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characterization is a reliable dataset for the boundary conditions for the simulations
carried out in the second part of this study. The proposed computational framework
based on the Direct Simulation Monte Carlo method aims to investigate the collec-
tion and compression performances and to estimate the drag. The numerical com-
parison with a literature case validates the numerical setup presented in this study.
The effect of different gas-surface interaction models is investigated by comparing
the results yielded by the Maxwellian model (fully specular and partially diffuse reflec-
tion) and the Cercignani-Lampis-Lord model. Since the intermolecular collisions can
become more relevant at the inlet of the ionization stage, both the variable hard
and variable soft sphere models are briefly examined, as well as the inclusion of gas-
phase reactions. Finally, the simulation results of the two cases for the low Mars orbit
(150 and 140 km) are compared to the Earth case (180 km).
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Introduction

The main innovative idea behind Atmosphere Breathing Electric Propulsion (ABEP) sys-
tems is that the propellant is collected directly from the atmosphere. An intrinsic advan-
tage of this technology is that an onboard fuel tank is not strictly required. Hence, if
coupled with a plasma generation source with a reduced tendency to erosion and wear,
the lifetime of the satellite mission powered by ABEP can be extended. Several concepts
were presented as reported in numerous recent review studies [1-3] and recent works
[4, 5], both targeting Low Earth Orbits (LEO) and Very Low Earth Orbits (VLEO) with
projects such as the RAM-EP [5] by the European Space Agency (ESA), the studies in
collaboration with Japan Aerospace Exploration Agency (JAXA) [6, 7], the Air-breathing
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Electric THrustER (AETHER) [8] project, or the different designs proposed by universi-
ties [9-11], and additionally the proposal for Mars in the Martian Atmosphere Breathing
Hall Effect Thruster (MABHET) [4]. Generally, the ABEP systems target lower orbits,
where the atmosphere is dense enough to provide an adequate mass flow rate, which is
determined by the thrust required to prevent unplanned deorbiting. The low-orbit tar-
get is an additional advantage in terms of launch costs [12]. However, at lower orbits, the
increased aerodynamic drag experienced by the spacecraft (S/C) demands a thrust capa-
ble of full compensation, hence the effective collection of atmospheric particles. From
the schematics shown in Fig. 1, one can split the design of ABEP into three main stra-
tegic steps: the characterization of the fuelling propellant, hence the knowledge of the
available atmospheric gas, the design of an effective intake-compression-thermalization
stage, which should be designed based on the rarefied gas-dynamics, and finally an effi-
cient electric thruster where the gas is ionized and accelerated based on the selected pro-
pulsion system principles. Although these three aspects are inherently connected, this
paper focuses on the first two, aiming to provide a numerical framework for the intake
design for the atmosphere of both Earth and Mars. The use of the rarefied gas-dynamics
[13] and the Direct Simulation Monte Carlo (DSMC) method [14] is the essential base
employed in this study to tackle the design of ABEP systems since it can provide an esti-
mation of the drag to be compensated by the thrust, as well as information regarding
the intake design. The DSMC simulation has proven to be an effective tool for intake
design purposes, as shown in several Earth-related studies targeting VLEO applications,
such as the comparison of different intake designs [11] targeting the low orbital altitudes
for Earth from 150 km to 250 km with PIC-DMSC-code PICLas [15], or the compari-
son of different inlet duct patterns with the help of dsmcFoam+ [16], or the inlet flow
simulations of ABEP systems with Stochastic PArallel Rarefied-gas Time-accurate Ana-
lyzer (SPARTA) DSMC-solver [17-19]. These studies offer a detailed methodology for
the geometric intake design for Earth applications, with more or less complex gas-sur-
face interaction (GSI) description, whereas DSMC simulations for Martian applications
are rare in the literature. This study aims to apply the DSMC-based simulations for the
ABEP system development with the actual conditions experienced by the orbiting satel-
lite to estimate the key parameters for the ABEP design, such as the compression per-
formances, the mass flux to the thruster, and a final remark on the aerodynamic drag D.
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Fig. 1 Schematics of ABEP system: intake, thermalization stage (TS), ionization stage (IS), acceleration stage
(AS), solar array (SA), and spacecraft (S/C) core
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After providing the atmospheric characterization for Earth 120 km to 260 km) and
Mars (100 km to 200 km), the numerical framework is applied to a VLEO case at 180
km and to low Mars orbit of 140 km and 150 km altitude. For a simplified geometry
from literature [18], the impact of the GSI modelling is investigated for the Earth case by
comparing simulation results from specular to partial and total diffuse reflection based
on the Maxwellian model [20], as well as the Cercignani-Lampis-Lord model [21, 22],
which assumes that the reflected particles have a lobular distribution. A brief check on
the impact of the intermolecular collision model is carried out with variable hard sphere
(VHS) and with variable soft sphere (VSS) since after the compression, the mean free
path between the particles decreases compared to the one from the free molecular flow
around the S/C. Finally, the application to the atmosphere of Mars is presented with a
comparison drawn for the collection and compression performances, as well as for the
drag.

Methodology

Atmospheric characterization

The aim of the atmospheric characterization consists of the description of the variation
with the altitude of the gas properties such as density and temperature, as well as the
composition, which are the boundary conditions for the ABEP system simulations and
operation. In this study, the characterization focuses on a wide low-altitude range for
both Earth, (120 km to 260 km) and Mars (100 km to 200 km). First, the published infor-
mation is gathered from previous missions and atmospheric models, and then the values
of temperature, density, and composition are interpolated to build a database with a 10
km step size. This way, the values can be compared for a given altitude thanks to the cus-
tomized altitude step size obtained with the interpolation. The reference for Earth
atmospheric characterization is the NRLMSISE-00 model [23, 24]. The NRLMSIS 2.0
model [25] is the updated and more recent version of the NRLMSISE-00 with enhanced
solar activity characterization, improved minor species and density prediction. The
NRLMSIS 2.0 is adopted for advanced space science and engineering applications,
whereas this study aims at using the NRLMSISE-00 to provide average representative
values for the altitudes of interest, without considering the variations due to the solar
activity and the geolocation. As for the Martian atmosphere, the data from several mis-
sions are compared. The temperature is extracted from the data provided by the Viking 1
and 2 landers [26, 27]. The characterization of the mass density variation with the alti-
tude is crucial for determining the performance of the ABEP systems for a given orbit
altitude, since the density directly impacts both the aerodynamic drag force experienced
by the satellite (D/Ar g X pcdvgrb) and the mass flow rate to the ionization and accelera-

tion stage, hence the obtainable thrust. The density data from different Mars missions
are compared to the one of the NRLMSISE-00 for the Earth in Fig. 2: the fitting function
proposed by Blanchard based on the reentry measurements of Viking 1 lander [28], the
data from Mars-GRAM 2000 [29], and the Pathfinder [30]. The density from the data
from the Martian atmosphere and Volatile EvolutioN (MAVEN) and Mariner 9 is
derived in this study based on the ideal gas law and the total number density. As a first
approximation of the total number density, the charged particles are neglected in the
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Fig. 2 Density with altitudes: data from NRLMSISE-00 for Earth, for Mars the comparison between different
missions

sum since they have a negligible number density ranging from 10° to 101 m™ compared
to the neutrals, which ranges between 10'* to 101 m™ (example at 100 km).

From the total number density #;,, the mole fraction x; of each species i, the average
molecular weight is estimated based on a mole-based average, and finally, the mass den-

sity of the atmospheric gas is derived based on the ideal gas assumption as per Eq. (1):
o= (”totMWave)/NA (1)

The temperature and density of Earth and Mars for low orbits are compared in Fig. 3,
whereas the density comparison between the analyzed Martian missions is summarized
in Fig. 2. As for the atmospheric composition, the ultraviolet spectrometer observations,
airglow measurements from Mariner 9 mission (100 km to 200 km) are collected [31, 32]
as the initial set of data.

A second dataset is derived from the measurements during the descent of the Viking
1 lander (1976), which was equipped with the Upper Atmosphere Mass Spectrometer
(UAMS) and a Retarding Potential Analyzer (RPA) [33]. The third dataset for the com-
position is taken from the more recent observations by MAVEN from 155 km to 200 km
[34] and for lower altitudes [35]. The reference composition of the main 9 species (CO,,
CO,NO, N, N,, O,, O, Ar, He) is derived from the more recent observations by MAVEN
as shown in Fig. 4b. As for Earth, the NRLMSISE-00 model is consistently taken as a ref-
erence, and the neutral number density values for the main 7 species (N,, N, O,, O, Ar,
He, H) is drawn in Fig. 4a.

Direct Simulation Monte Carlo Method and simulation setup

The DSMC method [14] provides a stochastic description of a representative population
of particles based on the Boltzmann equation for the gas kinetics. For each particle, the
instantaneous values of the properties of interest are then averaged to obtain a statistically
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relevant description. Finally, the macroscopic fluid properties can be estimated as the aver-
age of the values assumed by the set of particles belonging to a given computational cell.
The DSMC method is suitable for rarefied gas dynamics problems since it is effective for
both the transitional flow regime (0.1 < Kn < 10) and the free molecular flow regime
(Kn > 10). The flow regime can be identified based on the Knudsen number (Ku), which
is generally defined as the ratio of the molecular mean free path / and the characteristic
length of the problem L. For the free-stream, the value of 4 in Eq. (3) varies with the alti-
tude (Fig. 5), as both n¢, and the reference diameter d,.r, which is calculated as the aver-
aged reference diameter of each species i weighted with the mole fraction x; as per Eq. (2),
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As the definition suggests, the Kn also varies with the selected L., which can be
set equal to the intake inlet diameter (e.g. ~1.5m [18]) or the ionization stage inlet
diameter (e.g. ~0.08 m [18]), hence 4 is preferred for the grid size definition. Once the
altitude of interest for a DSMC simulation is selected, 4 is uniquely determined by 7,
and the averaged d,¢, and from this information the computational grid dimension
L.y can be set accordingly to this constrain: Zell/; « 1. In the same fashion of 1 and
Kn, the speed ratio s Eq. (4) can shed light on the more relevant collision phenomena.

Vb Vb
S = =
Vthermal 2-T-kp (4)
mp

In the case of hyperthermal flows (s > 5), the Brownian motions are less relevant
than the surface-particle collisions, making the GSI modelling a priority over the
intermolecular collision model, and vice versa for thermal flow (s ~1), where the ran-
dom molecular motion becomes more relevant than the collective motion. In the case
of ABED, the free-stream flow is in hyperthermal conditions, and then the particles
start to collide with the surface, partially being reflected, partially being collected in
the intake, where the Brownian motions and random collisions result in a thermaliza-
tion of the flow, which slows down, thus providing a compression effect. In light of
these observations, both GSI and interparticle collisions are relevant, and their accu-
rate modelling is necessary. The interparticle collisions and the anisotropic scattering
is described with both the Variable Hard Sphere (VHS) and the Variable Soft Sphere
(VSS). The input parameters for the VHS model shown in Table 1 are derived from

Page 6 of 19



Pessina et al. Journal of Electric Propulsion (2024) 3:28 Page 7 of 19

[14, 36], whereas the VSS parameters are suggested by the recent work by Pfeiffer
[37].

As with interparticle collisions, the particle-surface collision description is analogously
important. In this study, the results yielded by different models are compared based on
the compression effect due to thermalization. After the intake, the collected particles
slow down as a consequence of the repeated collisions with the surrounding surfaces,
hence the collected rarefied gas is thermalized and subject to compression. The most
popular GSI model for the calculation of post-collision kinetic energy is the partially dif-
fuse reflection by Maxwell [14, 20], in which only a fraction of the impinging particles
are specularly reflected, while the remaining are fully accommodated (complete diffuse
reflection), depending on the value of the accommodation factor o, described in Eq.

(5).

Lizh (5)
Ei - Ew

Qgec =

The accommodation coefficient can vary between one and zero. The zero value indi-
cates the fully specular reflection in which the pre- and post-collision kinetic energy of
the particle is unchanged after the specular reflection. In case of o, equal to unity, the
fully diffuse reflection occurs, and the post-collision particle is in thermal equilibrium
with the wall. However, as demonstrated by Cercignani and Lampis [21], a more real-
istic reflection pattern for a molecular beam is described by a lobular distribution in
the direction of the re-emitted particle velocity vectors. Unlike the Maxwellian model,
two post-collision characteristic temperatures of the reflected particles are defined: one
for the scattering kernel of the tangential velocity, and one for the kernel of the nor-
mal velocity. The modification of this model done by Lord includes the diftfuse scattering
with partial energy accommodation, and also the vibrational accommodation [22]. The
Cercignani-Lampis-Lord (CLL) [21, 22] model as implemented in the SPARTA DSMC
solver [36] allows the use of different accommodation coefficients: a coefficient for the
accommodation in the tangential direction and one for the normal direction (o4, and
Qacc,n), then one for the vibrational and rotational energy accommodation (o, yi» and
Qace,rot Tespectively). In this study, the results yielded by the GSI modelling with specular,
diffuse, and partially diffuse scattering with the Maxwellian model is compared with the

Table 1 VSS and VHS parameters for modelling the interparticle collisions

VHS Vss

Species mass (kg) ®(-) dyer (M) a(-) () drer (M) al-)
0, 5310 x 10°% 0.77 3.96 x 10710 1.00 0.702 3773 x 10~10 1.391
N, 4650 x 1072 074 407 x 10710 1.00 0693 3911 x 10~10 1351

2650 x 10726 0.80 3.00 x 10710 1.00 0772 3.340 x 10710 1471
N 2325 x 1072 0.80 3.00 x 10710 1.00 0.753 3402 x 10710 1477
NO 4980 x 10=% 0.79 420 x 10~10 1.00 0716 3.983 x 10~10 1425
Co, 7310 x 1072 093 562 x 10710 1.00 0693 4647 x 10710 1.37
€¢) 4650 x 10726 0.73 419 x 10~10 1.00 0.726 4101 x 10~10 134

Ar 6.630 x 1072 0.81 417 x 10710 1.00 0.700 3.832x 10710 1384
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Fig. 6 Computational domain schematics (a) with boundary conditions highlighted, and a 3D schematics of
the simplified geometry

Table 2 Comparison between the grid cell size and the molecular mean free path for 180 km
altitude of the Earth atmosphere

Refinement Lev. — Level 1 Level 2 Level 3 Level 4

Lee — 01m 0.05m 0.025m 00125m

results yielded by the CLL GSI model. Finally, for the test case in the atmosphere of the
Earth, the role of the reactions within the neutral gas phase is investigated. For the Total
Collision Energy (TCE), a reaction list for the Earth’s species is set based on the results
reported by the NASA study [38]. The DSMC simulations aim to investigate and charac-
terize the flow parameters of the intake of a simplified geometry, such as mass and num-
ber density, and pressure, and eventual indications of the intake capabilities.

Computational domain and grid

The simplified slope geometry proposed by Jin et al. [18] is shown in a 3D cut section in
Fig. 6b, along with the schematization of the boundary conditions assigned to the com-
putational domain in Fig. 6a. The 1D axisymmetric computational domain comprises an
axisymmetric boundary and an open boundary around the far field, with one of them set
as an equivalent in-flow boundary on which the number of particles and their velocity
are set. The ABEP surface is set as a wall boundary with a GSI model.

The total extension of the domain is at least 6 times bigger than the total length of the
ABEP (L=1.7 m) along the axisymmetry axis direction, and at more than four times the
max external radius of the ABEP (~0.75m). The cartesian grid created for this study is
the same for the Mars and Earth test cases, since its grid dimension satisfies the condi-
tion of eell/; « 1 for both cases. More specifically, the estimation of L is done based
on the estimated d,ef at 180 km of the atmosphere of Earth, and the average values of
the local number density extracted from a first round of simulations serving the purpose
of gird size definition before the final round of cases. A summary of the different values
of L.y for each level of the refinement is provided in Table 2. Besides the multi-level
static refinement, for each case, an adaptive refinement and coarsening is carried out
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to optimize the computational cost. The grid adaptation criterion is based on lower and
higher thresholds for the local value of 7y, which is linked to 4 in virtu of Eq. (3), and
the final result is shown in Fig. 7. The simulation box size is 12 m along the axisymmet-
ric axis (y axis), and 4 m in the orthogonal direction (x axis). The simulation timestep is
set to 1 x 107°s, and the total number of simulated particles is adjusted to have at least
20 particles per cell, even in the refined areas. For the Earth cases, the timestep choice
should be 5e-7 s for a minimum cell size of 12.5 mm and a maximum velocity of 7760
m/s. However, in the mesh refinement inside the intake with the minimum cell size, the
maximum velocity values are below 3000 m/s, hence the portion of the cell crossed per
timestep is less than 30%, whereas in the outer part, the maximum particle velocity in
the refined area close to the outer intake surface is below 4000-4500 m/s. Hence the ~
32%-36% of the cell length is crossed by the particles per timestep. Thus, to contain the
computational cost, the cell length traveled by the particles per timestep is kept around
one third of the total length.

The reason behind the selection of this test-geometry from literature [18] is twofold:
first, a simple geometry is easier to handle for the numerical-to-numerical validation
between the results discussed by Jin et al. [18] and the ones from this study, and second,
the simplified geometry is a starting point to isolate the impact of the models on the
estimation of the quantities of interest. However, whereas the the analysis presented by
Jin et al. [18] focuses on the inlet geometries with a Maxwellian GSI model, this study
aims to investigate the different results yielded by different GSI models for a given geom-
etry, adding the comparison with the CLL GSI model, to explore the eventual differences
yielded by VHS and VSS, and finally, to apply it to the case of the Martian atmosphere.

Results and discussion

The results for the simplified test geometry are reported in this section, starting with
a numerical validation with the reference case from literature [18]. Once the numeri-
cal setup (grid and models) are at least numerically validated, the compression and col-
lection performances yielded by different GSI models are analyzed for the reference
case for 180 km altitude of Earth’s atmosphere. Although less relevant if compared to
the GSI model, the interparticle collision model VHS and VSS are also compared, and
additionally, the impact of the gas-phase reactions is tested. Then, the application of this
simple slope geometry is extended to the Martian atmosphere examining two different

Level 1

Level 2

Level 3 Level 4

Fig. 7 Grid detail: multi-level refinement of the cartesian grid, after the grid adaptation
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Table 3 Boundary conditions for the Earth atmosphere cases corresponding to the free-stream
conditions at 180 km altitude

h(km)  py (kgm™) Nt (M3) T (K)  p (Pa) Vooms™)  xo()  xn, () Xo,(-)

180 5198 x 10710 14 x10'® 790 1523 x107% 7760 04820 04829  0.0351

221 Face= 0.50

.
® = 0.55
2078 ¢ reference
. 4 err20%
1.8 4.
° K
1.6 o [ |
8 1.0

0.0 0.2 0.4 0.6 0
T/Tref

@ (O] ©
Fig. 8 Result of mass flux (kg - m~2 - s~') evaluated at 1.2 m (section in red): values compared to the
reference case (a) and contour plots for Maxwellian model with o set to 0.5 (b) and 0.55 (c)

v P) (Voo * Pu)

1.4 °

1.2

o X 12 17 0 X 12 17

altitudes, 150 and 140 km, which are chosen to match respectively the free-stream gas
density (poc) and theoretical intake mass-flux (voo - poc) of the 180 km Earth case.

Numerical setup validation

The numerical setup quality is assessed by the comparison with the reference case from
literature [18], for the slope geometry and boundary conditions relating to a VLEO orbit
altitude of 180 km as summarized in Table 3.

The GSI model for the validation is the Maxwellian model with a partially diffuse
reflection (a4 = 0.5). The intermolecular collisions are described with the VHS model,
and the gas-phase reactions are neglected. The alignment between this study results and
the reference case is achieved with a satisfactory agreement in terms of pressure values
along the axisymmetry axis and the gas mass flux through the selected cross-section at
the entrance of the ionization stage, which is located 1.2 m from the intake inlet section.
The values of the mass flux (v - p) are reported in Fig. 8a: the error is within 20% maxi-
mum for the majority of the points corresponding to the values in the radial direction
of the cross-section defined at 1.2 m of axial length (highlighted in red in Fig. 8b); the

2. s~y for the reference value

contour plots are representative of the mass flux (kg - m™
of the accommodation coefficient (¢;,=0.5) in Fig. 8b and for an increase in its value
of 10% (x4c=0.55) in Fig. 8c. The value of the pressure along the axisymmetry axis is
shown in Fig. 9a along with the case of «;,=0.55 in Fig. 9b, as well as the number den-
sity in Fig. 9¢, and the maximum error is below 2%, and below 5% for the case c4,=0.5.
The mass flux measured on the ionization stage inlet on the center line can be consid-
ered as the key information from the DSMC for drawing conclusions on the collection
performance, hence the values obtained for the oy set as 0.55 are in agreement with
the reference study. However, for the points between the wall and the centerline laying
on the considered cross section, the agreement is less satisfying. If the values across the
whole section are of relevance, further investigation should be carried out with addi-

tional studies that include both the velocity and the density to isolate the source of the
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Fig. 9 Result of pressure along the axi-symmetry axis direction (a) and contour plot of the pressure in Pa (b)
and number density in m~3 (c) for agec = 0.55

Table4 Case setup summary for Earth atmosphere: the setup variations including the
intermolecular collision, gas-surface interaction, and gas-phase reactions

CaseID Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
GSI model Maxwell Maxwell Maxwell Maxwell Specular CLL CLL
gec (for Maxw.) 0.55 0.55 0.55 1.0 0.0

a, (for CLL) 0.55 0.55

o (for CLL) 0.55 0.75
Intermolecular collisions VHS VHS VSS VHS VHS VHS VHS
Gas-phase reactions none TCE none none none none none

error. Since the pressure error along the whole center line is under 5% for the o set to
0.5 and under 2% for the o, set to 0.55, and since the mass flux matches partially (near
the wall and along the center line) the reference case, the validation can be completed.
An additional validation for the drag force is carried out in the corresponding section.

Performances in Earth atmosphere

The DSMC simulation results are discussed in terms of collection and compression per-
formances of the simplified geometry for 180 km altitude in Earth’s atmosphere. The aim
is to highlight the different results yielded by the GSI model (Specular, Maxwellian, and
CLL) first, as well as the intermolecular collision models (VHS and VSS), which become
more relevant between the thermalization and ionization stage due to the increased
number density, generally two orders of magnitudes higher than the free stream. The 2D
axisymmetric simulations are carried out with the boundary conditions summarized in
Table 3, and each case is run with a specific setup to isolate the variation of collection
and compression performances due to either the intermolecular collision, GSI, or gas-
phase chemistry model.

The simulation setup variation for each case is listed in Table 4, with a composition
based on the predominant species at 180 km altitude (O, O,, N,) from Table 3. The
compression performance can be evaluated by the pressure values along the axisym-
metry line (Fig. 10). The total length L of the ABEP along the axial direction is 1.7 m,
and after 0.4 m from the intake inlet section (located at x = 0 m), the compression
effect can be observed. The pressure increase is visible until the ionization section

(~ 1=+ 1.2 m), after which the pressure starts dropping. Compared to the free-stream
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Fig. 11 Mass flux values on the cross section of the ionization stage (r,r = 0.04m) at 1.2 m from the intake
inlet. For all cases, the intermolecular collision is modelled with the VHS, whereas the GS| varies from the

Maxwellian model (red), specular (green), and lobular CLL (blue)

pressure value of approximately 1.523 x 10~* Pa, the compression effect results
in a pressure increase of up to 0.2 Pa for the Maxwellian partially diffuse reflection
(tace), as well as for the lobular reflection with anisotropic scattering (o, = 0.55 and
a; = 0.75), and slightly higher for lobular reflection with isotropic scattering. From
the intake inlet to the first part of the thermalization stage, case 1 and case 6 (all
accommodation coeflicients set to 0.55) yields similar pressure values, as expected,
whereas from the thermalization to the outlet of the ABEP intake, case 1, 6, and 7
result in similar pressure values as shown in Fig. 10. As for the mass flux, it is unex-
pected that case 7 is closer to case 1 than case 6 (Fig. 11). The mass flux mismatch
between case 1 and case 6, respectively with the Maxwellian model and o4 = 0.55
and the CLL model with o, = o = 0.55, might be a result of the mass flux fluctua-
tions in the section measured at 1.2 m along the center line, as seen in Fig. 8 in the
validation section.

As for the interparticle collision models, the VHS and VSS models yield similar
results for the examined altitude. The limited differences in Fig. 12 are reported for
the compression performance (Fig. 12a), the mass flux (Fig. 12b) as well as the num-
ber density contour plot (Fig. 12c). A similar trend is expected in case of DSMC simu-

lation modelled as free-molecular flow, hence with no interparticle collisions.
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Table 5 Composition of the free-stream set as boundary conditions for each simulation for Martian

atmosphere

CaseID h (km) Xco, (-) xo () XN, () Xco (%) Xar (-) X0, ()
Case 1 (Earth) 180 - 04820 0.4829 - - 0.0351
Case 8 (Mars) 140 0.8365 0.0650 0.0415 0.0360 0.0039 0.0171
Case 9 (Mars) 150 0.7984 0.0870 0.0570 0.0380 0.0026 0.0170

Performances in Mars atmosphere
The Martian atmosphere investigation targets two different altitudes, 140 km and 150
km, with the VHS model for interparticle collisions and a partially diffuse reflection with
the Maxwellian model (o;,=0.55) for the particle-surface collisions. The investigated
altitudes are selected to match either the gas mass density of the VLEO at 180 km alti-
tude (150 km), or the product of the mass density and the orbiting velocity, hence to
match the theoretical mass flux at intake inlet (oo - Voo). In this case study, the ABEP
orbital velocity is 3400 m s~!, which is ~44% less than the average orbiting velocity
selected for the VLEO simulations. The results are a theoretical intake inlet mass flux
of ~ 3.75 x 107% kg m~2 s~ ! for Mars at 140 km altitude and ~ 1.53 x 107% kg m~2 571
at 150 km, compared to ~ 4.03 x 10° kg m~2 s71 of the VLEO case at 180 km. The
boundary conditions are extracted from the atmospheric characterization previously
discussed, and the reference mission for density and composition is the MAVEN [34,
35] mission. For each altitude, the free-stream composition is set as the six most rele-
vant species, characterized by the higher volume fraction, as summarized in Table 5. The
temperature reference for the free-stream is deducted from the Viking 1 lander measure-
ments, and consequently, the wall temperature is adjusted to a value closer to the free-
stream conditions, thus set to 150 K. The boundary conditions for the two Mars cases
are summarized in Table 6. For this comparison between Earth and Mars, the selected
GSI model is the Maxwellian with partially diffuse reflection (¢tzcc = 0.55), VHS model
for the intermolecular collisions, with no gas-phase reactions. The number density con-
tour plot in Fig. 13 of case 1 (Earth, 180 km) appears very similar to the one from case 8
(Mars, 140 km).

The compression performance is reduced for the Mars cases: the pressure along the stag-
nation line is 50% less for case 8 and 80% less for case 9 if compared to case 1 from Earth as
shown in Fig. 14a. However, the design of the intake and collection stage is not optimized
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Table 6 Boundary conditions for the Mars atmosphere cases corresponding to the free-stream

conditions

Case ID h(km) poo(kgm3) nepr(m3) Too(K)  pu(Pa) Vo (Ms™)  po Voo kgm2s™
Case 1 (Earth) 180 52x 10710 14x100 790 15x 1074 7760 ~ 403 x 107°
Case 8 (Mars) 140 1.1 x 1072 16 x 10'© 158 35%x 107 3400 ~3.75x 1076
Case 9 (Mars) 150 45x 10710 68x 10" 171 16 x 107> 3400 ~ 153 x 1070

Earth- 180 km
= =

Mars- 140km

@
Fig. 13 Contour plots of number density values for Martian atmosphere at 140 km (a) and 150 km (b)
compared to Earth at 180 km. The reference conditions are reported in Tables 5 and 6
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Fig. 14 Pressure along the axi-symmetry axis (a), mass flux at the cross-section of the ionization stage inlet
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nor designed specifically for Mars applications, hence the addition of a molecular trap at
the intake inlet, along with the design optimization might improve the compression perfor-
mance. An analogous outcome is observed for the mass flux in Fig. 14b, suggesting a design

improvement.

Drag force: Mars and Earth

One of the vital aspects of the ABEP design is the capacity to compensate fully the drag
force. The theory behind the aerodynamic drag force for satellite applications has been
extensively studied in literature [39, 40], and in this study the aim is to provide a general
estimation of the drag force from the DSMC simulations for the simple slope geometry for
Mars (140 km) and Earth (180 km). The aerodynamic drag force D is defined as in Eq. (6):

1
D= icaz'ArefpV2 (6)

where A, is the reference area, v is the velocity of the incident atmospheric particles,
hence the orbiting velocity, p is the free-stream density that varies with the altitude,
and ¢, is the drag coefficient. Since A, is a fixed geometrical parameter, v depends on
the orbit type, and p is defined when the altitude is selected, the only source of uncer-
tainty for the drag estimation is the ¢;. The three main strategies for estimating the ¢, are
assigning a fixed value, calculating it by semi-empirical models, or determining it with
physical models and simulations. The DSMC simulations can directly calculate the value
of D without assigning the c; a priori. Thus, as a final remark of this study, the differ-
ent drag forces for case 1 and case 8 are calculated with the DSMC simulations. Before
comparing the drag force values of cases 1 and 8, this study’s numerical framework is
validated against the literature case. The reference case for the validation is the slope
geometry [18] a fully diffuse reflection (o,.=1.0). For this case, the drag resulting from
the DSMC simulation from this study is ~ 34.2 mN, with a 1.15% error if compared to
the reference case from literature [18] (34.5983 mN). Moving on to this study’s partially
diffuse reflection (a4 = 0.55) cases, for the Earth case at 180 km (case 1), the drag is
~29.7 mN, whereas for case 8 in Mars orbit at 140 km altitude, the drag is ~12.5 mN.
Hence, the drag from case 8 is ~42% of the one for Earth in case 1. Since A, is the same,
an additional qualitative check on the DSMC results can be derived by comparing the
differences in the DSMC results by the the product p - v% for case 1 is 31.303 N m~2,
for case 8 is 12.72 N m~2, hence it is ~40.6% of case 1, which is reasonable in agreement
with the ~42% from the simulations. Additionally, the drag coefficient c; for case 1 and
case 8 can be estimated. Considering the reference area as the frontal area of ~1.77 m?
calculated with the external radius of 0.75 m for the investigated geometry from the lit-
erature [18], the ¢ is ~1.07 and ~1.11 for case 1 and case 8 respectively with partially
diffuse GSI, whereas for case 1 with completely diffuse reflection (D =~ 34.2 mN) the
cqgis~1.23.

Conclusions

Ground tests and numerical simulations can provide a synergic approach to tackle the
design of ABEP for planetary and orbit-specific missions, leading to reliable prototypes
for future in-orbit demonstrations. At the beginning of this study, the atmospheric
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characterization is achieved by collecting and comparing data from several missions
and models for both Earth and Mars. These data are key parameters for establishing
the functioning of the ABEP systems. The presented DSMC-based numerical frame-
work aims to characterize the collection and compression performances and to esti-
mate the drag force. A test case with a simplified geometry from the literature is taken
as a reference for the simulation of low orbits of both Earth and Mars. The tests of the
DSMC-based numerical framework focus on the impact of GSI models (specular, total
and partially diffuse, and lobular reflection) with a brief check on the influence of the
interparticle collision models (VHS and VSS). Slight differences are observed between
VHS (case 1) and VSS (case 3), as well as the inclusion of gas-phase reactions (case 2). As
for the GSI model, the specular reflection (case 4) results in higher compression perfor-
mance, whereas the Maxwellian model (case 1) yields similar results to the CLL with an
anisotropic scattering kernel (case 7), whereas different values stem from the case with
the isotropic kernel (case 6). Finally, the comparison between two Martian low-orbits
cases and the Earth case at 180 km is presented. With the Maxwellian partially diffuse
reflection, the case at 140 km (case 8) is comparable to case 1 in terms of number density
values, including in the proximity of the ionization stage inlet. However, the maximum
pressure increase along the axisymmetry line is 49% less than case 1 (Earth 180 km),
but the aerodynamic drag force calculated by the DSMC method is 39% less for case 8 if
compared to case 1. After this comparison between Mars and Earth’s low orbit perfor-
mance, further development in design optimization could be the next required step. This
study provides an extensive comparison of the results that stem from different model-
ling strategies, offering an advantageous starting point for the geometry design. Moreo-
ver, the validated numerical framework can be easily reproduced and employed for the
ABEP intake optimization to ensure an adequate mass flow rate for the electric thruster.
Finally, the comparison between the Earth and Mars applications aims at a preliminary
investigation of the use of this technology for other target planets.

Nomenclature

ABEP Atmosphere Breathing Electric Propulsion
AETHER  Air-breathing Electric THrustER

CLL Cercignani Lampis Lord

DSMC Direct Simulation Monte Carlo

GSI Gas-surface Interaction

LEO Low Earth Orbit

MABHET Martian Atmosphere Breathing Hall Effect Thruster
MAVEN  Mars Atmosphere and Volatile EvolutioN
NGISM Neutral Gas ans Ion Mass Spectrometer

RPA Retarding Potential Analyzer

S/C Space Craft

SPARTA  Stochastic PArallel Rarefied-gas Time-accurate Analyzer
TCE Total Collision Energy

UAMS Upper Atmosphere Mass Spectrometer
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Variable Hard Sphere

Very Low Earth Orbit

Variable Soft Sphere

area of the cross section of the ionization stage
reference area for aerodynamic drag

drag coeficient

atmospheric drag force

reference diameter for particle collision
kinetic energy of the incident particle

energy of the re-emitted particle

energy the particle needs to deplete to reach thermal equilibrium with the

wall

altitude

Boltzmann constant

Knudsen number

characteristic length for the Knudsen number
computation grid cell dimension

mass of the particles

average molecular weight of atmospheric mixture at a given altitude
number density

total number density

Avogadro number

pressure

ideal gas constant

reference diameter of the ionization stage

speed ratio

mole fraction of species i

velocity

bulk velocity

orbiting velocity of the satellite

thermal velocity

exponent of the VSS and VHS molecular models
accommodation coefficient

accommodation coeff. in the normal direction
accommodation coeff. for the rotational energy
accommodation coeff. in the tangential direction
accommodation coeft. for the vibrational energy
molecular mean free path

mass density

temperature exponent in the viscosity calculation for the molecular

models
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