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Abstract

Air-breathing electric propulsion combines an air intake with an electric thruster to collect and acceler-
ate the atmospheric particles in front of the spacecraft. Collecting the propellant from the atmosphere
could enable long-duration space missions at very low altitudes, but the complexities of reproducing
on-ground an environment representative of VLEO hindered the development and the technological
maturation of the concept. In the framework of the BREATHE ERC project, a novel strategy for the
characterization of air-breathing propulsion is being developed, merging experiments with modeling
and simulations. This work highlights the design of the BREATHE facility and the development of a
numerical suite to simulate the main physical processes of atmospheric neutral flows.
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1. Introduction

Air-breathing electric propulsion (ABEP) combines
an air intake with an electric thruster to collect and
accelerate the atmospheric particles. The realization
of air-breathing thrusters capable of compensating the
drag acting on the spacecraft may allow for extended
space missions operating at significantly lower alti-
tudes. Operating in very-low Earth orbits (VLEOs),
below 400 km, offers significant advantages, such as
improved performance for observation and telecommu-
nication payloads, as well as promoting more sustain-
able space utilization through enhanced orbit acces-
sibility and accelerated space debris decay. Despite
these benefits, the technological maturity of the ABEP
concept remains limited. Efforts to validate the com-
plete drag compensation capabilities of the ABEP sys-
tems have been hampered by the challenges of repli-
cating a representative VLEO environment on-ground.
Consequently, numerous research initiatives have con-
centrated on independently analysing and testing the
intake and thruster components [1], avoiding the com-
plexities of recreating VLEO flows. The intake perfor-
mance is typically analysed using Direct Simulation
Monte Carlo (DSMC) methods, allowing the estima-
tion of the flow conditions at the thruster inlet, in
terms of particle density, composition and flow rate.
The thruster operation and performance are then mea-
sured through stand-alone testing, directly feeding the
thruster with atmospheric propellant. Despite the ef-
fectiveness of this simplified approach in assessing the
concept feasibility, the separate analysis of thruster
and intake hides some critical aspects of the opera-

tion of the full ABEP system. The first limitation
is the low accuracy in predicting intake performance,
due to uncertainties in the interactions between rar-
efied flow particles and the intake walls, as well as
the time evolution of these interactions. Moreover,
the level of inaccuracy is further increased for those
ABEP systems in which the collection and ionization
regions significantly overlap. From the experimental
point of view, the direct feeding approach obscures
the measurement of the thruster’s transmission prob-
ability, i.e. the probability that a particle entering
the thruster reaches the thruster exhaust, and its de-
pendence on the system operating conditions. At the
time of writing the present article, only three institu-
tions - Busek, JAXA, and SITAEL - have conducted
on-ground end-to-end testing of the ABEP technology
[1], but none of the systems has demonstrated the ca-
pability to ensure full drag compensation.

The ongoing efforts at the Sant’Anna School of Ad-
vanced Studies, in the framework of the BREATHE
ERC project, aim at developing the ABEP system
and verifying its drag compensation capabilities by
means of an alternative on-ground testing approach.
This approach aims at recreating on-ground VLEO
orbital conditions and developing modeling and sim-
ulation tools, allowing for the identification of scaling
laws of ABEP processes to miniaturize the system at
CubeSat scale.

The present paper describes in Sec. 2 the approach
for verifying ABEP system functionality. After an
overview of the VLEO environment, the section elab-
orates on the BREATHE verification strategy and on
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Figure 1: Space-averaged mass density and solar
activity during the 23rd solar cycle at 250 km alti-
tude.

the dedicated vacuum facility tailored for the project.
Sec. 3 summarizes the conclusions of the paper and
the outcomes of performed activities.

2. Methodology

In Sec. 2.1, the expected environmental condi-
tions in VLEO are presented. Subsequently, Sec. 2.2
and Sec. 2.3 detail the strategy employed for air-
breathing thruster verification in the framework of the
BREATHE project and the BREATHE vacuum facil-
ity.

2.1. VLEO environment
VLEO orbits are defined as Earth orbits with a

mean altitude in the range of 100 km to 450 km [1].
The operation and performance of an ABEP system
in VLEO are related to the properties of the atmo-
sphere collected by the intake, in terms of composition,
density, temperature, and asymptotic velocity. These
parameters change depending on the altitude of the
spacecraft, the Earth’s climate and the solar activity.
As an example, Fig. 1 depicts the variation of the
space-averaged total mass density at 250 km altitude
during the 23rd solar cycle within a standard devia-
tion, together with the solar activity. Building upon
[2], averaged number densities for each species are
evaluated using the NRLMSISE-00 atmospheric model
and used as input in the mathematical model described
in Sec. 2.3.1 with 30 days temporal resolution, 10 de-
grees latitude, 30 degrees longitude. Table 1 reports
the mean number densities of the species for the refer-
ence altitudes of 200 km, 250 km and 300 km, in good
agreement with those obtained in [3]. The main con-
stituents of the atmosphere in VLEO are molecular ni-
trogen, atomic oxygen and molecular oxygen, charac-
terized by relatively low densities. This aspect poses
additional challenges to be tackled for the operation
of an ABEP system in VLEO: material compatibility
and efficient operation. Indeed, the former implies se-
vere constraints for materials due to the degradation
associated with the presence of atomic oxygen. For
the latter, nitrogen and oxygen have higher first ion-
ization energy, lower electron ionization cross section

and lower mass with respect to xenon, the typical pro-
pellant used in plasma thrusters. Table 2 reports some
reference values for molecular nitrogen, atomic oxygen
[4] and xenon [5].

2.2. BREATHE Verification Strategy

In the framework of the BREATHE project, three
main activities are planned: the development of a vir-
tual laboratory to simulate the ABEP behavior in or-
bit and the analysis of the mission during thruster
operation; the creation of a facility capable of repro-
ducing on-ground VLEO conditions in a representative
manner in terms of number density and mass flow rate
at the thruster entrance; the design, building and test-
ing of different prototypes, investigating multiple com-
binations of ionization and acceleration mechanisms to
identify scaling laws of the ABEP system.

The setup for reproducing VLEO on-ground in-
volves the design of a novel vacuum facility, which
will allow to characterize the thruster transmissivity
and assess its dynamic behavior in air-breathing con-
ditions, as described in Sec. 2.3. A qualitative rep-
resentation of the experimental setup is shown in Fig.
2, highlighting also its equivalence with the thruster
in-orbit operation. Once the satellite is deployed in
orbit, the intake functions as a molecular trap for the
rarefied flow, increasing the particle number density
at the ionization region and reducing the flow of the
collected atmosphere that leaves the thruster without
crossing the ionization and acceleration regions. In
this collection process, only a small fraction of par-
ticles cross the intake and the thruster experiencing
no collisions, while the majority of neutral particles
are scattered by collisions with the walls or ionized
by the thruster. Similarly, this condition can be re-
produced on-ground with a propellant distributor that
injects the exact flow of simulating VLEO propellant
collected downstream the intake while in orbit. On the
other hand, the backflow is simulated through an out-
let equipped with a turbomolecular pump with tun-
able pumping speed, providing an independent con-
trol on the thruster pressure. The other outlet will
correspond to the thruster exhaust. The pressure in
the propellant distributor of the facility will vary ac-
cording to the propellant flow rate injected and the
pumping speed of the turbomolecular pump. By clos-
ing the thruster outlet, the dependence of the pressure
on the flow rate and the pumping speed of the turbo-
molecular pump can be characterized. Then, during
thruster operation, the measurement of the distributor
backpressure will allow to assess the flux through the
thruster outlet and, consequently, the fraction of pro-
pellant processed. This aspect is the main innovation
of the verification approach proposed. Indeed, when a
thruster is pipe-fed via a mass flow regulator a linear
relation between the injected mass flow and the gas
pressure holds, resulting in conditions not representa-
tive of thruster operation in air-breathing mode.
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Table 1: Averaged Earth atmospheric composition from NRLMSISE-00

Number density, 1e16/m3 200km 250km 300km
N2 0.32 0.057 0.013
O 0.37 0.131 0.053
O2 0.016 0.0022 0.00037

Table 2: Ionization and mass properties for species of interest

Species Ionization energy, eV Ionization cross-section (cm2) Weight, amu
Xe 12.13 5e-16 131
O 13.62 1.5e-16 16
N2 15.58 2.5e-16 28

Figure 2: Schematic representation of intake flow
compression (top) and the setup for transmissivity
testing (bottom).

Figure 3: Schematics of the BREATHE facility.

2.3. BREATHE Vacuum Facility

As depicted in Fig. 3, the BREATHE facility com-
prises a main chamber (M) and an auxiliary cham-
ber (A), both featuring dedicated pumping systems.
A throttle valve is inserted in the auxiliary chamber,
in front of the turbomolecular pump, to regulate the
pumping speed. The equipment under test (i.e., the
open-inlet air-breathing thruster) will be placed at the
interface between the two chambers. By independently
regulating the injected mass flow rate and the pres-
sure difference between the two chambers, it will be
possible to fine tune the flow properties (in terms of
particle flux and pressure) inside the thruster control
volume, and thus achieve a good level of representa-

tiveness of thruster operation in air-breathing mode.
A control system manages two distinct gas supplies
(N2 and a N2/O2 mixture or N2/Ar mixture), moni-
tors the space simulator and to controls the pumping
system. After flow regulation and mixing, the sup-
plied gases are injected in the auxiliary chamber and
diffuse into the main vessel through the test item. The
possibility to independently regulate the injected mass
flow rate and the pressure difference between the two
chambers is used to characterize the test item in terms
of its transmission probability of the rarefied gas flows.

The lack of a PFG in the BREATHE facility will
not allow the characterization of particle collection and
the analysis of atomic oxygen effects, e.g., hiding the
aspects associated with material degradation. Con-
cerning the propellant representativeness, argon will
be used as a surrogate thanks to its similarities with
the atomic oxygen present in the higher atmosphere
[1], [6]. The effects of atomic oxygen on material com-
patibility will be investigated during the thruster pro-
totypes development phase, exploiting the dissociation
of molecular oxygen in the thruster discharge.

2.3.1. Analysis of Facility Performance

A preliminary assessment of the facility capability
to simulate VLEO conditions inside the thruster has
been performed via a 0D model in [7] and further ex-
tended in the present work to assess the chamber rep-
resentativeness in a wider range of conditions. Two
particle flow balances are derived, corresponding to
in-flight conditions in the air-breathing system and to
on-ground conditions in the auxiliary chamber. For
both balances, the assumptions made follow the model
developed in [8], i.e., free molecular flow, single species
ideal gas modeled through weighted average properties
at 200 km (from Table 1 and Table 2), fully diffusive
reflection after wall collisions, fixed wall temperature
and only thermal mass flux with no macroscopic veloc-
ity upstream the thruster. The particle flow continuity
equation for the thruster control volume is written in
Eq. 1

V
∂N

∂t
= ṄIn −NvOTh [ABfΘBf +AThΘTh] (1)
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Figure 4: Thruster geometry considered for the 0D
model particle flow balance.

where ṄIn is obtained from Eq. 2

ṄIn = n∞v∞AInΘIn (2)

with n∞, v∞ corresponding to the asymptotic num-
ber density and velocity, AIn the intake area and ΘIn

the transmission probability at the thruster inlet. In
Eq. 1, the first term on the right represents the in-
coming asymptotic flow accepted by the intake, the
second term corresponds to the backflow of thermal-
ized particles toward the intake, and the last term is
the flow of thermalized particles leaving the thruster.
N is the particle number density in the thruster ion-
ization chamber control volume, ABf is the thruster
backflow area, ΘBf is the backflow transmission prob-
ability through the intake, V represents the volume
and ATh and ΘTh are the thruster outlet area and
transmission probability, respectively. With the con-
sidered set of hypotheses, the molecule’s velocity along
a specific direction can be deduced considering that
in an equilibrium gas only half of the molecules will
have a positive component of velocity along a specific
axis [9], therefore

vOTh =

√
kBTO

W

2πmp
(3)

with TO
W being the temperature of the thruster walls

in orbit (fixed at 400 K), kB the Boltzmann constant
and mp the mass of the species. Fig. 4 depicts the
thruster geometry considered, which mainly consists of
a squared entrance of 10 cm side length with equally
spaced squared holes separated by a wall of 0.5 mm
thickness, transitioning via a lofted square-based cone
into a circular cross-section with a radius of 3 cm. The
total length of the intake is fixed to 7 cm. The dimen-
sions have been selected to fit the ABEP system in a
2U CubeSat.

In the framework of this preliminary analysis, an es-
timation of the intake transmission probabilities has
been performed combining transmittance values for
cylindrical ducts with those for conical orifices. In-
deed, in [10] and [11] it is interestingly shown that the
exact shape of the duct cross-section has no significant

Figure 5: Transmission probabilities through cylin-
ders of different aspect ratios and velocity entrance
with zero angle of attack.

Figure 6: Transmission probabilities for conical ori-
fices.

effect on the overall transmission probability. A duct
with a circular section leads to the highest beam trans-
mission probability, but the decrease of transmission
probability for any regular polygonal tube is within
2.8 % at maximum for aspect ratios lower than 100.
Therefore, the squared ducts are modeled as cylindri-
cal ones with the same cross-sectional area and the
same length. From [12] the transmission probabilities
for cylindrical ducts with arbitrary speed ratio S and
zero angle of attack is computed, where S is obtained
from Eq. 4,

S =
u√

2kBT∞/mp

(4)

with T∞ is the asymptotic temperature. The results of
the approach described in [12] are qualitatively shown
in Fig. 5. The honeycomb structure filled with
squared holes is followed by a cone transitioning from a
squared base to the circular thruster entrance. The ref-
erence paper for the solution of the transmission prob-
ability for conical orifices is [13]. The authors solve
the problem of evaluating numerically the flow trans-
mission probability in both directions through conical
orifices of any lengths and angles. The transmission
probability for a molecule going from the smaller face
of the cone to the larger face is qualitatively depicted in
Fig. 6. The probability of transmission for a molecule
passing from the larger end to the smaller end is ob-
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Figure 7: Auxiliary chamber setup.

tained considering that, as the authors of [13] sug-
gest, for two vessels containing gas at equal pressures
and separated by a cone-shaped orifice, the number of
molecules moving from the first container to the second
must be exactly balanced by the number of molecules
moving from the second to the first.

Downstream the honeycomb, the intake has been
modeled as a cone with an area of aperture on the hon-
eycomb side equivalent to the opening area of the in-
take. The total transmission probability of the intake
has then been evaluated in the following steps. The
total transmittance of the honeycomb entrance, made
from many straws, is evaluated as the single cylinder
transmittance multiplied by the ratio between the sum
of the cross-sectional areas of the straws to the total
inlet area. For the lofted cone side, solutions from [13]
have been used. The values of the obtained trans-
mittances have then been combined as in [14] for the
adjoining honeycomb ducts and cone. This procedure
led to the evaluation of ΘIC and ΘBf for different cone
length and intake opened area, the latter changed by
varying the number of squared holes.

In the auxiliary chamber mass flow controllers
(MFC) inject the mixture with a mass flow rate mim-
icking the one experienced in orbit by the satellite af-
ter the intake collection, see Fig. 7. The particle flow
balance is therefore written as in Eq. 5

V
∂N

∂t
= Ṅin − vCh

th N [ATpΘTp +AThΘTh] (5)

where, in this case, vCh
th represents the molecule’s

velocity along a specific direction corresponding to
the chamber walls temperature, TCh

W . For a fixed
pumping speed Sl/s (in liters per second), the prod-
uct ATpΘTp between the collecting area of the tur-
bomolecular pump and the transmission through the
turbomolecular pump is estimated as in Eq. 6

ATpΘTp =

√
2πmp

kBTCh
W

· 10−3Sl/s (6)

Comparing Eq. 5 and Eq. 1 it is seen that, by
properly tuning the pumping speed of the pump, it
is possible to reproduce in the auxiliary chamber the
same conditions experienced by the satellite in orbit
after the intake collection, by equating as in Eq. 7

Sl/s = ABfΘBfv
O
th10

3 (7)

Figure 8: Intake configurations example.

Figure 9: AInΘIC variation for different cone length
and intake area.

which is derived from the imposition of Eq. 8

vOthABfΘBf = vCh
th ATpΘTp (8)

The tuning of the pumping speed allows for the in-
vestigation of a wide range of intake transmittances
and in principle will allow to assess the variability of
the thruster transmittance by accurately probing the
pressure in the chamber. To show this, the number of
equally spaced squared holes on the intake has been
varied from 1 to 25, preserving a constant wall thick-
ness of 0.5 mm. A smaller number of holes leads to
a larger intake collecting area, without impacting the
selected cone length. An example of this approach is
depicted in Fig. 8, showing two different intake with
the same cone length but different opened area. Sev-
eral cone length have been analysed, from 4 cm to 6.5
cm, with a step of 1 mm. The variation of the cone
length impacts not only the transmission of the cone
itself but also the aspect ratio of the squared holes. In
all the configurations analysed, the total length of the
intake, made by the adjoining honeycomb and conical
sections, was fixed to 7 cm.

The following figures summarize the obtained re-
sults. Fig. 9 depicts the variability of AIn ·ΘIC , Fig.
10 shows the transmission probability at the thruster
entrance, ΘIC , and Fig. 11 the reverse flow trans-
mission probability from the thruster entrance, ΘBf ,
for different cone lenght and intake area. From Fig.
11 it is possible to evaluate the pumping speed of the
turbomolecular pump for the different conditions. The
result of this is reported in Fig. 12, showing the pump-
ing speed necessary to ensure the same number den-
sity in the thruster ionization chamber as the orbital
one after the intake collection. The number density
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Figure 10: ΘIC variation for different cone length
and intake area.

Figure 11: ΘBf variation for different cone length
and intake area.

estimated for the different configurations are qualita-
tively shown in Fig. 13, considering a ΘTh = 0.3 and
ATh = 1.8 · 10−4 m2 .
As expected, when the intake backflow transmission

probability is higher, the collection and compression
of gas is less efficient, therefore a lower pressure and
particle number density is available in the thruster.
Thus, a higher pumping speed of the turbomolecular
pump is required to finely tune the pressure inside the
auxiliary chamber.

The estimated values of number densities and pump-
ing speed for the different intake configurations contain
inaccuracies associated with the assumptions made,
but demonstrate the representativeness and feasibil-
ity of the proposed testing approach, as they will be
equally achievable both in orbit and in the auxiliary
chamber setup.

Figure 12: Sl/s variation for different cone length
and intake area.

Figure 13: Number density variation for different
cone length and intake area.

3. Conclusions

In recent years, as the benefits of operating in
VLEO become increasingly evident, the development
of ABEP systems has garnered significant attention
from research institutions and space industries. Test-
ing and validating ABEP systems on-ground remain
critical challenges, requiring specialized facilities ca-
pable of reproducing representative flow conditions.
This work highlights a novel approach being developed
to address these challenges. Within the BREATHE
project, an innovative setup independently regulates
the injected mass flow rate and thruster inlet pressure,
achieving a high level of representativeness for air-
breathing mode operation. This approach enables dy-
namic testing under varying input conditions, probing
the thruster’s behavior at low densities and measuring
its transmission probability across a range of operating
conditions. The BREATHE laboratory will provide an
innovative and efficient platform for on-ground charac-
terization of air-breathing thrusters once operational.
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