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Abstract

Atmosphere-breathing Hall thrusters (ABHTs) have emerged as a promising propulsion
technology for very low Earth orbit (VLEO) satellites because they can utilize residual
atmospheric particles as propellant, reducing the need for onboard propellant storage.
In this paper, the feasibility of an ABHT system was investigated through a combined
experimental and numerical approach. Experimental tests using the THT-VI Hall thruster
demonstrated stable operation with air propellant and achieved specific impulses up
to 2847 s under high-voltage conditions, indicating the potential for atmospheric drag
compensation. To evaluate the intake performance, Direct Simulation Monte Carlo (DSMC)
simulations were conducted at an altitude of 180 km to examine the effects of intake
geometry, including the duct aspect ratio and intake-to-thruster area ratio. The results
showed that the intake system can generate discharge chamber pressures of approximately
10−3–10−1 Pa, which is sufficient for Hall thruster operation, but the maximum collected
mass flow rate (0.298 mg/s) remained below the required 1.5 mg/s. Several modified intake
configurations improved particle transport and reduced aerodynamic drag with the best
design increasing mass flow rate by approximately 7.5 times compared with the baseline
configuration. These findings indicate that the primary limitation of ABHT systems is
the intake mass transport capability rather than the thruster performance itself. A further
optimization of intake geometry and spacecraft integration is required to enable sustained
VLEO operation.

Keywords: air-breathing Hall thruster; very low Earth orbit (VLEO); electric propulsion;
numerical simulation; air-intake section

1. Introduction
Very low Earth orbit (VLEO) satellites have become a primary focus of modern space

missions, including Earth observation and telecommunications [1,2]. Working in low-
altitude environments (e.g., below 450 km) offers many advantages, including lower
communication latency, higher remote sensing resolution, and satellite re-entry with lower
energy consumption [3,4]. But this low altitude also comes with a substantial drawback for
missions: very high aerodynamic drag. As the spacecraft crosses Earth’s upper atmosphere,
it encounters residual atmospheric particles that slow it down. This drag results in a
persistent depletion of energy and orbital velocity, culminating in a slow decline in the
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satellite’s altitude above Earth. A consequence of the lack of an active drag compensation
method is rapid orbital decay, ultimately restricting the satellite’s operational lifetime and
leading to uncontrolled re-entry. The occasional need to counter this drag has driven
research into new propulsion methods that can provide continuous thrust to recover orbital
height and extend mission duration [2].

Figure 1 illustrates the concept of atmosphere-breathing electric propulsion (ABEP)
systems, which have been proposed as a promising solution. Rather than carrying copi-
ous amounts of propellant onboard like traditional propulsion methods, ABEP systems
represent a radical new approach. Instead, they directly gather atmospheric particles from
the surrounding environment and utilize these as a propellant for an electric thruster [5].
This drag-compensation process is the key advantage of ABEP technology, enabling long
operational durations in VLEO without frequent refueling [5–7].

Figure 1. ABEP concept using an radio frequency (RF) helicon plasma thruster [8].

The intake is one of the most complex and innovative parts of an ABEP, including
methods for capturing atmospheric particles and funneling them into the thruster. When the
proposed concept expands from micro payload applications to a VLEO smallest system, the
intake will need to be designed for optimized operation at orbital velocities (~7.8 km/s) for
VLEO satellites [9,10]. The performance and efficiency of the ABEP system largely depend
on its intake design. Moreover, this intake must be incorporated into the overall spacecraft
design so that it does not create excessive drag; a large or inefficient intake could worsen
the atmospheric drag problem [11–13], thereby defeating the purpose of the ABEP system
in the first place. In a low-density regime, the gas flow generally exhibits free-molecular
behavior in which particle motion is regulated by interactions with solid surfaces rather
than by collisions with neighboring particles. This rarefied flow regime, characterized by a
high Knudsen number (Kn > 10), poses challenges for intake design [9,14–17]. The intake
has to collect those sparse particles efficiently and funnel them into the thruster, where they
will be ionized and accelerated. At the outer limits of these abilities lies this rarefied flow
regime, where the efficiency with which particles are collected and compressed is a key
consideration in providing sufficient propellant mass to the thruster.

Gas–surface interactions (GSIs) resulting from collisions between atmospheric species
and the intake surface significantly affect the performance of intake systems. The nature
of reflection (specular: perfectly elastic, diffuse: inelastic) determines the proportion of
kinetic energy retained by a particle after collision and the efficiency at which a particle
can be trapped [18,19]. One important parameter in modeling these interactions is the
accommodation coefficient, which measures how much energy is exchanged between the
particle and the wall. Various gas–surface interaction models can be used to simulate
particle behavior at the intake walls, such as the Maxwell and Cercignani–Lampis–Lord
(CLL) models, depending on the relevant gas species and the intake material properties.
Such models help clarify the required features of an intake system that collects particles in
a drag-efficient manner [10,11,20]. In the VLEO region between 150 km and 250 km, the
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composition is dominated by nitrogen (N2) and atomic oxygen. The intake system must be
designed to operate effectively in this atmospheric environment, whose flow properties
are influenced by solar activity, orbital parameters, and seasonal segmentation. The ability
to function effectively in these highly variable environments is a primary challenge in the
design of ABEP systems for VLEO missions [21,22].

This paper investigates the feasibility of atmospheric-intake Hall thrusters for VLEO
applications through a combined experimental and DSMC-based numerical approach. Hall
thrusters were selected because they offer higher thrust density and greater tolerance to
mixed atmospheric species than gridded ion engines, making them suitable for atmosphere-
breathing electric propulsion in VLEO. Unlike ion thrusters, which require highly controlled
propellant flows to ensure stable ion extraction and minimize grid erosion, Hall thrusters
can operate under less stringent intake conditions. First, Hall thruster experiments were
conducted to determine the propellant supply requirements and propulsion performance
under air operation. Subsequently, DSMC simulations were performed to evaluate whether
a rarefied atmospheric intake can provide the pressure and mass flow rates required for
sustained thruster operation. A parametric analysis of intake geometry was conducted
to assess its impact on compression, mass flow rate, and aerodynamic drag. The results
indicate that for atmospheric-intake Hall thrusters, achieving the required mass flow rate is
a more critical challenge than attaining the necessary discharge chamber pressure. Intake
geometries that enhance particle capture and promote smooth flow transitions improve the
mass flow rate while limiting aerodynamic drag.

2. Methodologies
2.1. Experimental Setup

This paper utilized two types of Hall thrusters, THT-III and THT-VI, as shown in
Figure 2. The THT-III is a compact unit that measures 42 mm on the inside and 70 mm on
the outside. The THT-VI is a medium-sized unit with a channel having an inner diameter
of 56 mm and an outer diameter of 100 mm.

 

 

 

Figure 2. Configuration of the Hall thrusters: THT-III (left) and THT-VI (right).

A schematic of the experimental apparatus is shown in Figure 3. The Hall thrusters
were mounted on rigid pendulums inside vacuum chambers with diameters of 1.2 m and
2.25 m. A high-vacuum environment was created using a rotary pump and a turbomolecu-
lar pump to operate the Hall thrusters. Thrust was estimated from pendulum displacement
using a laser displacement sensor.
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Figure 3. Arrangement of experimental equipment.

This paper compares the operating characteristics of THT-III and THT-VI during
nitrogen operation. Additionally, air operation was performed using THT-VI. The ex-
periments were conducted in ground-based vacuum facilities to evaluate the intrinsic
performance and propellant requirements of the Hall thrusters under air operation rather
than to reproduce the complete VLEO environment. The effects of rarefied atmospheric
intake conditions and orbital flow characteristics were subsequently evaluated through
DSMC simulations.

The Hall thruster experiments were conducted to establish the operational require-
ments of the propulsion system and to provide reference performance parameters for
the intake analysis. In an atmosphere-breathing Hall thruster (ABHT), the intake and
thruster cannot be evaluated independently because the intake must supply a sufficient
mass flow rate and pressure to sustain thruster operation. Therefore, the experimentally
obtained thrust, specific impulse, exhaust velocity, and propellant mass flow rate were
used as benchmarks to assess whether the rarefied atmospheric intake could provide ad-
equate propellant under VLEO conditions. The numerical intake simulations presented
in the subsequent sections were performed based on these experimentally determined
operating requirements.

The geometrical specifications and experimentally measured performance of the THT-
VI Hall thruster are summarized in Table 1. In particular, the experimentally determined
operating mass flow rate of 1.5 mg/s was used as the reference requirement for the DSMC
intake analysis to evaluate whether the atmospheric intake could provide sufficient propel-
lant for sustained Hall thruster operation under representative VLEO conditions.

Table 1. Geometrical specifications and experimental performance of THT-VI Hall thruster.

Parameter Value

Thruster Type Hall Thruster (THT-VI)
Inner Channel Diameter 56 mm
Outer Channel Diameter 100 mm

Propellant Air (80% N2, 20% O2)
Operating Mass Flow Rate 1.5 mg/s
Discharge Voltage Range 150–350 V

Thrust at 250 V 20.79 mN
Maximum Thrust 41.89 mN

Specific Impulse at 250 V 1413 s
Maximum Specific Impulse 2847 s
Exhaust Velocity at 250 V 13.86 km/s

Maximum Exhaust Velocity 27.93 km/s
Operating Objective Atmospheric drag compensation in VLEO
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2.2. Numerical Analysis

In previous research on atmospheric-intake Hall thrusters, air was assumed to be
drawn into the satellite’s air intake and compressed, and then nitrogen or air was used to
evaluate the thruster performance. Building on this function, this paper simulates the air
intake section to investigate whether the Hall thruster under consideration can achieve
atmospheric compensation. For the analysis, OpenFOAM v2312 distribution [23], was
used. OpenFOAM is developed and distributed by OpenCFD Ltd. (Berkshire, UK), a
subsidiary of ESI Group. In addition, SALOME [24] developed by CEA (Paris, France)
and EDF (Paris, France), and Para View [25] developed by Kitware Inc. (Clifton Park, NY,
USA), are employed to support the simulation workflow. The procedure involves modeling
and meshing the satellite geometry and air intake section in SALOME, conducting fluid
dynamics in OpenFOAM, and performing visualization and quantitative data analysis in
Para View.

2.2.1. Knudsen Number and Classification of Flow

The Knudsen number (Kn) is a dimensionless parameter used to assess flow rarefaction
and is defined as [26]

Kn =
λ

L
(1)

Here, L denotes the characteristics length (e.g., tube diameter or spacecraft dimension),
and λ represents the mean free path. If the module diameter is d, then

λ =
1√

2πd2n
(2)

Here, n denotes the number density, representing the number of molecules per unit
volume. Let p represent the pressure, k the Boltzmann constant (1.380649 × 10−23 J/K), and
T the absolute temperature. Moreover, if ρ represents the mass density and R the specific
gas constant (287 J kg−1 K−1 for air), which is related to the Boltzmann constant through
R = kBNA/M, then the equation of state can be expressed as

p = nkT = ρRT (3)

λ =
kT√

2πd2 p
(4)

Kn =
kT√

2πd2 pL
(5)

As the pressure decreases and the molecular number density n becomes smaller,
the mean free path λ increases. As it becomes longer than the representative length L,
intermolecular collisions are rare, and molecules predominantly interact with the confining
walls. In this regime, where λ ≫ L, the flow is governed solely by the exchange of
momentum and energy between individual gas molecules and the wall, rather than by
collisions between gas molecules, which is a condition referred to as free molecular flow [26].
Conversely, when λ ≪ L, the flow behavior is determined by the cumulative effect of
numerous intermolecular collisions, allowing the fluid to be treated macroscopically as
a continuous medium. This description is known as the continuous flow approximation.
On the basis of the Knudsen number, Hard Sphere (H.S.) Tsien and Guthrie et al. have
classified the flow regions of dilute gases as summarized in Tables 2 and 3 [27–29]. Since
analytical solutions for such dilute flows are generally intractable, numerical methods, most
notably the Direct Simulation Monte Carlo (DSMC) technique, are commonly employed to
investigate their behavior.
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Table 2. Classification of flow based on H.S. Tsien.

Kn < 0.01 0.01 < Kn < 0.1 0.1 < Kn < 10 Kn > 10

Continuous Flow Slip Flow Transition Flow Free Molecular
Flow

Table 3. Classification of flow based on Guthrie.

Kn < 0.01 0.01 < Kn < 0.1 10 < Kn

Continuous Flow Intermediate Flow Molecular Flow

2.2.2. The Boltzmann Equation

The Boltzmann equation governs the behavior of dilute gases and forms the basis of
rarefied gas dynamics [30,31].

∂

∂t
(n f ) + c.

∂

∂r
(n f ) + F.

∂

∂c
(n f ) =

∫ ∞

−∞

∫ 4π

0
n2( f ∗ f ∗1 − f f1)crσdΩdc1 (6)

Here, f is the molecular velocity distribution function, n is the number density, c is the
molecular velocity, r is the spatial coordinate, and F represents external forces. The term
cr denotes the relative velocity between colliding molecules, σ is the differential collision
cross-section, and dΩ represents an element of solid angle. The right-hand side represents
the collision integral accounting for intermolecular interactions.

Due to the complexity of the collision term, analytical solutions of the Boltzmann
equation are generally intractable. Therefore, numerical approaches, such as the DSMC
method, are widely employed for the analysis of rarefied gas flows [32–34].

2.2.3. Numerical Methods

But for a large value of the Knudsen number, it should be treated as a free molecular
flow instead of a continuous fluid. To model this scenario, a kinetic approach based on
the Boltzmann equation is required. Hence, the flow in this scenario can be considered
free-molecular. In this paper, numerical analysis is performed using the DSMC method
where each simulation particle represents multiple real molecules.

f (c) =
1

(2πRT0)
exp

−

∣∣∣c|2

2RT0

 (7)

where f (c) denotes the molecular velocity distribution function, c is the molecular velocity
vector, R is the specific gas constant, and T0 represents the freestream temperature. Molecu-
lar inflow, motion, and collisions are calculated at each time step. DSMCFoam solver in
OpenFOAM is used for the simulations. The HS, VHS (Variable Hard Sphere), and VSS
(Variable Soft Sphere) models are used to describe molecular collisions [35].

2.2.4. Computer Specifications

Table 4 shows the specifications of the computer used for the DSMC simulations in
this paper. To reduce the computational cost of the DSMC simulations, each reference
particle represented 1.0 × 107 real particles, and the mesh resolution was optimized using
a maximum cell size of 0.002 mm, a minimum cell size of 0.0015 mm, and a wall-adjacent
cell size of 0.0005 mm [36–38].
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Table 4. Specifications of the computer used.

CPU Intel® Core™ i7-14700KF

Memory 64 GB

HDD SEAGATE ST1000VN0008 (10 TB)

2.3. Geometric Model

Figure 4 illustrates the geometric model of the atmospheric-intake Hall thruster em-
ployed in this simulation. The model is adopted from a previously reported atmospheric-
intake ion engine configuration [39]. Although the original configuration was developed
for an atmospheric-intake ion engine, it was adopted in this paper because the intake
compression process in VLEO is primarily governed by rarefied gas dynamics and intake
geometry rather than by the specific type of electric thruster. Both ion and Hall thrusters
require the intake system to maximize pressure recovery and mass flow rate while min-
imizing aerodynamic drag. Therefore, the intake aspect ratio (χ), compression ratio (G),
and the ratio of the thruster cross-sectional area to intake area (η) were selected as the
key parameters for evaluating the intake performance. The geometry is determined by
six parameters: the satellite core radius R1; the satellite outer radius R2, which denotes
the outer radius of the satellite and was varied as 1.1 m, 1.2 m, and 1.4 m, corresponding
to intake aspect ratios (χ) of 20, 10, and 5, respectively; the satellite back panel radius R3,
the air intake duct length L1, the distance L2 between the satellite core and the satellite
back panel, and the reflector half-angle θ. For this paper, the selected values are R1 = 1
m, L1 = 2 m, L2 = 0.2 m, R3 = 0.8 m, and θ = 45◦. The Hall thruster is mounted on the
satellite’s rear panel. The following equations represent the key geometric and performance
parameters used to evaluate the proposed intake system:

χ =
L1

R2 − R1
(8)

η =

π
4

(
D0

2 − Di
2
)

π
(

R2
2 − R1

2
) (9)

G =
Pc

P0
(10)

Figure 4. Geometric model of an atmospheric intake Hall thruster.

Here, D0 and Di are the outer and inner diameters of the Hall thruster, respectively;
PC is the pressure in the discharge chamber, χ is the geometric ratio representing intake
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duct slenderness, η is the ratio of thruster cross-sectional area to intake area, S is the scaling
factor used for geometric reduction, and P0 is atmospheric pressure. Therefore, the ratio of
the Hall thruster cross-sectional area to the intake area is varied in the simulations. Due
to computational limitations, the baseline simulations were conducted using a 1/20-scale
model. Geometric scaling reduces the characteristic length of the intake and consequently
increases the Knudsen number under identical atmospheric conditions. However, because
this paper focuses on the relative effects of intake geometry on pressure recovery, mass
flow rate, and aerodynamic drag in the rarefied flow regime, the key performance trends
are preserved. A 1/100-scale model was additionally analyzed to assess the sensitivity of
the simulation results to geometric scaling and to support extrapolation to the full-scale
configuration. In addition, a 1/100-scale model was analyzed to investigate the influence of
geometric scaling on the simulation results. In the numerical analysis, the pressure Pc [Pa],
compression ratio G, the mass flow rate J [mg/s], and the atmospheric drag D [mN] of the
satellite within the Hall thruster discharge chamber are output to evaluate the performance
of the air intake section [11,40].

2.4. Simulation Conditions

Previous studies have shown that atmospheric-intake electric propulsion systems are
most effective at orbital altitudes of 150–200 km [41]. Solar activity affects atmospheric
density at a given altitude. Therefore, an orbital altitude of 180 km is assumed with
atmospheric conditions corresponding to average solar activity (F10.7 = 329) based on the
MSISE-90 model [42]. In the DSMC simulation, each sample particle represents 107 real
particles with the VHS model assigned as the default for molecular collision detection in
the DSMCFoam solver. The flow velocity was set to 7.8 × 103 m/s, which is the same as the
orbital speed of a satellite.

The atmospheric composition was assumed to consist of N2, O, and O2, which together
account for approximately 99.4% of the atmosphere at the considered altitude. Chemical
reactions were neglected. For gas–surface interactions, the Specular Reflection model was
employed, whereby particles reflect specularly from the wall surface. The environmental
conditions at an altitude of 180 km for this paper are given in Table 5, and the DSMC
simulation conditions used in this paper are shown in Table 6. The atmospheric pressure
at 180 km is approximately 1.80 × 10−4 Pa, requiring significant compression for thruster
operation [43–45].

Table 5. Environmental conditions at an altitude of 180 km.

Chemical Species N2 O2 O

Volume Fraction (%) 51.4 45.9 2.7

Density [kg/m3] 5.51 × 10−1 1.8 × 10−4 -

Pressure [Pa] - - -

Flow Speed [m/s] 7.8 × 10−3 - -

Temperature [K] 877.67 - -

The boundary conditions used in the DSMC simulation are presented in Figure 5. The
inlet is defined as a free-stream condition, the outlet is set as the outflow boundary, and the
solid surfaces are treated as wall boundaries.

To minimize boundary effects, the computational domain was extended axially by
100 mm in both the upstream and downstream directions, while the radial extent was set
to 200 mm in diameter [46,47].
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Table 6. Computational conditions.

Description Value

Number of real particles represented per reference particle 1.0 × 107 particles
Model when particles collide with the wall Specular Reflection

Time step 1.0 × 10−9 s
Cell shape Quadratic

Maximum mesh size 0.002 mm
Minimum mesh size 0.0015 mm

Mesh size around the wall 0.0005 mm
Mesh size around the Hall-Slats 0.25 mm

 

Figure 5. Boundary conditions for DSMC simulation.

3. Results
3.1. Experimental Results

Using THT-VI, operational tests were conducted with the propellant changed to air.
The air used had a molar ratio of 80% nitrogen and 20% oxygen. The air operation results
confirmed stable operation similar to that observed during nitrogen operation. Compared
to nitrogen operation, higher propulsion performance was achieved during air operation.
At a mass flow rate of 1.5 mg/s and a discharge voltage of 250 V, a thrust of 20.79 mN,
a maximum specific impulse of 1413 s, and a maximum jet velocity of 13.86 km/s were
achieved. This improvement is attributed to the lower ionization energy and higher atomic
mass of oxygen.

Furthermore, additional experiments were conducted, including a high-voltage range
of 150–350 V to enhance propulsion performance. As a result, we recorded a thrust of
41.89 mN, a maximum specific impulse of 2847 s, and a maximum jet velocity of 27.93 km/s.
The results for THT-VI operation in air are shown in Figure 6, and those for operation
including the high-voltage range are shown in Figure 7.

The experiments were conducted to establish the operating requirements of the Hall
thruster under air propellant conditions rather than to reproduce the VLEO environment.
The experimentally determined mass flow rate of 1.5 mg/s and the corresponding propul-
sion performance metrics were used as reference values for the DSMC intake simulations to
assess whether the proposed intake system could sustain Hall thruster operation in VLEO.
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(a)  (b) 

   
(c)  (d) 

Figure 6. Operational results of THT-VI operating with air propellant: (a) photograph at 200 V,
(b) thrust versus discharge voltage, (c) specific impulse versus discharge voltage, and (d) exhaust
plasma velocity versus discharge voltage.

 
 

(a)  (b) 

   
(c)  (d) 

Figure 7. Operational results of THT-VI with air propellant including the high-voltage operating
range: (a) photograph at 300 V, (b) thrust versus discharge voltage, (c) specific impulse versus
discharge voltage, and (d) exhaust plasma velocity versus discharge voltage.
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3.2. Computational Results
3.2.1. Verification of Simulation

To verify the DSMC implementation, the present simulations were compared with
the atmospheric-intake model reported in ref. [39], which employed the RARAC-3D code.
Although a different DSMC solver (DSMCFoam) was used in this paper, the same intake
geometry, operating conditions, and performance metrics were adopted to enable a direct
comparison. Agreement in the predicted discharge chamber pressure and compression
ratio demonstrates the reliability of the present numerical approach.

Figure 8 shows the results of pressure Pc and the resulting compression ratio G when
the aspect ratio χ of the air intake duct is varied, as obtained from simulations using the
RARAC-3D code in the prior study [39] and the DSMCFoam code in this paper. R2 is set to
1.1 m, 1.2 m, and 1.4 m to vary the aspect ratio of the air intake duct. In this case, χ becomes
20, 10, and 5, respectively. The condition η = 0 is used for consistency. The pressure at the
center of the satellite’s rear panel is output as the discharge chamber pressure. The results
demonstrate strong quantitative agreement between the two simulations, confirming the
reliability of the present DSMC implementation.

Figure 8. Discharge chamber pressure (right axis) and compression ratio (left axis) versus intake
aspect ratio at 180 km altitude for a null cross-sectional ratio (η = 0).

3.2.2. Effect of Air Intake Duct Aspect Ratio

The reference condition is defined as η = 0.05 at χ = 10 as the reference condition
while keeping the Hall thruster scale fixed and varying the aspect ratio χ to 5 and 20. The
pressure distribution for each aspect ratio is shown in Figure 9, and the velocity distribution
is shown in Figure 10. Additionally, Figure 11 shows the pressure and mass flow rate in the
discharge chamber as the air intake duct aspect ratio χ is varied, and Figure 12 shows the
atmospheric drag on the satellite.

Figure 9. Pressure distribution for various air intake duct aspect ratios.
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Figure 10. Velocity distribution for various air intake duct aspect ratios.

Figure 11. Pressure versus mass flow rate for various air intake duct aspect ratios.

Figure 12. Air resistance versus air intake duct aspect ratio.

Increasing χ narrows the intake duct, reducing particle backflow and increasing
the pressure near the Hall thruster inlet, as shown in Figure 9. However, the reduced
intake area decreases the captured mass flow rate and lowers atmospheric drag. The
corresponding quantitative variations in discharge chamber pressure, mass flow rate, and
drag are presented in Figures 11 and 12.

3.2.3. Effect of Area Ratio on Air Intake Performance

To investigate the effect of the ratio of the Hall thruster’s cross-sectional area to the
air intake area on performance, simulations were performed for η = 0.02, 0.05, and 0.1 at
χ = 10. The pressure distribution for each Hall thruster cross-sectional area ratio relative to
the air intake area is shown in Figure 13, and the velocity distribution is shown in Figure 14.
Figure 15 shows the discharge chamber pressure and mass flow rate, and Figure 16 shows
the atmospheric drag.
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Figure 13. Pressure distribution for varying cross-sectional area ratio.

 

Figure 14. Velocity distribution for varying cross-sectional area ratio.

Figure 15. Discharge chamber pressure and mass flow rate vs. cross-sectional area ratio.

Figure 16. Atmospheric drag variation with cross-sectional area ratio.

As η decreases, the intake area relative to the Hall thruster cross-sectional area in-
creases, resulting in higher pressure and mass flow rate near the Hall thruster inlet, as
shown in Figure 13. However, the larger intake area also increases atmospheric drag. The
quantitative relationships between η and the resulting pressure, mass flow rate, and drag
are summarized in Figures 15 and 16.
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3.2.4. Effect of Geometric Scaling on Air Intake Performance

The model dimensions for analysis were reduced to 1/20. To evaluate the influence
of geometric scaling on the simulation results, an additional 1/100-scale model was also
considered. A reference model consisting of a satellite rear panel χ = 10 and η = 0 without
a Hall thruster was considered. Figure 17 shows the pressure distributions for the 1/20-
and 1/100-scale models. The velocity distributions are displayed in Figure 18.

Figure 17. Pressure distribution at an altitude of 180 km for η = 0 and χ = 10: (a) 1/20-scale model
and (b) 1/100-scale model.

Figure 18. Velocity distribution at an altitude of 180 km for η = 0 and χ = 10: (a) 1/20-scale model
and (b) 1/100-scale model.

The atmospheric drag on the satellite is described by the following equation, where
ρ is the density of the atmosphere, v is the velocity of the satellite relative to that of the
atmospheric surrounding it, and CD is a drag coefficient specific to that body:

D =
1
2

ρv2CDπR2
2 (11)

From Equation (11), the atmospheric drag D of a satellite is proportional to the square
of the satellite’s outer radius R2, provided the satellite shape remains the same, which
is consistent with the results of this simulation. The two scales’ pressure and velocity
distributions do not significantly differ from one another. It was concluded that the impact
of a change in model dimensions on the simulation results is small. And the atmospheric
drag D is 1.03 mN for the 1/20 scale and 4.12 × 10−2 mN for the 1/100 scale.

3.3. Simulation Using the Optimized Model

The effects of intake aspect ratio and cross-sectional area ratio on atmospheric drag,
mass flow rate, and discharge chamber pressure were verified based on prior simulations.

The intake achieved pressures in the range of 10−3 Pa to 10−1 Pa, which was consistent
with Hall thruster operation. The required mass flow rate of 1.5 mg/s was not achieved.
This restriction is explained by the intake shape used in ion thruster designs [39]. Therefore,

https://doi.org/10.3390/aerospace13070589

https://doi.org/10.3390/aerospace13070589


Aerospace 2026, 13, 589 15 of 22

improved intake geometries were investigated. A list of the improved model shapes is
shown in Figure 19. The modified geometries were selected to investigate design strategies
for improving intake performance while maintaining low atmospheric drag. Specifically,
the proposed modifications target enhanced pressure recovery, reduced particle backflow,
lower flow losses, and improved particle transmission toward the Hall thruster inlet.
Models A–F represent systematic variations in the shock cone configuration, duct length,
downstream volume, and outer wall geometry to evaluate the influence of these parameters
on the mass flow rate, discharge chamber pressure, and atmospheric drag.

 

 

Figure 19. Schematic illustrations of the improved intake geometries (Models A–F) used for perfor-
mance evaluation.

Different intake alterations, such as changes in base geometry, shock cone design, duct
length, and outer wall expansion, are shown by models A–F (Figure 19). The models are
mainly based on χ = 10, while some situations are extended to χ = 5. Pressure and velocity
distributions are shown in Figures 20 and 21, while discharge chamber properties and
atmospheric drag are presented in Figures 22 and 23.
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Figure 20. Pressure distributions for each modified model geometry.

While certain designs also decreased air drag, several modified models outperformed
the baseline configuration in terms of mass flow rates. The discharge chamber pressure and
mass flow rate rose as the downstream volume was reduced. While Model F demonstrated
little improvement and increased drag, Model C’s shock cone modification reduced drag
by about 10%. The mass flow rate rose as χ was reduced, but drag also increased.

Overall, Model E-2 exhibited the best performance. The differences among Models A–F
are mainly governed by particle transmission efficiency and pressure recovery within the
intake duct. Geometries with reduced downstream volume and smoother area transitions
improved particle confinement, resulting in a higher discharge chamber pressure and
mass flow rate, whereas abrupt geometric changes increased the particle backflow and
flow losses. Compared with atmospheric-intake ion engines [39], Hall thrusters require
a significantly higher propellant mass flow rate (1.5 mg/s), making particle capture and
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transmission the primary design considerations. Owing to its progressive area transition,
Model E-2 reduced drag to 20.04 mN (~13% reduction) and increased the mass flow rate
to 0.298 mg/s (~7.5 times higher than the baseline). Nevertheless, the required operating
mass flow rate of 1.5 mg/s was not achieved. Since the atmospheric drag remains lower
than the experimentally measured thrust, further increasing the intake area based on the
E-2 geometry may provide additional improvements in mass flow rate.

 

 

 

 

Figure 21. Velocity distributions for each modified model geometry.
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Figure 22. Pressure and mass flow rate of the improved model.
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Figure 23. Atmospheric resistance of the improved model.

4. Challenges and Limitations
4.1. Summary of Simulation Results

The impact of the intake aspect ratio and cross-sectional area ratio on the discharge
chamber pressure, mass flow rate, and atmospheric drag was verified by numerical analysis.
Compression in the 10−3 Pa to 10−1 Pa range was made possible by the intake. Neverthe-
less, the necessary propellant mass flow rate of 1.5 mg/s was not attained even with the
upgraded model.

Based on the simulation results, a moderate intake aspect ratio and a larger intake area
are recommended to improve particle capture and pressure recovery. In addition, intake
geometries with smooth flow transitions, such as the E-2 configuration, can significantly
enhance the mass flow rate while reducing aerodynamic drag. These findings provide
useful design guidelines for future atmosphere-breathing Hall thruster systems operating
in VLEO. Although the required operating mass flow rate of 1.5 mg/s was not achieved,
the optimized E-2 geometry increased the mass flow rate by approximately 7.5 times
compared with the baseline configuration. Further optimization through larger intake areas
and full-scale simulations was not investigated in this paper because of the substantial
computational cost associated with high-fidelity DSMC simulations.
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4.2. Challenges and Future Improvement Strategies

Due to computational limitations, the mesh resolution and number of sample particles
were restricted, which may affect the quantitative accuracy of the simulation results, partic-
ularly in predicting detailed particle interactions and local flow behavior within the intake.
Increasing the mesh density and particle count in future studies would improve numerical
accuracy, although this would require significantly greater computational resources.

In addition to improving numerical resolution, structural modifications to the intake
geometry may further enhance performance. One promising approach is to incorporate a
lattice structure in the intake section [11]. Such a structure can suppress particle backflow
while preserving the effective intake area, thereby improving the compression efficiency
and increasing the mass flow rate without significantly increasing aerodynamic drag.
Figure 24 illustrates the conceptual configuration of a lattice structure inside the air intake.
Although this concept was not directly simulated in this paper, it represents a potential
direction for future intake design optimization.

Figure 24. Concept of the lattice structure installed in the air intake section [11].

5. Conclusions
With a focus on Hall thrusters as atmospheric compensation devices, this paper

examined the feasibility of atmospheric-intake electric propulsion for long-term orbit main-
tenance in VLEO. Experimental tests demonstrated stable Hall thruster operation with
nitrogen and air propellants, while DSMC simulations were used to evaluate the capability
of the atmospheric intake system to supply the required propellant under VLEO conditions.
The measured exhaust velocities exceeded the orbital velocity in all tested operating con-
ditions. The ability to meet drag compensation requirements was partially demonstrated
by achieving specific impulses exceeding 2500 s under high-voltage operating conditions.
Numerical simulations revealed the influence of intake geometry on pressure recovery,
mass flow rate, and aerodynamic drag. Although the intake achieved discharge chamber
pressures within the required range of 10−3–10−1 Pa, the required intake mass flow rate of
1.5 mg/s was not achieved even with the optimized geometry. A comparison between the
experimentally measured thrust and the simulated aerodynamic drag indicates that the
available propulsion performance is sufficient to overcome the predicted drag under certain
operating conditions. Specifically, the maximum measured thrust of 41.89 mN exceeded
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the minimum simulated drag of 20.04 mN obtained for the optimized E-2 intake geometry.
These results indicate that intake performance, rather than thruster capability, remains the
primary limitation for sustained VLEO operation. Further studies should therefore focus
on optimizing intake and spacecraft design to increase propellant capture efficiency.
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