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Abstract

The aerodynamic drag of a 1U CubeSat at various Very Low Earth Orbit (VLEO) altitudes and conditions have been investigated util-
ising an in-house Boltzmann-BGK solver. This region of space has numerous benefits, however significant drag can lead to short satellite
lifespans. The analyses focus on determining drag coefficients, as well as absolute drag values. Flow fields are illustrated. Monoatomic
oxygen number density ratios on exposed surfaces were presented to help guide corrosion analysis. Material properties for satellite surface
coatings have been analysed, including drag reduction performance. All atmospheric parameters were sourced from NASA’s NRLMSIS
2.0 atmospheric model. Altitudes investigated range from 50 km to 500 km. Periods of solar minima and maxima, seasonal variances and
local day/night cases were investigated. Drag coefficients were evaluated and compared with corresponding Knudsen numbers. Although
there are significant variations of the drag coefficient (Cp) at very low altitudes, higher altitudes produced consistent values. Two CubeSat
geometric orientations were studied, one settled to a consistent Cp of around 1.24 for higher altitudes, while the other case settled to a Cp
of 1.60. The material property of specularlity was found to have a considerable impact on drag coefficients — altering this parameter could
lead to significantly higher drag coefficients, in some cases exceeding values of 2.0. The drag coefficients computed can be coupled with
other existing models to determine satellite lifespan, as well as to estimate expected drag at various orbital altitudes. This will be insightful
for determining thrust values of drag compensation systems, serving to extend the lifespan of VLEO operating satellites.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction maximum altitude of high-altitude weather balloons,

granting access to regions of the atmosphere only currently

Very low Earth orbits (VLEO) are desirable regions for
satellite operations for numerous reasons. Benefits include
significantly improved pixel resolution of Earth observa-
tion instruments, exponentially reduced link budgets,
end-of-life passive de-orbiting and a reduced orbital inser-
tion altitude, effectively increasing launch vehicle payload
mass — typically measured in $/kg to a higher altitude,
stable low Earth orbit (Roberts, 2021). Additionally,
VLEO allows for direct atmospheric sampling, above the
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accessible to short duration sounding rockets (Burth et al,
2023). Such regions of the upper mesosphere/lower ther-
mosphere are undergoing climatic change (Cnossen, 2022).

The main engineering challenges of these regions are sig-
nificant atmospheric drag. This results in rapid orbital
decay, leading to very short satellite lifespan. Additionally,
the number density of corrosive monoatomic oxygen is
orders of magnitude higher than at higher altitude, stable
orbits (Banks et al, 2019).

The focus of this work was to determine drag values and
coefficients for sizing thrust values of a novel electric
propulsion system. Compensating drag effectively counters
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orbital decay — allowing a stable orbit at altitudes that a
satellite without propulsion would rapidly deorbit in. This
has been demonstrated most effectively by JAXA’s Super
Low Altitude Test Satellite (SLATS), achieving a world
record circular orbit of 167.4 km, for seven days, by com-
pensating drag (JAXA, 2019, Kawasaki et al 2018). Cube-
Sats are an attractive option for sampling altitudes even
lower than this, due to their typically cheaper cost and
shorter life span. This allows more insight when designing
larger satellites, which require significantly more financial
investment.

The results outlined within this paper were generated
using an in-house Boltzmann-BGK rarefied gas solver
(Evans et al, 2011, Evans and Walton, 2017, Evans 2018,
Evans et al, 2019). The input data was sourced from
NASA’s NRLMSIS2.0 atmospheric model (Emmert et al,
2021, NASA, 2021). The default case was in a period of
medium solar irradiance, 45° latitude (April 1st, 1970).
This was used as a baseline case. Other variables were also
investigated. This includes periods of solar minima and
maxima, local day/night and local winter/summer. Lati-
tudes of 0° and 90° were also evaluated. Studies evaluated
the drag force, which was then used to determine two-
dimensional drag coefficients and extrapolating to the
three-dimensional drag force of a 1U CubeSat. Both on-
axis and off-axis geometric orientations were studied.

To the authors best knowledge, this is the first work
characterising drag coefficients of 1U CubeSats utilising a
Boltzmann-BGK approach. A similar model has been
applied to study re-entry conditions of a spherical space-
craft, as well as a re-entry capsule shaped geometry (Li
and Zhang, 2009). That model showed strong agreement
between computed results and experimental data, with
the largest difference in computed drag coefficient being
5%, although typically the results were accurate to within
2% of the experimental data. Other Boltzmann-BGK mod-
els exist, including another investigation of a hypersonic re-
entry cylinder’s flow fields, but did not compute drag coef-
ficients (Baranger et al, 2020). Another studied low density
nozzle performances (Deng et al, 1995).

The Boltzmann-BGK approach was used to build upon
previous experience within the research group, after multi-
ple successful implementations of the solver in a wide range
of applications. The solver has been previously validated
with comparisons to other computational methods, such
as molecular dynamics simulations, as well as analytical
solutions (Evans, 2018, Evans et al, 2011, Evans et al 2008).

In existing literature, Direct Simulation Monte Carlo
(DSMC) is the most common approach for computation-
ally investigating CubeSat drag (Marin-Cebridan et al,
2019, Groesbeck et al, 2019, Sheridan et al, 2022). More
detail is provided in Section 3.4, however employing a
Boltzmann-BGK method is intended to complement exist-
ing drag predictions obtained via other methods. This aims
to broaden the number of methods used in CubeSat drag
estimates, acting as an alternative solution to DSMC,
rather than a replacement.
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2. Methodology
2.1. Background of model

The Boltzmann-BGK solver used in the studies has been
in development since 2008 (Evans et al, 2008). For a com-
plete breakdown of each algorithmic process, the reader is
advised to refer to the previous publications of this model
(Evans et al, 2011, Evans and Walton, 2017, Evans 2018,
Evans et al, 2019). In the interest of conciseness, a sum-
marised view of the solver will be described in this paper,
condensed from previous works. The algorithm has previ-
ously been extensively described in multiple computational
journals, so this paper focuses on the application specific
results.

The atmospheric conditions of VLEO are considerably
different from that of sea level. This is due to the many
orders of magnitude lower mass density of the free stream.
Classical aerodynamic models (such as Navier-Stokes)
treat air as a continuous medium. This method relies on
a very high rate of collisions between the atmosphere’s con-
stituent particles, which coalesce into familiar macroscopic
phenomena, such as viscosity. At low densities, the physical
distance between each particle is high. Thus, for a given
temperature (a measure of the particles’ average velocity),
the rate of collisions is lower for a lower density fluid
(Chapman and Cowling, 1990). This concept is denoted
as the Mean Free Path (MFP) of a particle — the average
distance a particle will travel before colliding with another.
The larger the MFP, the lower the rate of collision events
occur. Equation (1) describes the MFP of a fluid.

kT

)\, ==
V2nd*P

(1)

where A is the MFP, kj is the Boltzmann constant, 7T is the
free stream temperature, d is the diameter of the particle
and P is free stream pressure. The dimensionless Knudsen
number (Kn) is used to describe how a fluid may behave. It
is defined as the ratio of the MFP to the reference length of
the flow (Kn = A/L). Where L is that length. As this paper
focuses on 1U CubeSats, the reference length for all studies
was 0.1 m. This is the side length of all standard 1U Cube-
Sats. Fig. 1 shows which modelling approach may be used
for a corresponding Kn value of a fluid flow problem.
Although the upper atmosphere is a dynamic region,
subject to change from differing conditions (particularly
the intensity of solar activity), the Knudsen number of a
value equal to 1 was found at an altitude of 98 km for
the default cases — just below the Karman line. At this alti-
tude, temperature was 181.6 K, pressure was 0.043 Pa and
average molecular diameter was 3.51E-10 m, sourced from
NRLMSIS 2.0 (Emmert et al, 2021). As such, all feasible
orbital pathways studied (which receive acceptable levels
of drag and thermal heating) have a Kn value greater than
1.0. Therefore, all continuum methods are invalid, and a
Boltzmann approach is utilised. As Kn <« 100 for some
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Fig. 1. The Knudsen Regime (Evans and Walton, 2017).

studies (as low as 9.0), the collisions of particles were
included for all studies.

2.2. The BGK simplification to the Boltzmann approach

The full Boltzmann equation is as follows:

onf) onf)  ponf) 1
5 ¢ g tF . =5, VS (2)

where n is the number density of particles, /' = f(r, ¢, ¢) is
the distribution function, F describes all forces in the
system (neglecting electrostatic forces for this purely aero-
dynamic model), and ¢ is the molecular velocity vector.
O(f, /) accounts for molecular collisions and is inherently
complex (Harris, 1971). This complexity requires the need
of simplification when modelling non-trivial applications,
allowing simulations to be resolved with acceptable compu-
tational resource. The simplification of choice for the solver
used for this paper is the Bhatnagar, Gross and Krook
(BGK) assumption (Bhatnagar et al, 1954). The resulting
Boltzmann-BGK equation becomes:

WD) Q) )y nf) ) )

where v(r, ?) is a term proportional to particle collision fre-
quency and £, is the local Maxwellian equilibrium distribu-
tion function:

+F

3

10 = (£5) e (- - )

where ¢, is the bulk velocity of the flow and
p = +/m/(2ksT), where m is molecular mass. This simplifi-
cation is significantly computationally cheaper to perform
when compared to the unmodified Boltzmann equation.

4)

2.3. Discretisation of the simulated domain

The domain is discretised in both the physical space, as
well as velocity space. This is due to the velocity distribu-
tion function encompassing both these domains. The phys-
ical space, €,, is discretised into discontinuous,
unstructured and triangular elements. The discontinuity
allows for phenomena such as shock waves to be observed.
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This solver is in two dimensions of physical space. Addi-
tionally, the velocity space domain is also discretised.
Although theoretically this velocity space would encom-
pass up to light speed, no particles are expected to
approach close to relativistic velocities. As such, an upper
limit was placed on the velocity space, r,. For this work,
that value was set to 13,000 ms™", nearly double the free
stream. A previous publication of this solver, analysing a
hypersonic re-entry vehicle (exhibiting similar free stream
parameters), found this level to be representative (Evans
and Walton, 2017). Despite an artificial limit placed on
maximum particle velocity, this assumption (saving signifi-
cant computational expense) has negligible effect on total
bulk flow properties, as any particles travelling faster than
this limit are a very insignificant fraction compared to the
bulk. Fig. 2 depicts the discretised physical and velocity
spaces.

Further detail into the governing equations, Lobatto
quadrature weighting scheme, discontinuous Taylor-
Galerkin approach, inflow and outflow methods, as well
as boundary condition applications can be found in the
previous publications in computational journals (Evans
et al, 2011, Evans and Walton, 2017, Evans 2018, Evans
et al, 2019).

2.4. Computational domain

The chosen domain size was 1 m x 1 m, so that the 0.
I m x 0. m CubeSat was occupying 1% of the total
domain’s area. Due to the relatively low number of particle
collisions, the free stream parameters at the edge of the
domain were almost always near identical to the input free
stream properties. This was due to the lack of collisions
reducing the ability of perturbations to propagate far from
the geometry. With a higher altitude, collisions become less
frequent, so this becomes more pronounced. Fig. 3 illus-
trates the mesh used for these studies, increasing in detail,
from the whole domain to the boundary layers.

All cases were conducted on an in-house high-
performance computing cluster, using 160 cores per simula-
tion. High order parallelisation was utilised, as described in
previous works (Evans et al, 2019). The algorithm is itera-
tive, and all cases were run until drag values converged to
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Fig. 2. Simulated Domain. (a) Discontinuous, unstructured, triangular elements for the discretisation of physical space. (b) Velocity space domain. (Evans

and Walton, 2017).

Fig. 3. Physical space mesh for the 1U CubeSat, on-axis case: (a) full domain, (b) CubeSat geometry, (c) boundary layers.

steady state (four significant figures). Run times were typi-
cally around 48 h. Output values were post-processed using
Ensight, a visualisation software.

2.5. Modifying the free stream composition and molecular
wall reflection parameter

The primary differences between the studies conducted
for this paper, versus previous publications, was the vary-
ing composition of the free stream atmosphere, modelling
various molar fractions of the expected free stream molec-
ular species. Parameters such as number density, tempera-
ture and pressure were sourced from NRLMSIS 2.0, and a
simple circular orbit velocity computation was used for free
stream velocity (Emmert et al, 2021). The equation for this

velocity is v = /GM /r, where G is the gravitational con-
stant, M is the mass of Earth, and r is the radius of the cir-
cular orbit. The parameter for molecular diameter, d, was
input on every study. This was calculated as an average
value, based upon the corresponding case’s molar fractions
of each type of molecule’s individual diameter. The average
molar mass (again utilising the known molar fractions of
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each case) was also input, with units of daltons. This
allowed for calculating the specific gas constant, R, for each
case too.

Monoatomic oxygen number densities were evaluated
using Ensight. Number densities of these species were com-
puted for the exposed surfaces of the CubeSat. The leading
edge produced the highest number densities — they were
evaluated as a multiple of free stream monoatomic oxygen
number density.

As incident particles impact the walls of the spacecraft,
they are reflected. This reflection can be treated as either
specular or diffuse. Specular reflection occurs when the
angle of reflection is equal to the angle of incidence,
whereas in diffuse reflection, the angle of reflection differs
from the angle of incidence. Fig. 4 shows these two
interactions.

A critical parameter in the algorithm is the molecular
wall reflection parameter, o, which describes the fraction
of molecules that are specularly reflected versus diffusely
reflected. This value was set to 0.9 for the default cases.
This means that 90% of the molecules were modelled as
reflecting specularly, whereas the other 10% were reflected
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Fig. 4. Specular Deflection (Blue) versus Diffuse Reflection (Red)
(Bahmani and Nazif, 2019).

diffusely. This ratio was found to be most representative for
previous studies that the model had been applied to.

Despite this — there are many coatings that exist or are
under development for satellite surfaces, to increase the
fraction of molecules that are specularly reflected. This
reduces drag and crucially, helps reduce monoatomic oxy-
gen corrosion (Banks et al, 2019). As such, a case study was
also conducted — varying o by increments of 0.1, from 0.1
to 0.9. A best-case scenario of o = 0.99 was also conducted.
This will allow for satellite surface coatings with a known o
to be compared with the simulation results, as a guideline
for the impact of how much a specific coating’s o may affect
drag and monoatomic oxygen corrosion.

3. Results and discussion
3.1. Default case and atmospheric composition

The chosen default case was 1st April, 00:00, 1970. Lat-
itude 45° and longitude 180°. This date was chosen to sat-
isfy several conditions. Firstly, the year corresponded to a
period of medium solar irradiance. This allowed for the
solar minima/maxima to be referenced to the mid-case.
The same principle was applied to the month, being neither
local summer, nor winter. Again, these seasonal variances
were investigated, with April being a chosen mid-ground.
The period of midnight was also used for the default case.
This is because the influence of charged particles from solar
wind is reduced. As this is a purely aerodynamic model, the
effects of plasma were not considered. As such, the default
case was conducted during night, to reduce these unsimu-
lated influences. The latitude of 45° was again consistent
as neither being an equatorial nor polar extreme. Those
locations were also simulated. The longitude was arbitrar-
ily chosen as 180°. This corresponds with a position north
of the centre of the Pacific Ocean, which may help reduce
any effects that could be caused by mountainous
topography.
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Using the NRLMSIS 2.0 data table, molar components
of the atmosphere were recorded, as well as number den-
sity, temperature and mass density. Pressure was also cal-
culated using the ideal gas law, utilising the average
molar mass (Emmert et al, 2021). Fig. 5 is an illustration
of how molar fractions of the atmosphere change with alti-
tude. This is for the default case, altitudes from 0 km to
700 km.

N2 is for diatomic nitrogen molecules, O2 is diatomic
oxygen, N1 represents monoatomic nitrogen, O1 is monoa-
tomic oxygen, He are helium atoms and Ar are argon
atoms. Finally, H1 represents monoatomic hydrogen. At
altitudes above 100 km, monoatomic oxygen becomes a
significant fraction. At altitudes above 190 km, it is the
most common species, being near total for altitudes corre-
sponding with 300 — 600 km.

Fig. 6 shows the mass density of the atmosphere versus
altitude for the default case, as well as the average molecu-
lar diameter of that altitude’s atmospheric composition.

Despite being a very low density when compared with
lower altitudes, drag is still significant. As the aerodynamic
drag is governed by D = 0.5Cpp, v S, where D is drag, Cp
is the drag coefficient, p is atmospheric mass density, v, is
free stream velocity and S is frontal area (0.01 m” for the
1U CubeSat). Although for an altitude of 150 km, mass
density of the atmosphere is only 2E-9 kg m™, the orbital
velocity of a satellite, around 7800 ms~!, means that the
term pv? is on the order of 0.001. Therefore, drag values
for these altitudes were computed to be on the millinewton
level. For the default case, this altitude’s drag was com-
puted to be 0.7 mN. Assuming a circular orbit, this drag
would act constantly, resulting in impulses that would
require large amounts of propellant to compensate for a
sustained period of time. As such, cold gas or chemical
micro-propulsion systems designed for CubeSats would
be unsuitable, necessitating the need for higher specific
impulse electric propulsion units, such as ionic liquid elec-
trospray thrusters (Lemmer, 2017).

3.2. Flow fields and atomic oxygen ratios

The flow fields were visualised using Ensight at various
altitudes. Fig. 7 shows the distribution of the number den-
sity of the surrounding atmosphere of a 1U CubeSat in the
default case, of both the on-axis and off-axis cases.

At altitudes below 100 km, corresponding with the near-
continuum Knudsen regime, classical high-speed aerody-
namic phenomena can be observed, such as shockwaves.
At altitudes of 100 km and above, where the Knudsen
number is approximately one, these phenomena were no
longer present due to the too large mean free path. The
reduced particle collisions were the cause of this. The
reduced collisions result in the higher altitude cases having
a more one-dimensional distribution (along the direction of
travel). Very low number densities were observed in the
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Fig. 6. Average Molecular Diameter of Atmosphere, and Atmospheric Mass Density of Default Case, vs Altitude.

wake region of the higher altitude cases. There exists a cer-
tain ‘jaggedness’ in the wake regions of each case — previ-
ous work has established that this is connected to the
pattern of sampling points in the v-space discretisation,
i.e. they are not real flow phenomena (Evans et al, 2011).

Peak number densities were also recorded and compared
with free stream. The highest number densities occur at the
leading edges of the CubeSat. Typically, the distribution
was even across all leading surfaces, although absolute
maximum occurs at the centre of the leading face of the
on-axis case, and the same occurs for the protruding vertex
of the off-axis case. Fig. 8 shows the maximum observed
number density versus that of the free stream. It was
assumed that the ratio of these number densities equates
to the ratio of monoatomic oxygen particles. This would
allow more insight into the rate of corrosion at these
surfaces, as the density of oxygen is higher than the free
stream, although the molecular wall reflection parameter,
o (0.9 in the default cases) would also govern this.
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Fig. 9 illustrates how the number density increases
around the leading edges of the CubeSat. It is at 125 km
altitude for the default case, showing both the on and
off-axis cases.

As can be seen, the highest proportion of particles can
be found at the leading edges. There also exist regions
upstream of the CubeSat that have a higher density (on-
axis case), as well as regions of higher density protruding
perpendicular to the free stream (off-axis). The increased
number of particles in these regions was due to reflection
— particles that have already impacted the leading edges
and have been reflected in response to the geometric angles.

Velocity distributions were also visualised. Fig. 10 illus-
trates the velocity flow fields, as well as including vector
arrow to show local velocity directions. This was per-
formed for the default cases at altitudes of 125 km and
400 km (for both on and off-axis configurations).

For both on-axis cases, maximum velocity observed was
only slightly higher than the free stream. Stagnation occurs
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Fig. 7. Number Density (m~>) distribution of atmosphere around the 1U CubeSat (0.1 m side length). Off-axis cases on the left, On-Axis cases on the right.
All results are for the default case (1st April 1970 00:00, 45° lattitude, 180° longitude). Velocity equal to circular orbital velocity at each altitude. (a — b)
corresponds to an altitude of 50 km. (¢ —d) = 75 km, (e — f) = 100 km, (g — h) = 125 km, (i —j) = 250 km, (k — 1) = 400 km. Common palette levels for each
altitude between on and off-axis cases to allow direct comparison. Contour sublevels set to 1.
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axis case.

at the leading edge of the CubeSat, and a region of lower
velocity exists in front of the geometry. This correlates
strongly with the number density distribution. The wake
region exhibits a small stagnation point at its centre. The
regions surrounding this show regions of moderate veloc-
ity. For the off-axis cases, the maximum velocity is
observed in the wake regions. This velocity exceeds that
of the free stream. It is proposed that the regions of lower

Fig. 9. Linear Scale Used to Show Number Density Distribution of the
Leading Edges. Default Cases, 125 km.
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number density (close to the trailing surfaces) have an
influx of particles from the neighbouring regions of free
stream density, creating a gradient. Via propagation of col-
lisions, the free stream particles are accelerated from the
high-density regions to the low-density regions. This occurs
on both upper and lower trailing surfaces, and these local
velocities merge at the trailing vertex.

3.3. Drag computations and drag coefficients

As the solver is two-dimensional, all drag coefficients
were calculated using a reference length of 0.1 m (the typ-
ical length of a 1U CubeSat’s edge). Off-axis cases also used
this value for S to allow for intuitive comparisons of total
drag when compared to the on-axis cases.

The value of Cp, the drag coefficient for three-
dimensional analyses, was set to equal that of ¢;, and the
value of S for the three-dimensional cases was set to
0.01 m? corresponding to the two-dimensional frontal
area. Again, the same area value was used for the off-axis
cases’ Cp. Fig. 11 below shows how ¢, varied with altitude,
for both the on and off-axis cases, as well as compared to
the computed Knudsen number. Fig. 12 is provided of
the same results, giving a clearer picture of lower altitudes.

Although minor variations of ¢; occur, the on-axis cases
settle to a value of around 1.24, whereas the off-axis cases
tend towards a value of approximately 1.60. The larger
frontal area of the off-axis cases was responsible for this
at higher altitudes. The classical aerodynamic shape of
the off-axis cases produces less drag only at altitudes where
the atmospheric density was high enough to allow for near-
continuum flow — starting to produce more drag around
88 km altitude. At such a low altitude, all satellites would
experience unacceptably significant drag and thermal heat-
ing. As such, these altitudes were primarily computed to
test the validity of the models. The most varied regions
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Fig. 10. Velocity distribution and vector arrows for the default cases. (a) 125 km altitude. On-axis case. vy, = 7833 ms™, Upax = 7845 ms™, vy = 4.5 ms ™.

(b) 400 km altitude. On-axis case. vy, = 7673 ms™", Upar = 7710 ms™", v, = 7.4 ms‘l.(c) 125 km altitude. Off-axis case. 0o = 7833 mS ™', Uyax = 10416 ms™",

Opin = 206 ms™". (d) 400 km altitude. Off-axis case. v,, = 7673 ms™", Upar = 9781 ms™", v, = 195 ms~.

of ¢4 occur around 75 — 110 km altitude for the default  numbers, the computed drag remains consistent, so drag
case. This corresponds to a Knudsen number of 0.02 —  was no longer considered a function of Kn.

10.7, consistent with the transitional regime of near- Assuming the 3D drag coefficient, Cp, is equal to the
continuum to free molecular flow. Above these Knudsen two-dimensional coefficient, ¢,, the 3D drag can be com-
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Fig. 11. 2D Drag Coefficient vs Altitude of the Default Case. CD1 Represents the On-axis Cases, CD2 is the Off-axis Cases.
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Fig. 12. The Same Results as the Fig. 11 but Highlighting the Lower Altitude Regions of Interest.

puted, using the same cases’ free stream parameters. Fig. 13
displays the results.

The region between 100-200 km has a significant order
of magnitude difference in the drag values. At 100 km, this
was on the Newton level. At around 150 km, it was approx-
imately 1mN, and at 200 km, approximately 0.1 mN. At
500 km the drag was calculated to be on the micro-
Newton level, suggesting a relatively stable orbit and allow-
ing an uncompensated system to have a significant lifespan.
A high-specific impulse, low thrust electric propulsion sys-
tem, such as an ionic liquid electrospray micro-propulsion
unit (on the order of 10 uN per ~1 cm?® unit) could effec-
tively compensate drag for an altitude of about 350 km
(Jenkins et al, 2018). These units can be arrayed, allowing
for multiple micro-thrusters per CubeSat. An array consist-
ing of approximately ten of these units could supply a
thrust of around 0.1 mN. Thus, they could compensate
for drag at approximately 200 km. Although there would
be variations due to non-aerodynamic drag, wall reflection
parameter differences of the surfaces, and geographical/
temporal considerations (including periods of solar max-
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ima), the drag is exponential to a degree where the altitude
at which a thruster could compensate drag should be accu-
rate to approximately 25 km to the computed results.

If the CubeSat is approximated to have an average drag
coefficient equal to the average of the combined on-axis
and off-axis cases, then the ¢, would average at 1.42. This
is substantially lower than the typical 2.0 — 2.2 value used
for compact satellites, although large variance occurs in lit-
erature in both experimental and numerical models (Vries,
2010, Sun et al, 2021, Macario-Rojas, 2018, Murcia
Pineros et al, 2021). As this model only accounts for aero-
dynamic drag, the lower computed values therefore reflect
the non-aerodynamic drag a satellite also experiences,
including the effects of charged particles. Additionally,
the wall reflection parameter, o, of 0.9 may be an overesti-
mate of some satellites, although it is probable that any
satellites designed to operate in VLEO would have dedi-
cated coatings to help mitigate drag and reduce corrosion.
Therefore, a value of 0.9 was presumed more representative
of a CubeSat designed for operating in this harsher envi-
ronment. Section 3.4 details the influence of the molecular
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wall reflection parameter, including how altering its value
encompasses the typical ¢, range of 2.0-2.2.

3.4. Molecular wall reflection parameter studies

Multiple studies were conducted to evaluate the differ-
ence in ¢; computed for varying values of o. The values
of o were varied at 0.1 increments, from 0.1 to 0.99. This
was conducted for both the on-axis case and off-axis case
at altitudes of 125 km and 250 km. Fig. 14 shows the
results of these simulations.

26 [
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c 42 = CD2 250
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I
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© r
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Molecular Wall Reflection Parameter

Fig. 14. Impact of the Molecular Wall Reflection Parameter o on
Computed Drag Coefficients. CD1 Refers to a Drag Coefficient for the
On-axis Case, Whereas CD2 is the Off-axis Case. 125 and 250 are the
Altitudes Studied, in Kilometres.
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For the on-axis case, the drag coefficient decreases near
linearly as a function of a. A higher drag coefficient was
produced at a lower altitude, however these values con-
verge at an o value of approximately 0.9. For an o greater
than this, the drag coefficient was lower for the 125 km
case. For the off-axis cases, the function was more complex.
For both altitudes studied, peak drag coefficients occur at
an o value of approximately 0.2 — 0.25. It was unclear what
causes the decreased drag coefficients of this configuration
for a lower value of o, however it was likely caused by com-
plex collisional phenomena. At an o of approximately 0.5,
the drag coeflicient calculated was equivalent to an o of 0.1.
Both altitudes’ drag coefficient converges at an o of 0.6.
Any value of o higher than this causes the lowest drag coef-
ficient, which was near identical (independent of altitude).
Direct comparisons with other models, such as Direct Sim-
ulation Monte Carlo (DSMC) are challenging, due to the
strong influence the wall reflection parameter has on the
computed results. This parameter is specific to the
Boltzmann-BGK process, and differs to the similar con-
structs used by DSMC termed ‘accommodation coeffi-
cients’ — these were are also found to have a strong
influence on computed drag coefficients, however the
accommodation coefficients dictate particle reflections
more explicitly when compared with the wall reflection
parameter (Hall, 2011, Crisp et al, 2022).

3.5. Geographic and temporal case studies

To compare the effects of differing orbital conditions,
multiple studies were conducted. These include equatorial
and polar orbits, periods of maximum and minimum solar
irradiance, local winter/summer and local day (as opposed
to local night, as with the default case). Table 1 below
states the conditions of these cases.
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Summary of all geographic/temporal case studies, used to compare different conditions to the default cases. Used in Fig. 15.

Case Number Description

Default Case - Medium solar irradiance, midnight, 45 degrees latitude, 180 degrees longitude, Spring. (1st April 1970)

Maximum solar irradiance case, midnight, 0 degrees latitude, 180 degrees longitude, Spring. (1st April 1990)

Minimum solar irradiance case, midnight, 0 degrees latitude, 180 degrees longitude, Spring. (1st April 1986)

0

1 Default Case - 0 degrees latitude

2 Default Case - 90 degrees latitude

3

4 Maximum solar irradiance case - 45 degrees latitude
5 Maximum solar irradiance case - 90 degrees latitude
6

7 Minimum solar irradiance case - 45 degrees latitude
8 Minimum solar irradiance case - 90 degrees latitude
9 Default Case - Midday

10 Default Case - Midday, winter (1st Jan 1970)

11 Default Case - Midday, summer (1st July 1970)

These cases give an overview of differing geographic and
temporal conditions. This allows for different orbital path-
ways to be compared, as well as how the differing effects of
solar irradiance may affect drag values. Fig. 15 show the
calculated three-dimensional drag for these 11 cases. The
first figure is for an altitude of 110 km (considered to be
the absolute minimum altitude a propulsion enabled Cube-
Sat could complete a single orbit in). The second is for the
same cases but at an altitude of 200 km — considered an
achievable stable orbit for many orbital periods, assuming
adequate drag compensation and a high thruster specific
impulse. The secondary axes of both figures show the mass
density of the free stream, marked by a black X. The
default case’s drag computation is also illustrated with a
dashed orange line, for comparison.

Free stream mass density is determined by many com-
plex factors, including temperature and molar fractions
of constituent particles. As such, there was no clear corre-
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lation between each geographic case and expected density.
Typically, the period of solar maxima produced a higher
mass density. Despite this, a local winter usually produced
a higher density compared to a local summer. In general,
the equatorial positions were observed to have a higher
density compared to polar locations, although there were
outliers to this trend. A 45° latitude typically falls between
these two extremes, however that was not always a
certainty.

For the 110 km case, the lowest drag value is 78.0% of
the mean average of each case. The highest drag force
was 117.4% the average value. For the 200 km case, the
lowest value observed was 63.4% of the average drag force,
while the maximum drag recorded was 131.4%. The highest
drag value for both cases was Case 3 — an equatorial orbit
during a period of solar maxima. Despite large fluctuations
in absolute drag values, the drag coefficients remain signif-
icantly more consistent. For the 110 km case studies, the
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Fig. 15. Geographic Case Studies. Refer to Table | for Case Descriptions. Blue Bars Illustrate Drag (N). Black X’s Mark Mass Density of Freestream.
Orange Dashed Line Represents Default Case’s Drag. (a) Altitude 110 km. (b) Altitude 200 km.
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maximum cg was 100.57% the value of the average,
whereas the minimum cyq was 99.54%. For the 200 km
cases, a maximum value of 100.46% was found, and the
minimum was 99.09%.

Knudsen numbers of the 110 km cases were recorded as
being as low as 9.0 (Case 3). Coupled with the very consis-
tent drag coefficients, it was found that aerodynamic drag
coefficients were independent of geographic and temporal
conditions, for a given altitude. Despite this, free stream
mass density varies considerably, so absolute drag (and
therefore a drag-compensating propulsion system’s thrust
performances) must be evaluated, using the drag coeffi-
cients. It is also imperative to factor in the presence of
non-aerodynamic drag — a significantly higher number of
non-neutral species will be present during periods of solar
maxima, when compared with solar minima, for example.

4. Conclusion

A VLEO 1U CubeSat has been simulated using a
Boltzmann-BGK method for the first time. The computed
aerodynamic drag coefficients should allow for approxi-
mate and preliminary impulse calculations of any satellite’s
orbital trajectory. The coefficients can also be coupled with
existing models, to determine rate of decay of orbital alti-
tude (Vries, 2010). The primary focus of this work was to
evaluate drag values to design novel electric propulsion
thrusters to compensate for drag. This allows a stable orbit,
whereas a satellite lacking propulsion would quickly deor-
bit. Although circular orbital velocities were used in drag
coefficient calculations, the coefficient remains near-
constant above Knudsen numbers above approximately
10. Elliptical orbits have differing orbital velocities, but
their instantaneous drag values should be able to be com-
puted using the aerodynamic drag coefficient evaluations.
This allows for orbits with a close perigee (for highest res-
olution Earth observation) and a distant apogee (allowing
a large Dwell time for Earth observation). As such, the
drag coefficients should be able to estimate the total
impulse of an orbital period for circular and elliptical
orbits. Along with a propulsion system’s thrust perfor-
mance and specific impulse levels, this will determine if a
propulsion unit can effectively compensate for drag, as well
as determining the mass of propellant required to achieve
this for a given number of orbits, determined by design life.

As these studies only account for aerodynamic drag, it is
recommended to apply a safety factor if used for sizing
propulsion systems, to account for non-aerodynamic
forces, including solar winds. Additionally, the molecular
wall reflection parameter was shown to have a significant
effect on the drag coefficient. This emphasises how dedi-
cated drag reducing coatings may serve to substantially
increase satellite service life, as well as reducing the propel-
lant mass of drag compensation systems. Finally, monoa-
tomic number densities have been evaluated. It was
found that the number densities of the leading edges of
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the CubeSat were more than an order of magnitude higher
than the free stream — a finding which may help guide oxy-
gen corrosion analysis.
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