Drag	coefficient	

•  Drag	coefficient	is	influenced	by	several	parameters	
–  Atomic	oxygen	can	adhere	to	surfaces	altering	their	physical	proper=es	
–  Temperature	changes	can	affect	material	characteris=cs	of	outer	surfaces	
–  Long,	slender	spacecraQ	design	increases	drag	coefficient	due	to	fric=on	

on	the	side	walls	(e.g.,	GOCE	had	a	drag	coefficient	of	3.7)	
–  Solar	arrays	and	other	hardware	features	affect	drag	
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Drag	force	

•  Resul=ng	drag	force		
(at	mean	solar	ac=vity;		
for	CD	=	2.2)	

The two models are refined continually, and the current de facto standards are summarized in the European
ECSS standard ECSS-E-ST-10-04C (issued 2008).13

Essentially, two models exist currently with different modeling baselines. Therefore, the accuracy and the
output values differ between them. The NRLMSISE-00 model is the currently most advanced estimation for
atmospheric conditions with regard to composition, i.e., partial densities. The second model, JB2006, shows
a better representation of the total particle density as function of altitude, but can, however, not predict well
the composition of the residual atmosphere. It should therefore only be used for an estimation of the drag
force, whereas the former model can be used for an estimation of the composition (N2, N, O2, O, anomalous
O, He, Ar, and H).
The atmosphere is not only the supply for the necessary propellant for air-breathing propulsion systems,
but also the cause for the drag force on the entire satellite. For a 1 m2-surface satellite, this drag force was
estimated previously in a Hall thruster study.14 The drag coefficient varies with altitude and shape of the
satellite between 2.1 and 2.7.15 For the altitudes of concern, a mean value of 2.2 can be assumed. Using
the data for the total mean density from the JB2006 model for different sizes of satellite surfaces at mean
solar activity, Figure 2 shows the total drag imposed on the satellite. For a full drag compensation, the
mean thrust force needs to be at least equal to the mean drag to justify the application of air-breathing
technology. The considered satellite sizes include the standard-sized cubesat of (10 cm)3, a typical size of a
propulsion-equipped small satellites 0.3 m2, and a standard size of 1 m2.
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Figure 2: Drag force as a function of altitude for mean atmospheric conditions

The composition of the atmosphere at each altitude changes and can affect the performance of the
eventual propulsion system. Derived from the NRLMSISE-00 model, the number densities of the individual
species are plotted in Figure 3. For the altitudes of interest (lower than 250 km), the number density of
anomalous oxygen is negligible and, therefore, no concern for the further discussion of the propulsion system.
With the noble gases (He, Ar) usually less harmful to thruster systems and the number density of hydrogen
rather small to the other species, the most dominant and, thus, design-driving species are N2, N, O2 and O.
An eventual thruster system would need to be evaluated with a gas mixture pertinent to its target altitude.

B. Air intake

An intake is necessary to collect the residual atmosphere. Several studies were conducted in the past regarding
a mechanical collector.3,16 Electromagnetic concepts were discarded due to the relatively small degree of
ionization in lower Earth orbits as can be seen in Figure 3. A collimator is also considered in the studies, as
pressure and mass flow rate necessary for a stable operation of electric propulsion systems need to be higher
than the values of the residual atmosphere. It was, however, previously concluded that the compression will
depend on many geometrical aspects, and a proper discussion can only be made on a pre-existent thruster
design.
The atmosphere intake needs to obtain as much gas as possible while keeping the particle velocity high for
the eventual gas feed. Again, geometry plays a key role, but a slender spacecraft might be favorable for a
increased capability of intake. It was concluded that collection efficiencies of 40 % at compression factors

4
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state of the art would in most circumstances not allow for more than 2 years of drag-compensating operation at an 
operative orbit altitude below 250km. The lifetime of the SC would in theory not be limited by the amount of fuel if 
the same atmospheric constituents producing the drag were collected by an appropriate inlet and used as propellant 
by the propulsion system. This is the idea behind the RAM-Electric Propulsion system concept.  

To investigate the theoretical feasibility of the RAM-EP concept the ESA Concurrent Design Facility (CDF), 
financed by the ESA General Studies Program, was requested to analyse this innovative electric propulsion drag 
compensation system, to assess its operational range and to provide a concept outline for a technology 
demonstration mission. An interdisciplinary team of ESA specialists took part on the study with support provided by 
Earth Observation specialists and electric propulsion specialists (from industry and university). As main result, the 
study highlighted that the RAM-EP concept could provide a promising innovative solution to very low altitude 
(below 250km) and/or long lifetime LEO missions (not over a defined altitude). The study also provided an 
overview on required technology development activities for such application. 

 

II. RAM-EP Concept 
The RAM-EP concept consists of a collection system (Collector) for capturing the rarefied flow and an Electric 

Propulsion Thruster for generating the required thrust. The following feasibility issues have been investigated during 
the CDF study: 

 
x Capability to collect the mass flow rate needed to generate the required thrust with an inlet aperture of size 

compatible with the dimensions of a reference S/C 
x Capability to collect the particles flow with properties as required by the thruster  
x Choice of an Electric Propulsion thruster that guarantees the required thrust to perform altitude compensation   
x Capability of the thruster to work with the encountered flow mixture composition or with selected species 
x Capability of the thruster to work with variable inlet conditions caused by different altitudes, solar activities, local 

time 
x Capability of the thruster to operate within the power and mass constraints of a typical Earth observation mission. 
 
A number of trade-offs have been considered during the study. For the collection system it has been investigated the 

possibility of using an electromagnetic scoop, an 
aerodynamic intake or a hybrid device. For the thruster 
the use of a Gridded Ion Engine (GIE) or a Hall Effect 
Thruster (HET) with modified design has been assessed. 
Moreover, in order to verify the capability to perform 
altitude compensation, a thrust strategy has been 
identified. In principle, to maintain a given altitude 
there are two approaches: continuous thrust along the 
orbit to compensate exactly the drag; arcs without 
thrusting with consequent loss of altitude followed by 
thrust arcs to recover altitude above the nominal value. 
In the latter case, the thrust needs to be higher than the 
drag and is a function of the ratio between thrusting 
time and orbit period. The altitude decay associated to a 
non thrusting period increases dramatically for low 
altitudes.  The decay in km can be extrapolated from 
Fig.1 by multiplying the decay by the S/C mass (kg), 
the wetted area (m2) and the drag coefficient. 

Fig. 1 Decay per orbit for different altitudes 
depending upon percentage of the orbit where 
the drag is compensated by an equal thrust.  
 

•  Orbit	decay	as	a	result	of	
par=al	drag	compensa=on	

ESA	study	(IEPC-2007-162)	
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Conclusions	from	atmosphere	analysis	

•  Obviously,	as	size	of	the	satellite	decreases,	drag	force	
necessary	to	be	compensated	decreases	as	well	

•  Depending	on	al=tude	and	targeted	life=me,	propellant	
necessary	to	overcome	the	total	drag	force	might	be	small	
enough	to	be	carried	on	board	of	the	satellite	

•  Resul=ng	from	an	ESA	study,	applica=on	of	air-breathing	
technology	to	satellites	in	orbits	above	250	km	is	not	
compe==ve	with	„conven=onal“	electric	propulsion	
(propellant	break-even	point)	
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System	design	for	air-breathing	propulsion	

•  Air-breathing	propulsion	system	requires	more	than	just	a	
thruster	
–  Intake	to	collect	

necessary	mass	flow	
and	pre-compression	

–  Accumula=on	and	
further	compression	
in	the	S/C	core	

–  Thruster	suitable	to	
handle	atmospheric	gases	

I. Introduction

Very low orbits are of great interest for many scientific, civil and military purposes. Recently ESA’s
mission GOCE ended, it provided detailed information of the Earth’s geomagnetic field by orbiting

as low as 229 km using ion thrusters to compensate the drag. The amount of propellant on board is a
limiting lifetime factor for such a mission, in particular if the S/C is orbiting very low around a planet with
atmosphere. The atmosphere is indeed responsible for the drag, which slows down the S/C and reduces its
total mission lifetime. It is also a limiting factor in terms of costs, as more drag to be compensated for a
longer time means an increased amount of propellant to be carried on board, which again increases the total
mass. The lifetime of a S/C orbiting in LEO can be significantly increased by the application of an e�cient
propulsion system capable to compensate the drag.
The basic idea of an Air-Breathing Electric Propulsion System, shortened RAM-EP, is to use the air of
the residual atmosphere as propellant and to process it through a device for generating thrust. This will
decrease, ideally nullify, the on board propellant requirement and will generate thrust to partially or fully
compensate the drag. A conceptual scheme of the S/C is shown in Fig. 1.
This paper will focus on the device needed to e�ciently collect and drive the atmosphere particles to

Incoming flow

Flight Direction
Solar Array

Solar Array

Air-Intake
Exhaust

S/C Core

Figure 1: Air-Breathing Electric Propulsion S/C Concept.

the thruster, called the Air-Intake. The investigation on an Air-Intake is part of a Ph.D. program at IRS,
focused on the use of a small inductively heated plasma thruster based on IPG6-S for an Air-Breathing
Electric Propulsion application,14.13 Emphasizing its crucial design, recent studies involved ESA,4 BUSEK
Inc.8 and JAXA,5,7 that proposed and studied di↵erent possible design configurations. The outcome of
these studies are sustained by DSMC simulations and experimental activity on ground. In the following,
an overview of these designs is provided, together with results of DSMC simulations, performed with our
in-house code PICLas.10 Additionally, a simple analytical model based on transmittances and the balance of
particle flows is derived, applicable for the analysis and further possible optimization of a generic Air-Intake
design. The model is compared to the results of the DSMC simulations and a sensitivity analysis of the basic
parameters is performed.

II. Assumptions and Considerations

The design of an Air-Intake for an Air-Breathing Electric Propulsion System is a challenge and depends
on many di↵erent factors. The requirement is an e�cient collection of the particles encountered by the S/C
in order to feed the thruster. The ratio between the collected particle flow Ṅ

thr

and the incoming particle
flow Ṅ

in

is named Collection E�ciency, see Eq. 1. In order to have a highly e�cient device, it is required to
keep ⌘

c

as high as possible.

⌘

c

=
Ṅ

thr

Ṅ

in

(1)

A consideration on the need of an Air-Intake should not be avoided. The flow the Air-Intake encounters
will be highly rarefied and, therefore, it is not possible to follow intuition, which is strictly connected to
our experience on Earth where continuum flow sovereigns. For di↵erent flow conditions, the presence of an

3
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Hyogo-Kobe, Japan

July 4–10, 2015

Air-Intake that works perfectly in continuum might worsen and even become counterproductive, providing
to the thruster less particle flow than without an Air-Intake. The incoming particle flow to the intake is
defined by the open front area of the intake A

in

and the free stream conditions (e.g. number density n

in

and velocity v

in

) as:
Ṅ

in

= n

in

v

in

A

in

(2)

Multiplying the particle flow Ṅ with the average particle mass m

p

results in the corresponding mass flow
ṁ = m

p

Ṅ . With the assumption that the entire collected mass flow ṁ

thr

is accelerated by the thruster, the
produced thrust can be calculated as in Eq. 3:

F = m

p

Ṅ

thr

v

out

= m

p

⌘

c

Ṅ

in

v

out

= (m
p

n

in

v

in

v

out

)(⌘
c

A

in

) (3)

Here, v
out

is the exhaust velocity out of the thruster. A deeper description of the influencing factors for the
flow into the propulsion device will be further described as part of the balancing model in Sec. IV. In the
context of the design of an Air-Intake for an Air-Breathing Electric Propulsion System two important points
have to be considered. On the one hand, for maximizing the thrust, not only the e�ciency of the thruster
itself has to be taken care of, but also a su�cient amount of mass flow has to be provided. Eq. 3 suggests that
the area of the intake A

in

should be as large as possible to collect the most amount of mass flow, however,
the S/C front area also determines the drag. On the other hand, when considering the feeding system to the
chamber as part of the Air-Intake, the collected gas has also to be fed at a su�cient pressure and, inside an
ionization chamber, the neutral gas should remain as long as possible for an e�cient ionization process. For
this, the particles have to be slowed down while increasing pressure. Therefore, a direct flow of free stream
particles into the chamber would not be desired.

III. Air-Intake Review

A. Basic Concepts

The basic concepts for an Air-Intake design are hereby described and shown.
A first logical configuration can be a short cylinder with the cross section of the entire S/C, followed by
a simple entrance cone as shown in Fig. 2a. The cross section cone could converge directly to the size of
the propulsion system or, alternatively, to a feeding system allowing the other S/C subsystems to be placed
behind the Air-Intake.

(a) Air-Intake Simple Cone Concept. (b) Air-Intake By-Pass Concept.

Figure 2: Air-Intake Concepts

However, the approach of using a simple cone is not the best one as the flow is not in the continuum
regime and, thus, dominated by collisions with the walls rather than of inter-particle collisions. This basically
prevents the particles from reaching the end of the cone, which has also been verified through preliminary
Direct Monte Carlo Simulations (DSMC), emphasizing the importance of the right wall model. In case of
di↵usive reflections (the most realistic case1), most of the particles will be scattered into a random direction
when hitting the wall. As the solid angle including the cone exit represents for the most reflections only
a very small part of the entire half space, that comprises all possible target directions, nearly all particles
are reflected back into the flight direction. In the case of specular reflection, the situation might be only
improved together with a small cone angle. The basic problem arises that the short cylinder between the
front collection area and the cone does not have only a high transmission probability for the incoming
particles, but also for the flow that is scattered back (the backflow) and, basically, only the particles which
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Air-Intake that works perfectly in continuum might worsen and even become counterproductive, providing
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is the exhaust velocity out of the thruster. A deeper description of the influencing factors for the
flow into the propulsion device will be further described as part of the balancing model in Sec. IV. In the
context of the design of an Air-Intake for an Air-Breathing Electric Propulsion System two important points
have to be considered. On the one hand, for maximizing the thrust, not only the e�ciency of the thruster
itself has to be taken care of, but also a su�cient amount of mass flow has to be provided. Eq. 3 suggests that
the area of the intake A
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should be as large as possible to collect the most amount of mass flow, however,
the S/C front area also determines the drag. On the other hand, when considering the feeding system to the
chamber as part of the Air-Intake, the collected gas has also to be fed at a su�cient pressure and, inside an
ionization chamber, the neutral gas should remain as long as possible for an e�cient ionization process. For
this, the particles have to be slowed down while increasing pressure. Therefore, a direct flow of free stream
particles into the chamber would not be desired.

III. Air-Intake Review

A. Basic Concepts

The basic concepts for an Air-Intake design are hereby described and shown.
A first logical configuration can be a short cylinder with the cross section of the entire S/C, followed by
a simple entrance cone as shown in Fig. 2a. The cross section cone could converge directly to the size of
the propulsion system or, alternatively, to a feeding system allowing the other S/C subsystems to be placed
behind the Air-Intake.
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Ṅ . With the assumption that the entire collected mass flow ṁ
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Collector	system	

•  Collector	is	necessary	to	gather	propellant	from	residual	
atmosphere	to	yield	a	mass	flow	rate	for	the	thruster	

•  Due	to	low	degree	of	ioniza=on,	electromagne=c	collector	
systems	can	be	discarded	

•  Mechanical	system	has	many	parameters	
–  Width,	length,	material,	wall	temperature,	…	
–  Numerical	simula=on	(e.g.,	DSMC	PIC)	essen=al	in	design	process	

•  Performance	values:	
–  Compression	ra=o	
	
–  Collec=on	efficiency	

p
prop

/p
in

ṁ
prop

/ṁ
in

Figure 5: Air-Intake from Fujita’s 2004 paper,.5

IV. Balancing Model

A. Introduction

In this Section a simple, analytical model for the evaluation of a generic RAM-EP Air-Intake configuration
is presented. The generic design becomes obvious when comparing the introduced designs, where an intake
section collects the particles with free stream conditions and guides them into the propulsion system. In the
context of this model, the intake section is followed by a chamber section in which it is assumed that all
particles have already gone through wall collisions and, thus, have only a thermal movement with regard to
the wall temperature left. By this, the only particle flows directed out of the chamber are due to thermal
diffusion. One flow back through the intake with its desirably low transmittance probability, and another flow
through the outlet. The representation of the outlet flow strongly depends on the specific configuration. For
the JAXA’s design, it is the flow passing through the thruster grids, increased by the acceleration provided
by them. In general, a feeding system and the thruster itself follows. By balancing these particle flows, the
conditions in the separate sections can be estimated.

B. Assumptions

The basic assumptions for the analytical model are following the nomenclature in Fig. 6:

Twall

Free Stream Condition
pin, nin, Tin, vin

Intake Control Volume, Chamber
pch, nch, Tch, vch

Ṅin

Ain

Θintake1 , Ṅintake1

Θintake2 , Ṅintake2

Θout, Ṅout

(Ṅaccel)

Aout

Figure 6: Balancing Model Scheme.

Ain and Aout are the respective cross sections for the inflow and the outflow representing those of the
chamber section. The parameters of the incoming flow are known: number density nin (or pressure pin),
flow temperature Tin and free stream velocity vin.
Θ is the transmittance into a specific direction through a single structure, indicated in the subscript, and
is the fraction of particles which pass through the exit section against the amount of particles which passed
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Air	inlet	examples	

•  1st	comprehensive	study	conducted	at	JAXA	(Nishiyama/Fujita)	
–  ABIE:	air-breathing	ion	engine	
–  Varia=on	of	parameters	to	

analyze	possible	performance	
–  Compression	ra=o	derived	to		

be	around	100-200	
–  Op=mum	collector	design	

depends	on	al=tude	
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Air	inlet	examples	

•  Subsequent	studies	at	ESA	and	Busek	(US	company)	
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E. Collector Design 
The collector system is positioned in the 

RAM direction of the S/C and is meant to 
provide the requested Mass Flow Rate (MFR) 
directly to the thruster’s inlet at a certain 
pressure. Various concepts of collection systems 
were considered: an electromagnetic scoop, an 
aerodynamic intake or a hybrid device. A 
collection system based on electromagnetic effect 
would require a sufficient amount of ions in 
orbit. As most of the atmosphere is neutral at the 
altitudes of interest no sufficient MFR can be 

provided by this concept. For the same reason also the hybrid device was discarded. Therefore the aerodynamic 
intake was selected as collecting concept. According with the calculation performed, an area of 0.15m2 was judged 
as sufficient to collect the required MFR for all the altitude ranges considered in the study. Nevertheless, a higher 
surface area of 0.6m2 was allocated to the collector intake, to take into account the grid system used to stop the 
particles at the entrance of the collector, and an extra design margin. The selected area was consistent with the 
assumption of 1m2 front area taken for the calculation of the drag. The collector length is fixed in order to get the 
required steady level of pressure at the end of the collection chamber. Various simulations performed with the 
DSMC-software SMILE were executed varying the collector length from 0.2 m to 1.0 m. The stagnation pressure at 
the back of the collector, computed for 3 cases, is shown in Fig.8 and in Fig.9. As showed, the maximum is reached 
for a length of 1.0m. In this case the collector can provide at the inlet of the thruster a pressure of 10-3Pa. Further 
simulations have been performed with a collector 1.3 m long and with varying collector configuration at the end: 
concave, straight and divergent. The first conclusion is that from a certain point the length has no positive effect on 
the pressure. Changing the collector configuration at the end of the aerodynamic intake with a concave or divergent 
flow seems not to result in an improvement either.  
During the study it was noted that from the spacecraft operations point of 
view, a tank, located between the collector and the thruster, would help to 
cope with fluctuations in atmosphere and non-nominal situations. The tank 
would be filled when excess mass flow is available and emptied when 
mass flow is scarcer. However, to store a quantity of air significant for the 
purposes above, a very high pressure would be required in the tank, non-
compatible with the current spacecraft configuration. A spherical tank 
volume would be limited by the spacecraft cross section. Moreover the 
tank could be filled only during the 11minutes of non-thrusting periods of 
the long eclipses. To store all the particles collected in such period of time 
it can be easily estimated from the equation of the perfect gas that the 
required pressure in the tank would be prohibitively high. The proposed 
suggestion was to accept the variation in the atmosphere conditions, and 
verify that the engine could cope with it. 
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Fig.7 Schematic diagram showing the collector concept 

 
Fig.8 Stagnation pressure levels as a 
function of the collector length 

 
Fig.9 Pressure in the collector 
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Pressure	for	different	aspect	ra=os	

à	about	1	mPa	achievable	
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Figure 9 Conceptual diagram of inlet process 

The density of the gas in the back of the tube can be a hundred times the density of the 
incoming flow, and mean free paths are reduced proportionately.  This makes it possible for 
incoming molecules to collide with trapped molecules, pushing them toward the back to the tube.  
Indeed, one can get a cascade where a fast incoming molecule strikes a slow trapped molecule, 
and each of them then strikes other molecules.  The effect is to push a considerable number of 
molecules in the desired direction, toward the passage to the thruster.  Our study of this problem 
has convinced us that such “collisional pushing” is essential to good collection efficiency. 

This is supported by studies of simplified collection tubes with a Direct Simulation Monte 
Carlo (DSMC) code.[5]  The results of one such run are shown in Figure 10.  That collector is a 
simple inlet cylinder, 60 cm in diameter, 3.7 m long, with an exit aperture 14 cm in diameter.  
Initial focus was on larger sized vehicle, thus the larger dimensions. We have simulated much 
smaller dimensions at appropriately increased density and found identical results. To determine 
the collection efficiency, a totally absorbing surface was placed right after the exit hole.  In the 
output figure, the curved equidensity contours are evidence that the incoming gas is collisionally 
pushing the trapped gas toward the back of the tube, increasing the collection efficiency. 

 
Figure 10 Density distribution predicted by the DSMC code for a collection tube 60 cm in 

diameter 
What matters most is the ratio of the collisional mean-free-path to the tube dimensions, i.e. 

the product of the incident gas density times the tube diameter.  Runs were made for a range of 
densities to determine this dependence.  The results are shown in Figure 11.  We find that good 
efficiencies are achievable if the density is high enough and the tube is large enough. 
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In these simulations, the entrance to the tube had an area almost twenty times the exit 
aperture to the thruster, yet the device collects almost forty percent of the incident gas, and that 
fraction is still going up as the density–diameter product increases.   

The result makes sense.  For an efficient cascade, one needs a collisional mean free path 
much less than the diameter of the tube.  For a head-on collision that drives the struck molecule 
toward the back of the tube, one expects a cross-section of 10-19 m2 or less.  To make the mean 
free path a tenth of the tube diameter that means one needs a density-diameter product at the 
back of the tube of 1020 m-2.  Allowing for a 100u compression of the gas in the tube, one then 
needs at least 1018 m-2 based on the density of the incoming gas, which is what the simulations 
show.   

DSMC Code Predictions

0

0.1

0.2

0.3

0.4

0.5

1.E+16 1.E+17 1.E+18 1.E+19

Density x Diameter (m-2)

C
ol

le
ct

io
n 

Ef
fic

ie
nc

y

 
Figure 11 Collection efficiency predicted by the DSMC code.  The density used here is 

the density of the incoming gas 
2.3 Concept Evaluation in Realistic Application 

Using realistic values for thruster performance, overall performance evaluations have 
been updated.  For these calculations we assume an inlet frontal area of 0.15m2.  Figure 12 shows 
the thrust required to counteract drag versus spacecraft altitude for various drag coefficients, 
Figure 13 does the same for power given the experimentally derived thrust to power, and Figure 
14 for the collection coefficient.  The important takeaway from this is that at a drag coefficient of 
2.2 the requirements fall in the existing range of thruster performance and nearly the designed 
hyperthermal inlet, whereas the mission becomes more difficult as the drag coefficient increases.  
Also note that these calculations are for frontal drag area of double the inlet cross section of 
0.15m2, or 0.30m2, for solar array structure. 

Spacecraft orbiting Mars have a variety of possible orbits for various missions, which 
orbit can have a significant impact on the power available to the spacecraft.  A sun-synchronous 
orbit could be designed to always face the sun so the spacecraft would have full power at all 
times and the solar panels could be aligned parallel to the flow to minimize the effective  frontal 
area, in fact making it equal to the inlet area.  This is the ideal situation for the MABHET.  An 
example of a mission that could use such an orbit is sampling the atmosphere, a mission the 
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Air	inlet	examples	

•  Study	at	U	Stuggart	(Germany)	
–  Rarefied	flow	computa=on	with	coupled	3D	full-PIC	DSMC	
–  Numerical	analysis	necessary	as	incident	flow	is	not	a	con=nuum	flow	
–  Geometrical	varia=on	can	yield	op=mum	collec=on	efficiency	
–  Addi=on	of	straws	in	the	intake	flow	increases	efficiency	
–  Tracking	of	individual	species	feasible	

Figure 10: JAXA intake with MSISE-90 model, χ = 10.0 and Θout = 0.2 at 140 km.

shows the results of the simulations performed with the NRLMSISE-00 model, illustrating the influence of
inter-particle collisions and straws inside the intake. In particular, the extracted average number density
over the chamber volume navg,ch is shown. Starting from this value the pressure and density ratio are derived
and, moreover, ηc is also included. The line plots of the Air-Intake are shown in Fig. A2 in the Appendix.
Results indicate that the use of straws, in this particular geometric configuration, will provide less n in the
chamber, thus, density and pressure ratio and, therefore, also ηc will be lower. In particular, from Fig. A2,
the n profile shows an higher value at the entrance, which decreases towards the chamber. The opposite
behavior is obtained without straws which shows the additional compression by the straws but, as a matter
of fact, only at the inflow part of the intake. Lower performance of the Air-Intake means that the presence of
straws is counterproductive for this particular geometry. Regarding the effect of the inter-particle collisions
in the case without straws, both simulations have very similar results which shows the good approximation
of an ideal free molecular flow for this specific case. With collisions, a slightly lower n is achieved inside the
chamber, possibly due to the fact that the particles represent an obstacle for the incoming flow.

Table 6: DSMC Results for JAXA’s design: Influence of inter-particle collisions and straws inside the intake.

h χ Θout navg,ch ηc pch/pin nch/nin Note

km - - m−3 - - -

140 10.0 0.2 4.40× 1018 0.49 29.4 56.9 NRLMSISE-00, With Collisions

” ” ” 4.64× 1018 0.50 31.0 60.0 NRLMSISE-00, Without Collisions

” ” ” 3.61× 1018 0.40 24.1 46.7 NRLMSISE-00, Straws, With Collisions

B. BUSEK

Fig. A3 in the Appendix shows n along the center line (z axis) of the BUSEK Air-Intake design. The rapidly
decreasing n at the end of the intake is due to the assumption of a completely open outlet8 with no backflow.
In the real case, the thruster systems would follow, creating also a backflow. The DSMC results of the
simulations without straws (black and blue lines) show that n significantly increases and reaches a region of
nearly constant state at the back, if collisions are taken into account. When collisions are neglected, that
region is missing and, instead, an almost linear increase of n along the Air-Intake occurs with a maximum
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simulations without straws (black and blue lines) show that n significantly increases and reaches a region of
nearly constant state at the back, if collisions are taken into account. When collisions are neglected, that
region is missing and, instead, an almost linear increase of n along the Air-Intake occurs with a maximum

15
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Air	inlet	–	what	to	expect	

•  Compression	ra=o	
–  Achievable	results	around	100-200	
–  Typical	pprop	around	1	mPa	

•  Collec=on	efficiency	
–  Typical	values	in	the	order	of	40	%	

•  Experimental	verifica=on	by	upper	atmosphere	simulators	
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Fig. 8: Schematic of the air intake and the exchangeable 
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 The air intake consists of a collimator section and a 

reflector section. The collimator section will be 
composed of a lot of straws in order to form long and 
narrow passages. This part does not intercept the 
entering neutral particles, and they impact the reflection 
part on the downstream side directly. However, the 
backflow from the discharge chamber to the upstream 
side through the collimator section cannot easily leak 
out, because it is thermalized to the same level of 
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temperature as the chamber walls and it has a velocity in 
a random direction. The reflector dams up the flow at its 
surface and reflects partly in mirror direction with a 
little slower velocity and partly in a random direction 
with a much slower velocity. 

 
III.II Performance of Air Intake 

The experimental setup for the air intake 
performance is shown in Fig. The air intake is set at 
10cm downstream from the upper atmosphere simulator. 
The inside pressure of the air intake is measured by an 
ionization gauge.  

Fig. 10 shows the inside pressure of air intake. The 
pressure increase more than 1x10-3Pa using the 
collimator of high aspect ratio. This experimental result 
suggested that the atomic oxygen coming through 
collimator are bounced at the reflector and the atomic 
oxygen density increase  inside the intake. However, the 
pressure is affected by the oxygen molecules leaked from 
the simulator.  

 
IV. SUMMARY 

In this paper, we simulated the AO environment of 
super-low earth orbit. Approximately 10 km/s atomic 
oxygen beam was used to test compression ratio for 
plasma production. The achieved flux was 1.5 x 1015 
cm-2sec-1 which corresponded to the orbital conditions at 
an altitude of 240 km. We performed the air intake of 
ABIE using this simulator. We verified the pressure rise 
inside the air intake. This pressure was adequately 
available for ignition of ECR plasma.  

 

 
                                                           
1 1Nishiyama, K., “Air Breathing Ion Engine Concept”, Proceedings of 54th International Astronautical Congress, IAC-03-S4-

02, 2003. 
2Nishiyama, K., “AIR BREATHING ION ENGINE”, Proceedings of International Symposium on Space Technology and 

Science, ISTS 2004-o-3-05v, 2004 

Fig. 9: Experimental setup for the air intake 
performance measurement 

Fig. 10: Inside pressure of air intake as a function of 
aspect ratio 

 

ATOX	at	ESA-ESTEC	JAXA	
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Consequences	for	the	satellite	

•  As	collec=on	efficiency	decreases,	thrust	and,	hence,	exhaust	
velocity	have	to	increase	to	compensate	the	drag	force	
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Possible	propulsion	op=ons	

•  Chemical	propulsion	
–  Maximum	exhaust	velocity	of	4.5	km/s	far	less	than	requirement	
–  No	favorable	reac=on	with	molecular	nitrogen	

•  Electric	propulsion	(see	also	lecture	10/19)	
–  Electrothermal	(resistojet,	arcjet)	
–  Electrosta=c	(ion	thruster,	Hall	thruster)	
–  Electromagne=c	(MPD,	PPT)	

•  Other	concepts	
ES	

EM	 ET	

Hall	Thruster	

Ion	Engine	

Arcjet	
MPD	Thruster	

PPT	
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Electrothermal	propulsion	

•  Resistojets	and	arcjets	are	basically	capable	of	using	
atmospheric	propellants,	but	erosion	due	to	oxygen	will	
decrease	the	life=me	of	thruster	drama=cally	

Photographs of the JUTEM arc-heater plume and the university of Tokyo arc-heater plume are 

shown in Figs.4-11 and 12, in which the measured planes are drawn in broken lines. Typical signals, 

absorption, reference and ethalon, and a normalized absorption profile of metastable oxygen are 

shown in Figs. 4-13 and 14. 
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Fig. 4-11 JUTEM Erosion Testing Machine plume and measurement plane. 
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Fig. 4-12 University of Tokyo arc-heater plume and measurement plane. 

 86

Arc-heated	plasma	generator		
using	argon/oxygen	

around 1260K, which is much lower than that in the
conventional injection.

4. Discussion

4.1. Cathode erosion

In both hollow and pre-mixed injection, the number
density of meta-stable oxygen was successfully enhanced.
However, in the hollow injection, operating time was

limited less than 10min because severe cathode erosion
caused unstable discharge and sparks as shown in Fig. 7.
The erosion length of the cathode was as much as 10mm
during 1 h off and on operation as shown in Fig. 8. This is
because the melting point of the cathode goes down from
3680K (tungsten) to 1470K (tungsten oxide) due to the
oxidation. The severe erosion will cause plume contamina-
tions as well.
On the other hand, in the pre-mixed injection, stable

operation could be possible more than three hours as shown
in Fig. 9. In addition, the cathode erosion is significantly
smaller than that of the tungsten hollow cathode. Fig. 10
shows a photograph of the zirconium cathode before and
after three hours operation. The erosion of the cathode is
1mm, which corresponds to 5.1! 10"5 g s"1.

4.2. Estimation of degree of dissociation in oxygen

The degree of dissociation in oxygen is difficult to be
deduced from the measured number density because the
meta-stable state is not related to the ground state by
Boltzmann equilibrium in arc-heater plumes [8]. Then, it was
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Fig. 7. Photograph of a hollow injection plume.

Fig. 8. Erosion of thoriated-tungsten hollow cathode before and after
operation.
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Electrosta=c	propulsion	-	Ion	thruster	

•  ABIE	(JAXA,	2003)	
–  Aimed	for	150-200	km	of	al=tude	
–  Microwave	discharge	ion	thruster	
–  Opera=on	at	low	injec=on	pressures	

of	5	to	500	mPa	
(à	addi=onal	compression	required)	

–  T/P	around	10	mN/kW	
–  Size	would	require	a	compensa=on	

of	50	to	100	mN	of	drag	
à	significant	power	requirement	
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Electrosta=c	propulsion	-	Ion	thruster	

•  Feasibility	evalua=on	of	atmosphere-breathing	ion	thruster	
–  RIT-10	tested	on	atmospheric	gases	(N2,	O2,	Xe)		
–  450	W	nominal	power	
–  à	Thrust	level	of	around	7	mN	(~140	km)	
–  Grid	erosion	not	a	crucial	issue	(aQer	500	h)	

 
The 32nd International Electric Propulsion Conference, Wiesbaden, Germany 
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B. Test results with pure nitrogen 
Also RIT-10EBB has been initially characterized in xenon. 

The corresponding results are shown in the following figures 
together with results of nitrogen and oxygen in order to 
highlight the differences in performance. 

Figure 13 shows the thruster during operation with 
nitrogen. Figure 14 and Figure 15 show respectively the RF 
power and the total power vs. the flow rate for both xenon and 
nitrogen. In the first figure the curves are parameterized with 
the beam current, while in the second one with the thrust level. 

It is obvious that the RIT-10 thruster needs a higher 
amount of gas and total power when operating with N2 in 
comparison to Xe and it delivers a lower thrust. At the power 
level of 450W of the ARTEMIS mission, the thruster can 
achieve 5.25 mN at optimal N2 gas flow of 8.514 sccm. The 
same thrust can be reached with lower gas flows (down to 
6sccm) and higher powers or with higher gas flows (up to 10 
sccm) and lower powers. 

In the long-firing test the thruster has been operated with a 
beam level of 150 mA and a flow rate of 9.89 sccm, for 10 

hours continuously. During this test, the negative high voltage power supply has arced twice, which led to an 
automatic “Turn Off” of the Negative High Voltage. However, the thruster continued to run and there has no been 
beam out in this test. This shows that the RF-Generator can sustain the impedance change of the thruster by arcing.  

Based on measurements taken on the two grids before and after the test, all measured holes have unchanged 
diameter; any small deviation is below the precision of measurement, so no erosion can be observed. 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 14. RF power vs flow rate with N2 (on the left) and with Xe (on the right) 

 
Figure 13. RIT-10 thruster running 
with N2 

N2	
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noises the measured results were not acceptable and realistic. Therefore the thrust was only computed for this 
mixture test campaign. 

 

Figure 9: Overview of the schematically electrical setup 

C. Results 
 
The thruster performance was measured by changing the RF power, voltage and the gas flow. The maximum 

thrust reached with this thruster was 17.44mN by a total power consumption of 1.24kW and a gas flow of 0.3 
mg/sec. figures 10 and 11 show the performance mapping of the thruster using Nitrogen and Oxygen respectively, 
always with Xe performance for comparison.  

 

 
 

Figure 10: Performance comparison between Xe and 
N2 

Figure 11: RAM-EP-10 thruster performance 
curves for O2 and Xe with respect to the total 
power 

 
 

III. Theory 
This chapter summarizes the fundamental processes of a radio frequency ion thruster and the required diagnostics. 
The RIT-technology is based on an electrode-less discharge. An alternating electromagnetic field accelerates 

IEPC-2013-354	
RIT-10	 Xe	 N2	 75%	O2	

25	%	O	

Power	(W)	 467	 574	 540	

MFR	(mg/s)	 0.489	 0.194	 0.170	

Pprop	(mPa)	 78.13	 115.1	 86.93	

Thrust	(mN)	 14.71	 6.83	 6.79	

Isp	(s)	 3100	 3636	 4328	
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Conclusions	ion	thruster	

•  Opera=on	basically	feasible	
–  Nitrogen	and	oxygen	successfully	yield	thrust	at	a	range	of	MFR	
–  Thrust	level	sufficiently	high	to	overcome	drag	force	
–  Erosion	not	seen	threatening	to	thruster	life=me	

•  However:	
–  Power	necessary	to	use	low	MFR	exceeds	on-board	capabili=es	
–  Thrust	density	(thrust/surface	area)	too	small;	tested	MFR	are	only	

feasible	if	propellant	is	stored	during	off-=mes	
–  Propellant	storage	and	compression	to	achieve	usable	pressure	will	

increase	system	weight	on	satellite	
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Electrosta=c	propulsion	-	Hall	thruster	

•  Proposed	firstly	by	Busek	Company	in	the	early	2000s		
(US	patent	6,834,492	B2)	

	
•  Proposal	of	Mars-based	atmosphere-breathing	system	

–  Thrust/power	of	30	mN/kW	at	120	sccm	of	CO2	mixture	
–  20	%	of	thrust	efficiency	
–  Inlet	pressure	of	few	100	mPa	
–  Mar=an	atmosphere	less	studied	
–  Planned	maiden	flight	by	2025	

Air	

Grant No. NNX11AR29G, Final Report  Busek #288 
 

   
2 

 

 
Figure 1  Conceptual MABHET powered vehicle 

 The Wright brothers flew the world’s first successful powered airplane in 1903.  In the 
late 1990s, NASA had planned to fly a powered airplane on Mars in 2003 to commemorate this 
achievement.  The Mars Airplane Package fell short of fruition due to restricted funded and 
higher priority development1.  More recently NASA Langley has been developing a liquid rocket 
powered vehicle for the proposed ARES Mars Scout Mission2.  Though the ARES has some 
unique science capabilities, the longest flight duration is just a few hours.  In addition, several 
conceptual aircraft have been described including the solar and radioisotope/heat engine powered 
planes3 and lighter-than-air vehicles (dirigibles4). 
 Mars has a very thin atmosphere (about 6 to 7 Torr pressure at ground level) mostly 
composed of CO2.  While one may consider a powered flight using a specialized fuel reacted 
with the Martian atmosphere or carry both fuel and oxidizer for short missions, it is much 
preferable to use electricity derived from solar cells to power such a craft, because it avoids 
lifting fuel to Mars or synthesizing it in-situ.  However, the solar power flux is only about 40% 
of that on Earth.  The combination of a thin atmosphere and reduced solar incidence creates 
special demands that force the airplane design into either higher speed flight to generate adequate 
lift or to large lifting surfaces, both leading to increased power requirements due to larger 
aerodynamic drag (3).  An alternative to this approach is a craft that would skim the upper edges 
of the Martian atmosphere using it for propulsion. 
 Multiple science missions can be performed by the proposed MABHET.  Low altitude 
orbital observation and in-situ measurements can be achieved.  With the addition of batteries, 
atmospheric dipping can be performed to take measurements at considerably lower altitudes.  
Measurements include crustal magnetism, atmospheric boundary layer composition, chemistry 
and dynamics and near-surface water, all measures proposed by ARES for small fraction of Mars 
surface.  The key differential is that the MABHET craft can range the entire planet over many 
years, sending countless measurements back to earth. 

Grant No. NNX11AR29G, Final Report  Busek #288 
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2.0 Phase I Results 
To further the goals of the MABHET project, we have run a Hall thruster on a gas 

mixture that simulates the Mars atmosphere; analyzed thruster operation with carbon dioxide 
(ease of physics versus mixture) and looked at inlet design in the free molecular flow regime.  
The gas mixture simulating Mars was composed of 95.7% CO2, 2.7% N2, and 1.6% Ar. 

Figure 3 shows a 1500 Watt Hall thruster running on simulated Mars mixture in a 
vacuum tank at Busek.  The thruster is a standard xenon Hall thruster which has not been 
modified in any way.  The characteristic “jet” can be seen, though somewhat more faint than 
with xenon, showing that the thruster is in typical high performance operation. 

 
Figure 3 Hall thruster running on CO2 in Busek facility 

As will be shown later, the important number for the thruster is the thrust to power ratio.  
This is because the thruster must overcome drag with some margin for maneuvering/reserve, so 
for a given power it is only the thrust that matters.  Since it is using in situ propellant, the specific 
impulse is effectively infinite.  Figure 4 and Figure 5 display the thrust to power ratio versus 
voltage at fixed flow and versus flow at fixed voltage respectively.  As will be delineated later in 
the discussion of Hall thruster performance, typically the thrust to power will increase as the 
voltage is lowered to a point below which it then decreases.  A maximum is also reached as the 
flow is lowered, although this phenomenon is not as well understood.  The actual thrust increases 
with voltage [Figure 6], but the power increases quicker as both the voltage and the current are 
increasing.  Since increased thrust would lead to a more compact thruster, the previous statement 
about the thrust to power being the important number is true only as long as the inlet is larger 
than the Hall thruster.  In general, the performance evaluation says that the inlet is significantly 
larger than the Hall thruster, so the previous statement remains valid. 

CO2	All	images:	Courtesy	of	Busek	
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Electrosta=c	propulsion	-	Hall	thruster	

•  PPS®1350	(SPT)	tested	with	atmospheric	gases	
–  N2,	N2/O2	+	addi=ve	of	xenon	
–  Thrust	of	20	mN	at	power	input	of	1	kW	and	

MFR	of	2.5	mg/s	
–  Adding	Xe	increases	thrust	by	4-40	%	
–  Wall	erosion	very	severe	

à	New	materials	required	
à	Reconfigura=on	of	magne=c	field	for		
					shielding	might	reduce	effects	

6SDFH�3URSXOVLRQ������������0D\�������%RUGHDX[��)UDQFH��
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���,Q� )LJ�� �� WKH� 336�����76'� GXULQJ�
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�
Fig. 1 Comparison between phase I N2-O2 
mixture characterization () and phase II N2-
O2 mixture + 10% Xe characterization () 
�

�
Fig. 2 Comparison between phase I and phase 
II in terms of Power-thrust ratio as function of 
N2-O2 mixture mass flow rate 
�
�
C. Endurance test results 
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Fig. 3 Thruster firing during characterization 
test (N2-O2 mixture with 10% Xe additional 
mass flow rate) 
�
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DERXW� ���� K�� $� VWRS� ZDV� QHFHVVDU\� DIWHU� DERXW�
������K�LQ�RUGHU�WR�FOHDQ�WKH�DQRGH��WKH�HQGXUDQFH�
WHVW� ZDV� UHVWDUWHG�� EXW� DIWHU� IXUWKHU� ����� ILULQJ�
KRXUV��WKH�SUREOHP�RI�VHYHUH�DQRGH�R[LGDWLRQ�WRRN�
SODFH�DJDLQ��$W�WKDW�SRLQW�LW�ZDV�GHFLGHG�WR�VWRS�WKH�
HQGXUDQFH�� VLQFH� LW� ZDV� FOHDU� WKDW� SUREDEO\� D�
VHFRQG�DQRGH�FOHDQLQJ�FRXOG�DOORZ�WR�DGG�MXVW�IHZ�
ILULQJ�KRXUV��
���'XULQJ� WKH� ILUVW� SDUW� RI� WKH� HQGXUDQFH�� WKH�
WKUXVWHU� ZDV� RSHUDWHG� LQ� VWDEOH� PRGH�� ZLWK� D�
FXUUHQW� YDOXH� LQ� WKH� UDQJH� ���� ±� �� $�� 7ZR� VKXW�
GRZQV�RFFXUUHG�EXW�RQO\�RQH�ZDV�D�IODPH�RXW��WKH�
ILUVW� ZDV� D� PDQXDO� VKXW� GRZQ� DIWHU� ��� K� IRU�
UHJHQHUDWLQJ� WKH� FU\RJHQLF� SXPSV�� $IWHUZDUGV� D�
WXUER�PROHFXODU� SXPSLQJ� VWDJH� ZDV� DGGHG� WR�
FU\RJHQLF�SXPSV� DQG�QR� IXUWKHU� UHJHQHUDWLRQ�ZDV�
UHTXLUHG�� 'XULQJ� WKH� ODVW� KRXUV� RI� RSHUDWLRQ� DQ�
DQRPDORXV� EHKDYLRU� RI� GLVFKDUJH� FXUUHQW� ZDV�
GHWHFWHG�� LW� GHFUHDVHG� IURP� ���� $� WR� ���� $�� WKHQ�
IDVWHU� GRZQ� WR� ���$� DQG� ILQDOO\� LW� UHYHUVHG� WKH�
WUHQG� XS� WR� ����� $�� $W� WKDW� SRLQW� D� VSRQWDQHRXV�
IODPH� RXW� RFFXUUHG�� 7KLV� SKHQRPHQRQ� FRXOG� EH�
FRPSDWLEOH�ZLWK�WKH�IRUPDWLRQ�RI�DQ�R[LGH�OD\HU�RQ�
WKH� DQRGH� VXUIDFH�� 7ZR� YHU\� VKRUW� ILULQJV� ZHUH�
SHUIRUPHG� DIWHUZDUGV� DQG� D� IDFLOLW\� VWRS� ZDV�
GHFLGHG��LQ�RUGHU�WR�FKHFN�DQG�FOHDQ�WKH�DQRGH��
�
���,Q� WKH� VHFRQG� SDUW� RI� HQGXUDQFH� �DERXW� ����� K���
WKH� ORQJHVW� ILULQJ� ODVWHG� PRUH� WKDQ� ��� K� �RWKHU�
ILULQJV�ZLWK�YDULDEOH�GXUDWLRQ�IURP���WR����K���)RU�
DOO� ILULQJV� SHUIRUPHG� LQ� WKH� VHFRQG� SDUW� RI� WKH�
HQGXUDQFH�� VSRQWDQHRXV� IODPH� RXW� RFFXUUHG�� DQG�
WKLV�FRXOG�EH�GXH�WR�WKH�R[LGDWLRQ�RI�DQRGH�VXUIDFH��

N2/O2	+	10	%	Xe	
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Figure 9.  Thrust vs. flow rate with discharge voltage as parameter 
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                                Figure 10.  Thrust vs. power with xenon at 350 V and 4.76 mg/s,  
                               4.21 mg/s, 3.75 mg/s, 3.3 mg/s, 2.86 mg/s (only for Initial and Post N2 test). 
 

III. RIT test campaign 
The RIT test campaign has been carried out in the JUMBO test facility of the I. physics Institute of Giessen 

University, shown in Figure 11. A detailed description of this vacuum facility is reported in Ref. 7. 
Also in this case no beam diagnostics has been used, while the thrust has been directly measured by a thrust 

stand with a measurement range up to 800 mN and an absolute precision of about 1 mN.  
All required power supplies and the control computer are located in a bread board rack called "Test Power 

Supply" situated outside the vacuum chamber. The radio-frequency generator employed during the long run test has 
nearly reached the FM-model level. Consequently, it has been located in the vacuum chamber at a distance to the 
thruster which is representative for flight.  

IEPC-2011-224	
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Electrosta=c	propulsion	-	Hall	thruster	

•  Computa=onal	studies	
–  University	of	Toulouse,	2012	

•  Target	values:	20	mN,	1	kW,	10	%	@	250	km	à	3	mg/s	
•  Propellant	storage	necessary	

	

–  George	Washington	U	/	US	AirForce,	2012	
•  High	power	(700-800	kW),	high	thrust	(9	N)	for	an		

applica=on	below	100	km	(VVLEO)	

created by dissociation). The parameter !j is the ratio between the jth
species and the initial molecule mass (!j ! 1 for molecules and
!j ! 2 for atoms).

We have plotted, in Fig. 7, the propellant utilization efficiency, ",
for differentmassflow rates andmagneticfield strengths.Weobserve
that the magnetic field strength used to obtain a high ionization
efficiency for xenon (B0) is not adapted to efficiently ionize ambient
air propellant gases. ForBmax ! B0, we have performed calculations
forKin between 0.05 and 0.5, keeping constantKout ! 0:2, assuming
that the electron transport could be modified inside the thruster
channel when the propellant gas changes. We do not notice a large
increase of the propellant utilization efficiency when the electron
anomalous transport increases. One way to increase the ionization
efficiency is to reduce themagneticfield strength. The electronflux is
controlled by anomalous diffusion in the acceleration region because
the electron mobility is inversely proportional to the magnetic field
strength [see Eq. (16)]; hence, a reduced magnetic field leads to a
higher electron current flowing in the discharge channel. A reduction
of the magnetic field strength also leads to an increase of electron
energy. Let us detail the heating of the electrons by the electric field.
The first term on the right-hand side of the energy equation [see
Eq. (14)] can be expressed as (neglecting diffusion in the acceleration
region)

JH !"e!eE! en#anoE
2 / nK

B
E2 (18)

If we assume that the discharge voltage is concentrated in the
magnetic field layer, Eq. (18) becomes

JH / n
K

B

!
Ud
LB

"
2

(19)

For constant LB and Ud, we see that a decrease of B results in an
increase of the electron energy through the heating of the electrons by
the electric field. The higher the energy is, the lower the cost is to
create an electron-ion pair and the higher the propellant utilization
efficiency is. For fixed mass flow rates, we observe some noticeable
differences between gases. As an example, for a propellant mass flow
rate of 4 mg # s"1 and for a magnetic field strength of Bmax!
0:3 $ B0, " reaches 0.4 for O2 and remains below 0.2 for N.

For Bmax ! 0:3 $ B0, the discharge current and thruster efficiency
are shown in Fig. 8 for the gases considered in this study. As we have
alreadymentioned, a reduction of themagnetic field strength leads to
an increase of the electron current and, hence, a large discharge
current (%12 A for O), as we see at _m! 4 mg # s"1 in Fig. 8a.
Another difficulty for a HET working with ambient air gases is
related to the cathode working. Indeed, as we see, the cathode has to

deliver a larger current than in the xenon case. The consequence of
such high electric power is a reduced thruster efficiency $ (defined as
the electric power converted in thrust), as shown in Fig. 8b. For
_m! 4 mg # s"1, the thruster efficiency$ varies between 0.06 for N to
0.12 for O2.

D. Calculations of the HET Efficiency for Ambient Air Propellants
for L! 5 cm

Scaling laws demonstrate the need for an increase of the channel
length to increase the propellant utilization efficiency. We fix
Bmax ! 0:3 $ B0, and we show, in Fig. 9, the propellant and thruster
efficiencies for L! 5 cm together with the same calculations for
L! 2:5 cm, already reported in Figs. 7 and 8. As expected, we
obtain an increase of the propellant utilization efficiency and, hence,
of the thruster efficiency but not as much as wewould think based on
scaling laws.An increase of the channel length leads to an increase of
the magnetic layer thickness, LB, that contributes positively to the
propellant utilization efficiency. Nevertheless, if we come back to
Eq. (19), we see that an increase of LB for fixed Ud leads to a
reduction of the electric field in the acceleration region. As a
conclusion, the gain of propellant utilization efficiency results from a
balance between the increase of the ionization layer and a decrease of
the electron heating.

E. Calculations of the HET Performance at an Altitude of 250 km

Finally, we have considered the case of a satellite at an altitude of
250 km. According to the calculations of Sec. II.A, a thrust in the
range of 20mN tomaintain the satellite in an LEO is required. At this
altitude, the atmosphere consists mainly of O and N2. We show, in
Fig. 10, the thrust, T, for varying mass flow rates for these two gases.
The thrust is calculated as the force opposite to the acceleration of
ions (including the force due to ion impingement on walls and
neglecting the force exerted by the neutrals) [74].

Amagnetic field belowBmax ! 0:3 $ B0 does not make it possible
to achieve the level of thrust necessary except for very large
propellant mass flow rates, which is totally impractical for such
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Fig. 7 Propellant utilization efficiency, !, as a function of propellant
mass flow rate and magnetic field strength for different ambient
propellant gases and for L! 2:5 cm. Same scale is used.
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created by dissociation). The parameter !j is the ratio between the jth
species and the initial molecule mass (!j ! 1 for molecules and
!j ! 2 for atoms).

We have plotted, in Fig. 7, the propellant utilization efficiency, ",
for differentmassflow rates andmagneticfield strengths.Weobserve
that the magnetic field strength used to obtain a high ionization
efficiency for xenon (B0) is not adapted to efficiently ionize ambient
air propellant gases. ForBmax ! B0, we have performed calculations
forKin between 0.05 and 0.5, keeping constantKout ! 0:2, assuming
that the electron transport could be modified inside the thruster
channel when the propellant gas changes. We do not notice a large
increase of the propellant utilization efficiency when the electron
anomalous transport increases. One way to increase the ionization
efficiency is to reduce themagneticfield strength. The electronflux is
controlled by anomalous diffusion in the acceleration region because
the electron mobility is inversely proportional to the magnetic field
strength [see Eq. (16)]; hence, a reduced magnetic field leads to a
higher electron current flowing in the discharge channel. A reduction
of the magnetic field strength also leads to an increase of electron
energy. Let us detail the heating of the electrons by the electric field.
The first term on the right-hand side of the energy equation [see
Eq. (14)] can be expressed as (neglecting diffusion in the acceleration
region)

JH !"e!eE! en#anoE
2 / nK

B
E2 (18)

If we assume that the discharge voltage is concentrated in the
magnetic field layer, Eq. (18) becomes

JH / n
K
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!
Ud
LB
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(19)

For constant LB and Ud, we see that a decrease of B results in an
increase of the electron energy through the heating of the electrons by
the electric field. The higher the energy is, the lower the cost is to
create an electron-ion pair and the higher the propellant utilization
efficiency is. For fixed mass flow rates, we observe some noticeable
differences between gases. As an example, for a propellant mass flow
rate of 4 mg # s"1 and for a magnetic field strength of Bmax!
0:3 $ B0, " reaches 0.4 for O2 and remains below 0.2 for N.

For Bmax ! 0:3 $ B0, the discharge current and thruster efficiency
are shown in Fig. 8 for the gases considered in this study. As we have
alreadymentioned, a reduction of themagnetic field strength leads to
an increase of the electron current and, hence, a large discharge
current (%12 A for O), as we see at _m! 4 mg # s"1 in Fig. 8a.
Another difficulty for a HET working with ambient air gases is
related to the cathode working. Indeed, as we see, the cathode has to

deliver a larger current than in the xenon case. The consequence of
such high electric power is a reduced thruster efficiency $ (defined as
the electric power converted in thrust), as shown in Fig. 8b. For
_m! 4 mg # s"1, the thruster efficiency$ varies between 0.06 for N to
0.12 for O2.

D. Calculations of the HET Efficiency for Ambient Air Propellants
for L! 5 cm

Scaling laws demonstrate the need for an increase of the channel
length to increase the propellant utilization efficiency. We fix
Bmax ! 0:3 $ B0, and we show, in Fig. 9, the propellant and thruster
efficiencies for L! 5 cm together with the same calculations for
L! 2:5 cm, already reported in Figs. 7 and 8. As expected, we
obtain an increase of the propellant utilization efficiency and, hence,
of the thruster efficiency but not as much as wewould think based on
scaling laws.An increase of the channel length leads to an increase of
the magnetic layer thickness, LB, that contributes positively to the
propellant utilization efficiency. Nevertheless, if we come back to
Eq. (19), we see that an increase of LB for fixed Ud leads to a
reduction of the electric field in the acceleration region. As a
conclusion, the gain of propellant utilization efficiency results from a
balance between the increase of the ionization layer and a decrease of
the electron heating.

E. Calculations of the HET Performance at an Altitude of 250 km

Finally, we have considered the case of a satellite at an altitude of
250 km. According to the calculations of Sec. II.A, a thrust in the
range of 20mN tomaintain the satellite in an LEO is required. At this
altitude, the atmosphere consists mainly of O and N2. We show, in
Fig. 10, the thrust, T, for varying mass flow rates for these two gases.
The thrust is calculated as the force opposite to the acceleration of
ions (including the force due to ion impingement on walls and
neglecting the force exerted by the neutrals) [74].

Amagnetic field belowBmax ! 0:3 $ B0 does not make it possible
to achieve the level of thrust necessary except for very large
propellant mass flow rates, which is totally impractical for such
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Fig. 7 Propellant utilization efficiency, !, as a function of propellant
mass flow rate and magnetic field strength for different ambient
propellant gases and for L! 2:5 cm. Same scale is used.
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airbreathing thrusters, in which the propellant is ambient air, looks
very attractive for such spacecraft, particularly for long-duration
missions; airbreathing thrusters allow significantly increased
payload-to-weight ratio for such satellites. Using airbreathing
thrusters inMars and other planets’ atmospheres becomes evenmore
attractive because of multiyear satellite missions and the high cost of
payloads.

In a recent paper [1], Diamant has proposed a two-stage cylindrical
Hall-effect thruster for airbreathing electric propulsion, in which the
first stage is an electron cyclotron resonance ionization stage and the
second stage is a cylindrical Hall thruster. Diamant built such a
thruster and demonstrated its operation on xenon gas. As follows
from his assumptions, his two-stage cylindrical Hall thruster is able
towork at a 220 km orbit with ambient air passively compressed by a
factor of 500 [1]. However, achieving such a large passive gas
compression seems to be difficult and will be associated with sub-
stantial drag. In the Busek conception of an airbreathingHall thruster
[2], the compression of air is achieved by a diffuser. It is not clear
what compression ratio of the ambient air can be achieved by using
such a diffuser at orbits of about 100 km, where the gas mean free
paths are tens of centimeters and comparable with the dimensions of
the thruster. Furthermore, the use of a diffuser can significantly
increase the drag because gas is reflected diffusely in space [3].

In the present work we propose a simple configuration for an
airbreathing Hall-effect thruster (shown in Fig. 1; the struts holding
the center piece are not shown), in which the incoming airflow is
ionized and accelerated directly in the Hall thruster chamber without
preliminary compression as in [1,2]. Such a design leads to a decrease
of the possible drag, however, its feasibility warrants careful
consideration, which is the subject of this paper. The description of
the model and numerical results are provided in Secs. II and III,
respectively, and the conclusions are given in Sec. IV.

II. Description of the Model
The following assumptions are made in the model: 1) no drag due

to ambient gas passing through the Hall thruster chamber, illustrated
in Fig. 1, corresponding to a condition in which the ambient gas
freely flows through the thruster chamber without a significant
interaction with thewall; 2) the gas jet leaving the thruster chamber is
fully ionized providing themaximum thrust; 3) the plasma in theHall
thruster is quasi-neutral, ni ! ne ! npl, corresponding to a condition
in which rD is smaller than the characteristic dimensions of the
thruster; in our case, Fig. 1, rD must be smaller than rb " ra; 4) the
electron cyclotron radius is much smaller than the Hall thruster gap,
rL < rb " ra, as is required for confinement of electrons in the Hall
thruster.

The first assumption is well satisfied when the characteristic time
required for a gas molecule to reach the wall and transfer its
momentum, !wall, is larger than the time required for the molecule to
freely fly through the thruster chamber, !0 ! L=V0, i.e.

fdrag !
!wall # V0

L
> 1 (1)

In the case of free molecular flow considered in this paper, when the
gas mean free path is larger than rb " ra, Fig. 1, !wall can be
estimated as

!wall !
rb " ra
VTgas

(2)

It worth noting that herewe did not take into account the drag created
by struts holding the centerpiece of the thruster because this is not
critical for our simple model.

The second assumption is fulfilled when the ionization time of a
gas molecule

!ioniz !
1

VTe # ne # "ioniz
(3)

is much smaller than !0. Let us estimate !ioniz. The equation
describing the mass conservation law for the heavy particles can be
written as

V0 # ngas ! npl #
!!!!!!!!!!!!!!!!!!!!!!!!!!!
V2
0 $

2 # e # ’
Mi

s
(4)

where the left-hand side in Eq. (4) is the flux of incoming gas and the
right-hand side is the ion flux leaving the chamber. In Eq. (4) we have
assumed that the downstream plasma in the thruster chamber is
quasi-neutral and fully ionized. In Eq. (4) we have neglected the
influence of the gas cloud created by the reflection of the ambient gas
from the front side of the thruster (see Fig. 1) on the gas flow
incoming into the thruster chamber. In the case of free molecular
flow, where the ambient gas mean free path is larger than the
characteristic radius of the thruster #gas % rb, the reflected ambient
gas molecules travel far from the vicinity of the thruster opening
before colliding with the ambient gas flow and, therefore, cannot
change the gas flow into the plasma chamber significantly. For that
reason, our assumption that the gas flow into the plasma chamber is
V0 # ngas # $ # &r2b " r2a' seems to be quite reasonable for our simple
model.

It should be stressed that in themodelwe assume the ambient gas is
puremolecular nitrogen. This is a reasonable assumption because the
air contains 78% nitrogen and 21% oxygen and their electron impact
ionization cross sections are similar [4]. In the model, we neglect the
dissociation of molecular nitrogen assuming thatM!Mi. Because
for electron energies between 20 and 80 eV the ionization and
dissociation cross sections of molecular nitrogen are close and the
ionization cross section of molecular nitrogen is much larger than
the ionization cross section of atomic nitrogen [5], neglecting the
dissociation of nitrogen should not lead to a significant error and is
reasonable for our simple model. As will be shown in Sec. III, the
dissociative recombination of molecular nitrogen does not play a
critical roll either: the rate of convective removal of N$2 from the
plasma chamber is about the same or faster than the dissociative
recombination of N$2 .

Because e # ’ is usually much larger than the kinetic energy of an
ambient gas molecule at the entrance plane of the Hall thruster (for
nitrogen molecules it is about 8.75 eV), the npl can be written as

npl ! ne !
V0 # ngas!!!!!!!

2#e#’
M

q (5)

Substituting Eq. (5) and V0 as 7:8 km=s into Eq. (3), we obtain that
condition !0 ( !ioniz is fulfilled when

47:6 # L # ngas # "ioniz&Te' #
"

’

A # Te

#"1=2
> 1 (6)

where Te in Eq. (6) is measured in eV.
On the other hand, the electron lifetime in the Hall thruster

!e-life must be larger than the ionization time for an electron &VTe#
ngas # "ioniz'"1; otherwise, the electronwill leave the thruster chamber
before producing any ionization events; !e-life can be estimated as

Magnetic polesAnode Hollow cathode

ambient 
air

L

2rb

rb-ra

Plume
Incoming 

Fig. 1 Schematic of airbreathing Hall thruster (not to scale).
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Conclusions	Hall	thruster	

•  Opera=on	basically	feasible	
–  Usage	of	nitrogen,	oxygen,	air	mixture,	CO2-based	mixture	
–  Higher	thrust	density	yields	smaller	drag	to	be	compensated	
–  Measures	to	reduce	wall	erosion	exist	

•  However:	
–  Minimum	MFR	for	opera=on	high	compared	to	collectable	inflow	
–  On-board	propellant	storage	necessary	
–  “The	Hall-effect	thruster	applica4on	to	compensate	the	atmospheric	

drag	force	for	a	spacecra;	in	a	low	orbit	al4tude	is	not	possible	
because	a	large	amount	of	propellant	must	be	stored	to	compensate	
for	the	con4nuous	force	ac4ng	on	the	spacecra;	for	a	long	4me,	which	
increases	the	weight	of	the	spacecra;	and	mission	requirements.“	(U	
Toulouse,	2012)	
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Electromagne=c	-	Pulsed	plasma	thruster	(PPT)	

•  Short-=me	pulsed	electrical	arc	discharge	
–  Across	a	solid	or	non-vola=le	liquid	propellant	surface	(abla=ve	PPT)	
–  Or:	through	an	injected	liquid	or	gaseous	propellant	

•  Usable	at	very	low	power	inputs	(few	wags)	and	
very	low	propellant	masses	per	shot	(few	µg)		
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Electromagne=c	-	Pulsed	plasma	thruster	(PPT)	

•  PPT	never	explicitly	evaluated	on	air-like	propellants	
•  Gas-fed	PPT	research	started	as	early	as	the	1960s,		

e.g.	at	General	Dynamics,	General	Electric	
–  Usage	of	N2,	Xe,	H2	

–  High	propellant	u=liza=on	efficiency	of	60	%	for	N2	
–  Thrust/Power	ra=o	around	10-20	mN/kW	
–  High	discharge	energies	of	50-100	J	

	
•  540	J-GPPT	at	Republic	Avia=on	(later:	Fairchild	Industries),	1960s	

–  Successful	igni=on	with	1020	m-3	(from	simula=on	at	inlet:	1018	m-3)	

23 
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Figure 1.5: Schematic drawing of General Electrics A-7D GFPPT. Data taken 
from Ref. [22]. 

changes were to make the injection ports larger for better propellant conduc- 
tance and to make them face in more of an axial direction to prevent premature 
self-triggering. Another major contributor to better propellant utilization was 
the addition of a fast acting solenoid valve. The the o-ring sealed valve was 
driven by a 4.4 kV supply permitting a 1 ms cycle time. The discharge was 
initiated by six 18 kV trigger pins 0.7 ms after the valve cycle was started. 
With the relatively slow thermal velocity of xenon, over 90% of ehe gas injected 
before each pulse remained within the electrode volume for tha A-7D model. 
Fast ion-gauge neutral density measurements were used for the mass utilization 
efficiency calculation and showed that most of the mass was near the cathode 
(center electrode) and well away from the backplate. The A-8D and A-9D had 
similar results, however, not as high of performance with slightly more propel- 
lant loaded closer to the cathode for the A-8D and too much propellant ejected 
too quickly (conductance was too large) in the A-9D. 

After 1965, the only reports of GE performance came from conference pa- 
pers. In Ref. [23], Gorowitz, Gloersen, and Karras defended their A-7D perfor- 
mance measurements with detailed descriptions of experiments (but no tables 
or graphs of data) that eliminated facility effects (except contamination to this 
author's satisfaction), thermal drifts in the thrust stand, spurious current con- 
duction to the tank or thrust stand, and contribution from electrode erosion. 
Once again, a 160 % performance improvement was shown from increasing the 
capacitance from 45 to 145 ^F (the Q-factor of the new capacitor bank was 
given as 14). During a ten hour test running at 5 Hz (36,000 pulses total), the 



2015/11/16	 Propulsion	and	Energy	Systems	 35	

Electromagne=c	-	Pulsed	plasma	thruster	(PPT)	

•  1990s/2000s	Princeton	University	
–  Low	energy	at	high	frequency	(up	to	several	kHz)	
–  6	mN/kW	with	argon	

CHAPTER 5. GFPPT PERFORMANCE MEASUREMENTS 115

Figure 5.12: Unfiltered Imacon Fast-Framing Camera photos of a typical PT5 dis-
charge looking straight into the discharge chamber using 0.5 µg argon and 4 J of
energy per pulse. The photos seen here are spaced by 1 µs going from left to right
and then top-right to bottom-left. A white outline is provided to indicate the loca-
tion of the cathode and spark plugs.

rently under development at EPPDyL. In all the performance measurements shown
in the next section, however, the current configuration where all four spark plugs
fire simultaneously will be used as an effective discharge initiator.

5.3.2 Effects of Varying Mass Bit, Energy and Capacitance

Two energy levels for each of two capacitance values were tested over ten dif-
ferent mass bits yielding a 40-point GFPPT performance database. Six graphs in
Figs. (5.13), (5.14) and (5.15) show PT5 performance as a function of mass bit and
exhaust velocity with the capacitance and the initial stored energy level as param-
eters. The lines between the data points are simple fourth order polynomial curve
fits meant to show overall trends apparent in the data. This representation, how-
ever, is not necessarily the correct functional form to the data. The coefficients for
the curve fits are not shown here for that reason.

The graphs in Fig. (5.13) show the impulse bit and exhaust velocity as a func-
tion of mass bit for each configuration of PT5. In general, the exhaust velocity de-
creases monotonically with increasing mass bit while the impulse bit shows nearly
the opposite trend. At a given mass bit, both the impulse bit and exhaust veloc-
ity increase as the capacitance and discharge energy increase. Near 0.5 µg there
appears to be a transition between a region where the impulse bit is nearly con-
stant and the exhaust velocity decreases rapidly to a region where the impulse bit
increases and the exhaust velocity only slightly decreases.

From the graphs in Fig. (5.14), the same transition is seen to exist in the effi-
ciency and impulse-to-energy ratio data. As the mass bit increases, the efficiency
decreases to an asymptote level that depends both on energy and capacitance. For
the larger capacitance configurations, the efficiency levels off at a mass bit near

Princeton,	2001	
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Figure 3.2: Impulse bit and efficiency as a function of pulse frequency for PT8 
using water vapor for propellant at 2 J per pulse. 

Large Molecular Weight Propellant. ��At a fixed plenum temperature, 
larger molecular weight propellants yield a lower thermal velocity. Compared to 
smaller molecular weight propellants at similar mass loading conditions, heav- 
ier molecules will also provide a smaller gas-dynamic pressure in the discharge 
chamber before the pulse begins, however, they have a higher viscosity coef- 
ficient. The choice of propellant molecule may effect the conductivity of the 
plasma and possibly cause frozen flow losses which could also adversely effect 
performance although this remains to be studied in GFPPTs. 

High Pulse Frequency. The minimum time between pulses (the highest 
pulse frequency) is regulated by the time to charge the main capacitor. It is 
proportional to the capacitance magnitude and can be reduced by simply using 
smaller capacitance values or increasing the charging current, however, the latter 
choice can also decrease the power conditioner performance. The benefit of 
setting the pulse rate to the maximum the capacitance will allow is shown in 
Fig. 3.2 where the overall efficiency can be seen to increase to its maximum 
value as the pulse frequency increases at a constant mass flow rate. Note that 
the impulse bit, and therefore the thrust-to-power ratio, does not change within 
the error of the measurements and is not dependent on the propellant utilization 
efficiency. 

A contrary argument to decreasing the capacitance can be seen from Eq. (3.4) 
and experimental evidence in ref. [5] which suggests that the performance of a 
GFPPT increases with the square-root of the capacitance. This trade-off be- 
tween the discharge performance and the propellant utilization efficiency points 
to using smaller capacitances until T)pu is exactly unity. Yet, although the over- 
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Electromagne=c	-	Air-breathing	PPT	

•  Performance	es=ma=on	–	what	to	expect	
–  For	a	typical	ra=o	of	5	J	of		

discharge	energy	per	µg	of		
injected	mass	

Ø  Isp	=	5000	s	
Ø  T/P	=		15-20	mN/kW	

(unop=mized;	1960s)	
à	≈30	mN/kW	(op=mized)	

Ø  Discharge	frequency	variable	
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Figure 1. Specific impulse versus mass-specific energy for solid (PTFE12), liquid (water,13,14 DME15) and
gaseous (argon, xenon, nitrogen11) propellants.
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Figure 2. Thrust-to-power ratio versus mass-specific energy for solid (PTFE12), liquid (water,13,14 DME15)
and gaseous (argon, xenon, nitrogen11) propellants.
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Air-breathing	PPT	–	exemplary	mission	

•  Exemplary	mission	scenario	1	
–  FULL	drag	compensa=on	for	a	small	satellite	(0.3	m2)	
–  Then:	Op=mum	discharge	frequency	depends	on	al=tude	
–  S=ll	requires	storage	of	propellant,	thus	full	compensa=on	might	be	

difficult	
	

to-power ratio of about 30 mN/kW (currently: 10-15 mN/kW).
Assuming a mission where a full drag compensation is required for a small satellite of 0.3 m2 surface area,
the drag derived from Figure 2 immediately defines the required power by the thrust-to-power ratio. PPT
have the advantage that the discharge frequency can be regulated to vary the power level without interfering
much with the performance per pulse. That is, for a given power, it is possible to ignite the thruster with
a high frequency, thereby requiring low energy and small mass per pulse, or to ignite at low frequency with
scaled quantities. As an example, Figure 5 shows the results of discharge energy and mass shot per pulse
for 100 Hz and 4 kHz.
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Figure 5: Estimated performance for an air-breathing PPT on a 0.3 m2-sized satellite at full drag compen-
sation (Index refers to the pulse frequency).

From the estimation, it can be derived that a combination of 1 J of discharge energy at 220 km of altitude
requires less than 1 µg per shot. For a pulse frequency of 100 Hz this means less than 0.1 mg/s of mass
flow into the thruster. These values seem promising for a realization, but obviously require experimental
confirmation.
Storage of the propellant and compression of the inflow is necessary to enable a proper injection, and will
increase the system mass. However, as seen before, other electric propulsion will require similar hardware,
and this poses therefore no disadvantage. As the PPT can use much less energy and mass to create thrust, the
hardware mass might even be significantly smaller than what is necessary for, e.g., electrostatic propulsion.
By and large, it is clear that further optimization of GPPT is necessary to find optimum conditions for the
combination of energy and mass input, and to increase specific impulse and T/P ratio concurrently.

2. Possible mission scenarios

As shown in the previous part, RAM-PPT have the potential of enabling drag compensation even for very
small satellites, as the performance can be scaled by frequency, and as PPT can be operated at much smaller
power levels than other electric propulsion devices. Even if storage and compression of the atmospheric
gases seems a technical challenge, partial drag compensation could still be considered. One problem that a
propulsion system will face in this scenario is that the satellites orbit is decaying. Hence, the drag, the input
mass flow rate, etc. will change, and the thruster must have a very wide range of operation envelope. This is
not always given for electrostatic propulsion where optimum performance is sensitive to many parameters.
In PPT, however, the overall performance can be regulated by the frequency as was shown. That means,
that if a satellite is decaying from an orbit of 250 down to 100 km of altitude, the frequency can be adjusted
in a way that the performance per pulse (mass bit and discharge energy) remains constant. The problem
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of the thruster head is shifted to a challenge on the injection control and the propellant handling system.
By doing so, the lifetime of the satellite can be extended in a way to enable further scientific analysis or
technology demonstration. With the data given in Section 1, and assuming a constant discharge energy of 5
J, the discharge frequency needs to be adjusted to produce the corresponding mean thrust. The results are
plotted in Figure 6.

100

101

102

103

104

105

100 120 140 160 180 200 220 240

D
is
ch
ar
ge

fr
eq
u
en

cy
f
,
H
z

Altitude h, km

Figure 6: Discharge frequency for a constant discharge energy of 5 J (and mbit = 1 µg) and full drag
compensation.

Obviously, if full drag compensation can be achieved then altitude will no decrease, so the data given in
Figure 6 rather refer to the best case. In a real case where power might be limited, the orbit will gradually
decay, but at a smaller speed than shown in Figure 1. As too many parameters are involved to provide
absolute numbers, it is, however, clear that lifetime can be extended substantially if the realizable discharge
frequency is not too far off from the necessary one.

B. Inductive propulsion

A well-educated guess for the thruster relevant parameters can be given on basis of the experience with IPG3
and as a derivation from the bulk enthalpies that are known for IPG6. Here, values of even more than 10
MJ/kg were determined. Given this as an upper limit plasma jet kinetic energy a maximum velocity of 5
km/s can be derived. Using the typical mass flow rates (several tens of mg/s) roughly 4.4 mN per 1 mg/s
can be estimated. These properties correspond pretty well with the scenarios for altitudes larger than 120
km as shown in Figure 2 if some 10 mg/s propellant mass flow rate is assumed.
Moreover, the IPG designs are already qualified for the oxygen operation for long operational times. In the
ongoing procedure IPG6 has to be assessed for this application. System analysis will then have to show
whether a pure down scaling is needed and whether this has to be combined with intermittent operation.

V. Conclusion

The necessity for air-breathing electric propulsion is given, and previously-studied concepts show the
general feasibility in terms of operation and thruster lifetime. Concerns are nevertheless given for sufficient
pressure and mass flow for an in-orbit application, especially with ion thrusters due to their small thrust
density.
Orbits below 150 km experience an almost exponential rise in drag force with lower altitudes, and will be
even more challenging for real application. As studies showed, orbits below 100 km are unrealistic in their
power requirements for an air-breathing system. It is therefore wise to consider an altitude of 150-250 km
for a first demonstration. PPT, although not yet experimentally studied with atmospheric gases extensively,
show promising performance features, and offer the advantageous capability of scaling the performance by
the discharge frequency. Again, experimental verification seems inevitable for the future.
Inductive propulsion technology can help to relieve the lifetime constraints coming from electrode erosion. A
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Air-breathing	PPT	–	exemplary	mission	

•  Exemplary	mission	scenario	2	
–  PARTIAL	drag	compensa=on	resul=ng	in	a	slowed-down	orbit	decay	
–  As	al=tude	decreases,	PPT	discharge	frequency	can	be	adjusted	to	

keep	energy	and	mass	bit	constant	(thus:	constant	single-pulse	
performance)	

At	least	4	kHz	opera=on		
shown	feasible	

Power	and	
required	mass	flux	
increase	rapidly	

Star=ng	point	
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Conclusions	electromagne=c	propulsion	

•  Opera=on	theore=cally	feasible	
–  Preliminary	tests	with	gaseous	propellants	show	high	poten=al,	but	tests	

with	atmospheric	gases	s=ll	missing	
–  Thrust/power	ra=o	in	similar	magnitude	as	electrosta=c	propulsion	
–  Opera=on	at	low	energy	and	mass	inputs	reduces	need	for	on-board	

propellant	storage	

•  However:	
–  Electrode	erosion	phenomena	unclear	



2015/11/16	 Propulsion	and	Energy	Systems	 40	

Comparison	of	breathing	electric	propulsion	systems	

Parameter	 Electrothermal	 Ion	thruster	 Hall	thruster	 PPT	

Opera=on	with	
atmospheric	
gases	

Par=ally	tested	 Feasible	 Feasible	 Par=ally	tested	

Opera=on	at	low	
MFR	 Not	feasible	 At	high	power	 Not	feasible	 Feasible	

Necessary	
exhaust	velocity	 Not	feasible	 Feasible	 Feasible	 Likely	feasible	

Thrust/power	 Sufficiently	high	 Sufficiently	high	 Sufficiently	high	 Sufficiently	high	

Thrust	density	 High	 Low	 High	 Medium	

Erosion	 Severe	 Low	 S=ll	severe	 Unknown	

Propellant	
storage	 Very	necessary	 Very	necessary	 Very	necessary	 Necessary	
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Advanced	concept	-	Induc=vely	coupled	plasma	

•  IPG	6th	genera=on	at	U	Stuggart	
–  Mass	flow	rates	of	20	to	400	mg/s	(air,	CO2)	
–  Current	PG	power:	15-20	kW	with	22	%	

–  Electrode-less	design	implies	no	erosion,	thus,	suitable	for	all	
composi=ons	of	atmospheric	gases	
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Advanced	concept	-	ICP	thruster	

•  ICP	propulsion	system	design	criteria	
–  4.4	mN	per	1	mg/s	for	10	MJ/kg	(es=ma=on	from	PG	data)	
–  As	PG,	same	overall	efficiency	for	con=nuous	opera=on	and	pulsed	

opera=on	of	1-10	ms	
–  No	op=miza=on	yet	for	propulsion	purposes,	but	high	poten=al	
–  Scaling	for	lower	power	and	reduced	mass	flow	rates	necessary	

•  Extension	in	future	to	propulsion	system	includes	applica=on	
of	nozzle	technology	(mechanical,	magne=c)	


