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Abstract
The Satellite for Orbital Aerodynamics Research (SOAR) is a 3U CubeSat mission that aims to investigate the gas–surface 
interactions (GSIs) of different materials in the very low Earth orbit environment (VLEO), i.e. below 450 km. Improving 
the understanding of these interactions is critical for the development of satellites that can operate sustainably at these lower 
orbital altitudes, with particular application to future Earth observation and communications missions. SOAR has been 
designed to perform the characterisation of the aerodynamic coefficients of four different materials at different angles of inci-
dence with respect to the flow and at different altitudes in the VLEO altitude range. Two conventional and erosion-resistant 
materials (borosilicate glass and sputter-coated gold) have first been selected to support the validation of the ground-based 
Rarefied Orbital Aerodynamics Research (ROAR) facility. Two further, novel materials have been selected for their potential 
to reduce the drag experienced in orbit whilst also remaining resistant to the detrimental effects of atomic oxygen erosion 
in VLEO. In this paper, the uncertainty associated with the experimental method for determining the aerodynamic coef-
ficients of satellite with different configurations of the test materials from on-orbit data is estimated for different assumed 
gas–surface interaction properties. The presented results indicate that for reducing surface accommodation coefficients the 
experimental uncertainty on the drag coefficient determination generally increases, a result of increased aerodynamic attitude 
perturbations. This effect is also exacerbated by the high atmospheric density at low orbital altitude (i.e. 200 km), resulting 
in high experimental uncertainty. Co-rotated steerable fin configurations are shown to provide generally lower experimental 
uncertainty than counter-rotated configurations, with the lowest uncertainties expected in the mid-VLEO altitudes ( ∼300 
km). For drag coefficient experiments, configurations with two fins oriented at 90◦ were found to allow the best differentia-
tion between surfaces with different GSI performance. In comparison, the determination of the lift coefficient is found to 
be improve as the altitude is reduced from 400 to 200 km. These experiments were also found to show the best expected 
performance in determining the GSI properties of different materials. SOAR was deployed into an orbit of 421 km × 415 
km with 51.6◦ inclination on 14 June 2021. This orbit will naturally decay allowing access to different altitudes over the 
lifetime of the mission. The results presented in this paper will be used to plan the experimental schedule for this mission 
and to maximise the scientific output.

Keywords  Very low Earth orbit (VLEO) · Orbital aerodynamics · Drag and lift coefficient · Gas–surface interactions 
(GSIs) · CubeSat

 *	 Nicholas H. Crisp 
	 nicholas.crisp@manchester.ac.uk

1	 The University of Manchester, Oxford Road, 
Manchester M13 9PL, UK

2	 GomSpace A/S, Langagervej 6, 9220 Aalborg East, Denmark
3	 Elecnor Deimos Satellite Systems, C/Francia 9, 

13500 Puertollano, Spain

4	 Institute of Space Systems (IRS), University of Stuttgart, 
Pfaffenwaldring 29, 70569 Stuttgart, Germany

5	 UPC-BarcelonaTECH, Colom 11, TR5, 08222 Terrassa, 
Spain

6	 Mullard Space Science Laboratory, University College 
London, Holmbury St. Mary, Dorking, Surrey RH5 6NT, UK

7	 Euroconsult, 86 Boulevard de Sébastopol, Paris, France

http://orcid.org/0000-0001-5942-4842
http://crossmark.crossref.org/dialog/?doi=10.1007/s12567-022-00434-3&domain=pdf


	 N. H. Crisp et al.

1 3

1  Introduction

A reduction in the operational orbit altitude of spacecraft 
has been linked to a number of benefits to their design, 
particularly for Earth observation (EO) [1] and com-
munications missions [2]. Interest in use of very low 
Earth orbits (VLEO), those below 450km in altitude, has 
recently grown correspondingly for such applications. 
However, critical challenges to the sustained operation of 
spacecraft in VLEO exist. Most importantly, the atmos-
phere is significantly denser in VLEO and increases with 
reducing altitude. The aerodynamic drag experienced by 
spacecraft in VLEO is therefore increased and the natural 
lifetime before de-orbit and demise is much shorter than 
from higher, traditional LEO altitudes. To increase the 
orbital lifetime, the experienced drag can be counteracted 
directly by thrust forces generated by a propulsion sys-
tem, i.e. drag compensation. Drag mitigation can also be 
performed with the aim of reducing the magnitude of the 
drag experienced, principally by considering the design of 
the geometry of the spacecraft and the interaction of the 
external surfaces with the oncoming atmospheric flow [3].

At VLEO altitudes the atmospheric density is many 
orders of magnitude lower than at the ground, as shown 
in Fig. 1, and is, therefore, highly rarefied. For such con-
ditions, the Knudsen number Kn, defined as the ratio 
between the mean free path of the atmospheric particles � 
and a characteristic length L, can be used to define the flow 
regime. For an orbiting spacecraft of a typical size, the 
Knudsen number is large ( Kn ≫ 10) and free-molecular 
flow (FMF) conditions apply, effectively meaning that the 
interactions between gas particles and the spacecraft sur-
faces are more frequent and of greater significance than 

interactions between the gas particles themselves, includ-
ing those reflected or re-emitted from the surfaces.

Under such conditions, the aerodynamic forces expe-
rienced are determined by the exchange in momentum 
between the oncoming atmospheric flow and the external 
spacecraft surfaces. The nature of the interaction of the 
oncoming atmospheric particles with an incident surface and 
their subsequent velocity and distribution following scat-
tering are principally control the momentum exchange. As 
a result, these gas–surface interactions (GSIs) are predomi-
nantly responsible for the aerodynamic forces experienced 
by surfaces in VLEO [6, 7].

When considering the momentum exchange occurring 
on a given surface, two extreme modes of GSI are typically 
defined: specular reflection and diffuse re-emission. In the 
case of specular reflection, no thermal energy is transferred 
to the surface and the particle is elastically reflected from 
the surface. The momentum exchange therefore only occurs 
along the surface normal vector. Comparatively, for diffuse 
re-emission the incident particle is thermally equilibrated 
with the surface and the subsequent re-emission has a proba-
bilistic velocity and angular distribution based on the surface 
temperature. A broad range of different scattering dynamics 
have the potential to exist between these two extremes and 
may apply under different conditions.

GSI behaviour in LEO has been considered to be affected 
by a number of factors, including the composition, struc-
ture, roughness and contamination of the surface, and the 
temperature, composition, velocity, and incidence angle 
of the oncoming flow [8–10]. However, despite this range 
of parameters, historical analysis of spacecraft orbiting in 
LEO has suggested that diffuse re-emission characteristics 
are dominant, particularly for for spacecraft surfaces below 
200 km in altitude [11, 12]. These effects have been attrib-
uted due to the high concentration of atomic oxygen (AO) 

Fig. 1   Representative varia-
tion of atmospheric density 
and composition with altitude 
in LEO, calculated using the 
NRLMSISE-00 model [4]. 
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present in LEO altitudes (see Fig. 1) that adsorbs to and 
erodes the external spacecraft surfaces. The interactions 
with the roughened and contaminated surfaces mean that 
significant energy is transferred from the flow to the space-
craft and largely diffuse and thermal particle re-emission is 
observed. As a result of this GSI behaviour the magnitude of 
the drag force is large and the lift force production is com-
paratively small (an order of magnitude less than the drag) 
[13]. This GSI behaviour has been measured experimentally 
at an altitude of 225 km, showing almost completely diffuse 
re-emission and high accommodation [14].

The role of speed ratio s is also an important factor when 
considering spacecraft aerodynamics and can be defined 
as the ratio between the bulk velocity of the flow v

∞
 and 

the most probably thermal velocity v
th

 of the gas particles 
assuming a Maxwellian velocity distribution

where k
B
 is the Boltzmann constant, T is the atmospheric 

temperature, and m
m

 is the (mean) molecular mass.
When the speed ratio is high, the flow behaviour is domi-

nated by the bulk velocity and is described as hyperther-
mal. Contrastingly, when the speed ratio is small, the flow 
is dominated by the random thermal motion of the constitu-
ent particles and is described as hypothermal. The speed 
ratio determines the extent to which atmospheric particles 
can interact with surfaces parallel to or facing away from 
the oncoming flow direction and therefore their possible 
impact on the experienced aerodynamic forces. This can 
be particularly important when considering slender bodies 
that may have significant surface area parallel to the nomi-
nal flight direction. The speed ratio is generally observed to 
decrease with increasing altitude due to rising atmospheric 
temperature and as lighter atmospheric species become more 
abundant. The assumption of hyperthermal flow is generally 
made for s > 5.

As indicated in Fig. 1, the atmospheric composition also 
varies significantly with altitude, and the transition between 
different regimes of atmospheric composition can critically 
affect GSI behaviour and the associated aerodynamic coef-
ficients. However, despite the availability of numerous time-
variant atmospheric models (e.g. NRLMSISE-00, JB2008, 
DTM2009 [15]) significant uncertainty remains regarding 
true atmospheric conditions (principally density, composi-
tion, and temperature) due to the complexity of the ther-
mospheric/ionospheric system and lack of both spatially 
and temporally distributed measurements by both in situ 
and remote sensing methods [16, 17].

Above VLEO altitudes, the general reduction in density 
and AO concentration has been linked to a reduction in 
surface adsorption and therefore accommodation [18]. For 

(1)
s =

v
∞

v
t

=

v
∞

√

(2k
B
T)

m
m

,

satellites at or above 500 km altitude, the transition from 
AO predominance to helium has been linked to drag model-
ling errors, attributed to assumptions in typical aerodynamic 
coefficient modelling and the reduction in molecular mass 
and surface adsorption of AO with altitude [19]. Analysis of 
satellites at 800–1000 km by Harrison and Swinerd [20, 21] 
has also indicated a reduction in surface accommodation and 
the presence of quasi-specular reflection behaviour.

The use of novel materials that have resistance to the 
effects of AO erosion and can reduce surface accommoda-
tion effects has been proposed as a means to reduce the drag 
experienced in orbit, even at lower altitudes, for example 
VLEO. The Satellite for Orbital Aerodynamics Research 
(SOAR) is a scientific 3U CubeSat that has been developed 
to provide validation data for extensive ground-based char-
acterisation of GSI behaviour in VLEO and to perform the 
in situ test of candidate novel materials. SOAR was deployed 
on 14 June 2021 from the ISS into an initial orbit of 421 km 
× 415 km with inclination of 51.6◦ . This orbit will naturally 
decay to allow experiments to be performed at different alti-
tudes in VLEO during the mission lifetime.

2 � Modelling of gas–surface interactions 
and aerodynamic coefficients

A number of different models have been developed to math-
ematically express the exchange in energy and momentum 
between the oncoming particles in the atmospheric flow 
and the spacecraft surfaces with which they interact under 
different assumptions of the underlying physical processes 
and parameters of dependence. Such models can be used to 
calculate the dimensionless aerodynamic coefficients that 
relate the incident flow conditions to the forces that are expe-
rienced by a given surface.

In these models, the level of surface accommodation 
is typically expressed by accommodation coefficients that 
quantify the change in energy between the incident and re-
emitted particles. The most basic of these, the thermal or 
energy accommodation coefficient �

T
 , can be defined [8]:

where E
i
 and E

r
 are the kinetic energy of the particles inci-

dent on and re-emitted from the surface, respectively, and E
s
 

is the energy that would be emitted from the surface (wall) if 
the particles had reached thermal equilibrium with the sur-
face. Similarly, T

i
 , T

r
 , and T

w
 are the temperatures associated 

with the kinetic energies previously defined.
Alternatively, two separate accommodation coeffi-

cients can be used to describe the normal �
n
 and tangen-

tial �
t
 momentum exchange occurring at the surface. These 

(2)�
T
=

E
i
− E

r

E
i
− E

s

=

T
i
− T

r

T
i
− T

w

,
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accommodation coefficients can be defined analogously 
to Equation 2 using quantities of normal p and tangential 
momentum � respectively:

A number of GSI models have been developed that are com-
monly applied to the analysis of spacecraft aerodynamics: 

1.	 Maxwell’s model assumes a linear combination of the 
two extreme scattering behaviours. A fraction of the 
incoming particles (defined by an accommodation coef-
ficient) are reflected specularly with no accommodation 
whilst the remaining fraction are re-emitted diffusely 
with complete thermal accommodation.

2.	 Schamberg’s model [22] allows consideration of quasi-
specular re-emission using a conical pattern with defined 
beam-width to define the reflected particle distribu-
tion. However, only hyperthermal flow conditions are 
assumed. This model is often used with Goodman’s 
model for energy accommodation coefficient [23].

3.	 Sentman’s model [24] is based on complete diffuse re-
emission and accounts for the random thermal motion 
of the incoming particles. Moe et al. [25] introduced 
a thermal accommodation coefficient into this method, 
replacing the use of the reflected particle temperature to 
describe incomplete accommodation. This modification 
is also known as the Diffuse Reflection with Incomplete 
Accommodation (DRIA) model [10].

4.	 The Schaaf and Chambre model [26] utilises normal 
and tangential momentum accommodation coefficients 
to allow consideration of quasi-specular re-emission. 
Closed-form solutions for this model are given by Storch 
[27].

5.	 The Cercignani–Lampis–Lord (CLL) model [28] can 
reproduce diffuse and quasi-specular re-emission pat-
terns using a normal energy accommodation coefficient 
and a tangential momentum accommodation coefficient. 
An analytical implementation of the CLL model based 
on the Schaaf and Chambre solutions

Further in-depth review and comparison of popular models 
for use in modelling of spacecraft aerodynamics are pro-
vided by Mostaza-Prieto et al. [6] and Livadiotti et al. [7].

Various GSI models have been used to study the aerody-
namics of past and existing satellite missions and to infer 
suitable values of the accommodation coefficients that match 
the observed behaviour. Such analyses are critical for the 
development and improvement of models for atmospheric 

(3)�
n
=

p
i
− p

r

p
i
− p

w

,

(4)�
t
=

�
i
− �

r

�
i

(�
w
= 0).

density and thermospheric winds that are often depend-
ent on the aerodynamic characterisation of such satellites 
themselves.

Investigation of the of the Proton 2, Ariel 2, Explorer 
6 (paddlewheel-type) and S3-1 satellites by Moe et al. [8, 
11] showed that below 200 km accommodation was almost 
complete and associated with diffuse re-emission behaviour. 
However, at higher altitudes and elliptical orbits associated 
with higher perigee velocity (and therefore kinetic energy) 
the accommodation was shown to decrease. Further analysis 
of a number of spherical satellites produced similar results 
whilst also indicating that accommodation falls more quickly 
with increasing altitude at solar minimum conditions due to 
the shrinking thermosphere and reduced AO abundance at 
higher altitudes during these periods [12, 29].

Pilinski et al. [30] subsequently developed a relationship 
between AO adsorption and energy accommodation for dif-
ferent altitudes based on the Langmuir isotherm, a function 
that relates the surface adsorption by a given gas species to 
its the partial pressure. This method was later modified [31] 
to incorporate a lower bound on the energy accommoda-
tion in the absence of AO based on Goodman’s physical 
interaction model [32]. A similar approach developed by 
Walker et al. [28] uses the Langmuir isotherm to determine 
the fractional surface coverage by AO which is then applied 
as a weighting factor to combine drag coefficients calculated 
for clean and fully adsorbed surfaces. This fractional surface 
coverage approach also enables application to a wider range 
of GSI models (i.e. DRIA and CLL). Alternative adsorp-
tion models for fractional surface coverage have also been 
explored [33].

For very simple convex geometries (e.g. flat plates or 
spheres), closed-form analytical solutions of the GSI mod-
els can be used to calculate the overall aerodynamic forces 
and torques experienced by the given body exposed to the 
flow. However, for more complex geometries either panel 
methods or numerical approaches must be adopted. Flat-
plate or panel methods operate by discretising a geometric 
model into a number of smaller elements (often triangular 
flat-plates) for which the individual aerodynamic contribu-
tion can be calculated using closed-form analytical GSI 
methods and summed together to generate the total aero-
dynamic coefficients for the body. However, these methods 
are unable to account for particle-particle interactions and 
multiple particle reflections from surfaces. Shadowing or 
shielding effects are also difficult to accurately account for 
due to the independent treatment of the surface elements, 
though ray-tracing approaches can be implemented, for 
example in ADBSat [34]. Panel methods are therefore only 
suitable for the analysis of generally convex geometries with 
simple external features, but due to their analytical basis 
can be executed very quickly for different orientations and 
environmental conditions [6]. Numerical approaches such 
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as test-particle Monte Carlo (TPMC) or direct-simulation 
Monte Carlo (DSMC) on the other hand use direct simula-
tion of particles interactions with the spacecraft surfaces 
combined with statistical approaches to determine the aero-
dynamic coefficients for a given body. These methods can, 
therefore, account for more complex shadowing behaviour 
and the effect of multiple surface reflections, but at the 
expense of computational effort [35].

Hybridised or parametrised approaches can be used 
to reduce the computational burden of numerical-based 
approaches. Mehta  et  al.  [35] implemented a Gaussian 
process based approach using DSMC results for the Grace 
spacecraft whilst also incorporating the fractional cover-
age method for surface accommodation. This response 
surface method has subsequently been implemented using 
TPMC to improve computational efficiency, and for a num-
ber of further satellite geometries [36, 37]. An alternative 
interpolation-based approach to drag coefficient modelling 
using DSMC simulations with high-fidelity geometric sat-
ellite models was been implemented by March et al. [38]. 
Using results generated from this interpolation method in an 
analysis of neutral winds, updated energy accommodation 
coefficient values of 0.85 and 0.82 were proposed for the 
CHAMP and GOCE satellites respectively using the DRIA 
GSI model [39, 40].

For conventional material0.s the literature reviewed 
above, associated with on-orbit experiments and analysis of 
existing satellites, indicates that GSI behaviour in the AO-
dominated environment of VLEO is dominated by signifi-
cant accommodation and diffuse re-emission characteristics. 
More specifically, whilst �

n
 is considered a variable param-

eter, �
t
 is commonly assumed to be unity leading to diffuse 

re-emission behaviour [37, 41].
However, gas beam experiments suggest that character-

istics such as the surface topology and orientation at the 
atomic scale may allow quasi-specular reflection properties 
in rarefied flows [42–44]. Recent experiments on the scat-
tering properties of AO from different surfaces has demon-
strated more specular reflection behaviour of silicon dioxide 
and highly orientated pyrolitic graphite (HOPG) [45], lead-
ing to investigation of further materials with AO erosion 
resistance for use in VLEO [46]. Study of nanofluidic chan-
nel flows, with a similar Knudsen number to that in VLEO, 
has also highlighted the existence of 2D materials exhibiting 
non-diffuse reflection behaviour [47]. Analysis of satellites 
at altitudes at and above the oxygen-helium transition regime 
has also suggested that tangential momentum accommoda-
tion may be significantly incomplete [19], suggesting that 
some conventional materials may demonstrate quasi-specu-
lar behaviour in orbit, albeit at altitudes above VLEO.

For consideration of surfaces or materials that may have 
AO erosion resistance and therefore the potential for a sig-
nificant reduction in surface accommodation, representation 

of a wide range of different re-emission qualities is therefore 
critical. The CLL model based on the closed-form Schaaf 
and Chambre solutions will therefore be adopted in this 
work allowing a range of quasi-specular behaviour to be 
modelled. As there is no simple relationship between �

n
 and 

�
n
 , the species-specific fitted parameter approach developed 

by Walker et al [28] is used.
For the CLL model, when �

n
= 1 , the incoming particles 

are completely accommodated to the surface and re-emitted 
in thermal equilibrium with the surface. Similarly, when 
�
t
= 1 information of the tangential velocity of the incoming 

particles is lost and the re-emission will be diffuse. Contrast-
ingly, when �

n
= �

t
= 0 , the incoming particles will undergo 

elastic and specular reflection. For other values of �
n
 and 

�
t
 varying degrees of accommodation and quasi-specular 

behaviour can be modelled.
The drag coefficient ( C

D
 ) and lift coefficient ( C

L
 ) for a 

single-sided flat-plate with varying angle of incidence ( � ) 
and varying values of the associated surface accommodation 
coefficient(s) are shown in Fig. 2 for the DRIA and CLL 
models. It should be noted that �

n
 and �

t
 have been varied 

together to reduce the parameter space for visualisation in 
Fig. 2. However, as noted above, for a given material or 
surface these two parameters may not necessarily be equal. 
The CLL model is able to express a much larger range of 
aerodynamic coefficients than presented here.

In Fig. 2a, the results for the DRIA model show that a 
reduction in � results in an increase in drag coefficient even 
when the surface is oriented at shallow incidence angles. 
However, when quasi-specular reflection behaviour is con-
sidered using the CLL model a reduction in drag coeffi-
cient for reducing �

n
 and �

t
 is observed at shallow angles of 

incidence. However, when the surface is oriented towards 
the oncoming flow the reduction in �

n
 and �

t
 results in an 

increase in the drag coefficient. Unequal variations of �
n
 and 

�
t
 will result in varying behaviour of the aerodynamic coef-

ficients and the surface angle at which a reduction in drag 
coefficient will be observed.

For both the DRIA and CLL models, an increase in the 
available lift coefficient is generally observed for reducing 
accommodation coefficient(s). The quasi-specular reflec-
tion behaviour of the CLL model provides a significantly 
greater magnitude of lift coefficient for most angles (except 
close to parallel to the flow) in comparison to the DRIA 
model. For reduced surface accommodation, the peak in the 
lift coefficient distribution is also slightly biased to orienta-
tions towards the normal inclination for the CLL model ( 30◦
–40◦ ) compared to the DRIA model ( ∼ 45◦).

The variation in the aerodynamic coefficients is also 
shown to diminish with reducing accommodation and 
appears greatest close to the fully accommodated case. This 
is due to the expressions in the GSI models that relate the 
reflected particle energy or momentum with the respective 
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Fig. 2   a Drag and lift coefficient for single-sided flat-plate with a 
reference area of 1m2 . b Drag and lift coefficient for a single-sided 
flat-plate referenced to the cross-sectional area at incidence angle � . 
Variation of the aerodynamic coefficients with incidence angle and 
input accommodation coefficient parameters for the DRIA and CLL 

models. Atmospheric parameters (composition, temperature) have 
been calculated using the NRLSMSISE-00 model with medium solar 
activity conditions defined as per ISO 14222:2013 [5] at h = 300km , 
T
w
= 300K.
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accommodation coefficient(s) and is physically due the high 
incident particle energy in comparison to that which a com-
pletely thermally accommodated particle would leave the 
surface with. For the CLL model, this effect is also more 
notable due to the assumption of quasi-specular scattering 
and therefore introduction of directionality of the reflected 
particle flux. As represented in Fig. 2a, this is principally 
due to the reduction in tangential momentum accommoda-
tion and demonstrated most clearly in the lift coefficient.

These results have been generated for medium solar activ-
ity conditions. At different solar activity conditions, the 
output force coefficients will change due to the variation in 
atmospheric composition and also the incident particle tem-
perature at a given altitude (principally via the speed ratio). 
At increased solar activity conditions, the expanding atmos-
phere and, therefore, expectation for increased accommoda-
tion will generally result in a reduction in the force coef-
ficients [13, 29]. Solar maximum conditions are associated 
with greater variations and uncertainty in the solar activity 
conditions and will therefore result in greater uncertainty 
in the aerodynamic coefficients during these periods [15]. 
A similar effect will also be presented due to atmospheric 
variations with latitude, shorter-term seasonal and diurnal 
cycles, and local-solar time [15, 17]. However, for VLEO 
altitudes where surface accommodation is typically assumed 
to be high, the sensitivity to these parameters is lower. The 
corresponding sensitivity of the aerodynamic coefficients to 
the wall temperature (here assumed static) is also low due 
to the relative magnitude compared to the incident particle 
temperature, i.e. T

w
≪ T

i
 [28, 48].

In Fig. 2b the presented drag coefficient and lift coeffi-
cient are referenced to the cross-sectional (or projected) area 
with respect to the flow. This shows the effective variation 
of the aerodynamic coefficients independent of the change 
in cross-sectional area due to the orientation of the finite 
surface with respect to the flow. The rapid increase in the 
coefficients at incidence angles approaching 90◦ (i.e. parallel 
to the flow) should be recognised as a singularity resulting 
from the cosine function: cos

(

�

2

)

= 0.
The results in Fig. 2b demonstrate clearly that for dif-

fuse reflection characteristics a reduction in �
T
 cannot ena-

ble a reduction in drag compared to a fully accommodated 
surface. However, under the assumption of quasi-specular 
reflection behaviour, variation of surface incidence can pro-
duce a reduction in drag, the magnitude of which is con-
trolled by the specific combination of �

n
 and �

t
.

This reduction of drag experienced in orbit is a critical 
challenge for satellites that operate in the VLEO environ-
ment. Contrastingly, the development of surfaces that can 
provide an increase the drag has application to the develop-
ment of enhanced deorbit devices. An increase in the pro-
duction of lift is also desirable for purposes of enhanced 

aerodynamic control authority. However, to provide these 
desired aerodynamic characteristics, materials that can pro-
duce specular or quasi-specular reflection behaviour with 
reduced levels of energy accommodation are, therefore, 
needed. The development of such materials also has sig-
nificance for the development of atmospheric intakes with 
greater efficiency [49]. These intakes are an important com-
ponent of atmosphere-breathing electric propulsion (ABEP) 
systems that may be used to enable sustained drag compen-
sation in VLEO [50].

3 � The Satellite for Orbital Aerodynamics 
Research

The identification and characterisation of materials with 
enhanced aerodynamic properties has been a key focus of 
the DISCOVERER project that is working towards enabling 
satellites that can operate sustainably in VLEO [51, 52]. 
Critically, materials that are resistant to the adverse effects 
of AO adsorption and erosion may hold the promise of 
improvements to GSI performance in VLEO.

A ground-based experimental facility to perform compre-
hensive testing and characterisation of different candidate 
materials is currently being commissioned at The University 
of Manchester. The Rarefied Orbital Aerodynamics Research 
(ROAR) facility has been designed to reproduce the char-
acteristic flux and energy of AO found in VLEO within an 
ultra-high vacuum chamber that reflects the rarefied nature 
of the flow in the orbital environment. The scattering pattern 
and energies of the incident and reflected AO beam from the 
different samples will be measured by a suite of sensors to 
enable the characterisation of the GSI properties [53, 54].

The Satellite for Orbital Aerodynamics Research (SOAR) 
has been designed to perform in situ characterisation of the 
aerodynamic performance of different materials at varying 
altitude and incidence angle in the VLEO environment [55], 
taking heritage from the previous ΔDsat mission concept 
[56]. The satellite will test novel 2D materials with promis-
ing orbital aerodynamic characteristics in-orbit and provide 
data to validate the ongoing experiments that will be con-
ducted in the ROAR facility. SOAR will also demonstrate 
novel aerodynamic control manoeuvres [57, 58], provide 
measurements of the atmospheric flow in VLEO (density, 
composition, and velocity), and perform characterisation of 
the thermospheric wind vector [59].

SOAR, shown in Fig 3, is a 3U CubeSat with principal 
physical parameters reported in Table 1. The satellites fea-
tures two payloads that work together to perform the envis-
aged experiments:

•	 An aerodynamics characterisation payload comprised 
of set of four individually steerable fins and associated 
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control hardware. The panels comprising these fins are 
coated with four different experimental materials and 
arranged such that the opposing pairs of fins can be 
used to expose each material to the flow individually 
at varying angles of incidence. The fins are folded and 
stowed against the body of the satellite for launch and 
deployed after release into orbit.

•	 An atmospheric characterisation payload in the form 
of a forward-facing ion and neutral mass spectrometer 
(INMS) with time-of-flight capability that can measure 

the density, composition, and velocity of the oncoming 
atmospheric flow.

The satellite also features a capable attitude determination 
and control system (ADCS) consisting of coarse and fine 
sun sensors (FSS), magnetometers, a state-of-the-art MEMS 
inertial measurement unit (IMU), magnetorquers, and a 
3-axis reaction wheel assembly (RWA). A GPS receiver is 
also included to provide more precise orbital position/veloc-
ity information than is available from ground-based track-
ing and TLE information. A breakdown of the contributing 
components is provided in Fig. 4.

When the surfaces of the steerable fins are all aligned 
either parallel or perpendicular to satellite body (i.e. the 
z-body axis in Fig. 3), known as the minimum and maxi-
mum drag configurations respectively, naturally restoring 
aerodynamic torques will be generated if the satellite begins 
to point away from the direction of the oncoming flow. These 
configurations are therefore nominally aerostable and are 
the default configurations for the spacecraft. When other 
configurations of the steerable fins are adopted, additional 
aerodynamic forces and torques will be generated and will 
be used advantageously to perform both the desired material 
characterisation experiments and the aerodynamic control 
demonstrations.

On SOAR, four different materials have been selected to 
cover the steerable fin surfaces: sputter-coated gold, boro-
silicate glass, and two novel surface coatings (not identified 
herein for IP protection purposes). The gold and borosili-
cate glass surfaces are both resistant to AO erosion and are 
chemically stable in the VLEO environment. However, they 
exhibit significant differences in their AO recombination 

Fig. 3   The Satellite for Orbital Aerodynamics Research (SOAR) with 
steerable fins in the minimum drag configuration. The spacecraft is 
nominally aligned with the z-axis into the oncoming flow direction

Table 1   Geometric and system parameters of SOAR [55]

Property Value

Mass (kg) 2.88
Length (in z-axis) ( L

z
 ) (m) 0.366

Total surface area ( A
T
 ) ( m2) 0.225

CoM (in z-axis from rear) (m) 0.161

Principal MoIs 

⎧

⎪

⎨

⎪
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⎫
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⎬

⎪

⎭ (kg m2)

⎧

⎪

⎨

⎪

⎩

0.0392

0.0392

0.0288

⎫

⎪

⎬

⎪

⎭

Residual magnetic dipole (A m) 18e−3
RW max torque (N m) 23e−6
RW max ang momentum (N m s) 1.2e−3
RW spin axis MoI (kg m2) 694.5e−9

Fig. 4   Components and configuration of the attitude determination 
and control system (ADCS) on SOAR
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cross sections [60, 61] and have therefore been selected 
with the intention to provide breadth in GSI performance 
for previously characterised and well-known materials, i.e. 
from fully diffuse to more reflective respectively. The two 
“beyond graphene” 2D surface coating materials have been 
selected for their potential of improved GSI properties whilst 
also maintaining the necessary AO resistance.

The expected experimental uncertainty achievable by 
SOAR for materials demonstrating complete thermal accom-
modation and diffuse re-emission was previously reported 
in [55]. In this analysis, the lowest uncertainties for the drag 
coefficient determination were found at 300 km, whilst the 
determination of the lift coefficient was found to improve as 
the altitude was reduced to 200 km. However, these analyses 
may not be representative of the novel materials selected and 
present on the satellite. If these materials do provide lower 
energy accommodation or a greater degree of specular or 
quasi-specular re-emission, the forces and torques gener-
ated by the interaction of the coated surfaces would change, 
affecting the orbital and attitude response of the spacecraft.

Until the GSI characteristics of these materials are estab-
lished from on-orbit investigation and laboratory-based 
experimentation their potential performance can only be 
speculated on. However, in order to explore the effect that 
such materials could have on the experimental performance 
of the SOAR mission, variation in the GSI models and asso-
ciated accommodation coefficients can be applied in simula-
tions and used to perform experimental uncertainty analyses, 
forming the focus of this paper.

4 � Experimental method for determining 
aerodynamic coefficients

Characterisation of the GSI performance of the different 
materials on SOAR will be performed by indirect estimation 
of the aerodynamic coefficients of the satellite with different 
configurations of the steerable fins. Measurements of the sat-
ellites position, velocity, attitude, and rotation rates will be 
performed in-orbit and methods of orbit and attitude deter-
mination will subsequently be performed to obtain best-fit 
estimates of the aerodynamic coefficients when the satellite 
is operated in different configurations. Environmental data 
measured by the INMS on-board the satellite will also be 
used to inform the orbit or attitude determination processes 
and reduce modelling uncertainties [55].

To ensure that only one material is nominally exposed to 
the flow at a time the steerable fins are operated in oppos-
ing pairs and as a result a maximum of four materials can 
be tested on SOAR. During the experiments, the opposing 
pairs of steerable fins can either be co-rotated or counter-
rotated with respect to each other whilst exposing the same 
material to the flow. In these two configurations, the satellite 

will respond differently to the oncoming flow as a result of 
the variation in aerodynamic torques that are generated. The 
consequences of this on the experimental performance are 
explored in Sects. 5 and 6.

The INMS payload enables direct measurement of the 
in-situ density and composition during these experiments, 
reducing the uncertainty that is associated with the use of 
atmospheric models. However, to maintain the accuracy of 
the measurements, the aperture of the INMS instrument 
should nominally point closely towards the direction of the 
oncoming flow.

For counter-rotated configurations of two opposing steer-
able fins (Fig. 5a) and when the spacecraft is nominally 
pointed towards the oncoming flow, no net torques are gener-
ated in pitch or yaw. A rolling moment is, however, produced 
due to the opposing lift forces generated on the two exposed 
surfaces, which if left uncontrolled will result in roll of the 
spacecraft. If the spacecraft is disturbed from the flow point-
ing configuration, pitch and/or yaw torques will be produced. 
Coupling between motion in the pitch and yaw axes when 
the fins not in either the minimum or maximum drag mode 
may act to further disturb the attitude of the spacecraft from 
the flow-pointing direction.

For co-rotated configurations of two opposing steerable 
fins (Fig. 5b), the drag will similarly increase and a net pitch 
or yaw torque will be generated by the common incidence 
angle of rotated panels. This will cause the spacecraft to 
rotate and fly at an angle to the oncoming flow. The satellite 

Material 1

Roll Torque

Material 2

Lift 
Force 

Pitch/Yaw
Torque

Material 3

Material 4

(a)

(b)

Fig. 5   a Counter-rotated configuration b co-rotated configuration. 
Forces and torques generated by SOAR with different steerable fin 
configurations
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will also nominally oscillate about the new offset equilib-
rium attitude due to aerostability in this configuration.

In principle the counter-rotated configuration should 
ensure that the INMS instrument is pointed most precisely 
towards the oncoming flow direction and will be operated 
within its angular acceptance range. However, in either con-
figuration, the effects of thermospheric winds and presence 
of other environmental torques (gravity gradient, solar radia-
tion pressure and residual magnetic dipole interactions) will 
disturb the attitude of the spacecraft. Thus, during experi-
ments for both counter-rotated and co-rotated steerable fin 
configurations the RWA will be used to selectively damp 
and control the motion of the spacecraft in different axes 
to provide the desired stability and pointing performance.

Practically, a maximum duration on operations with 
the fins in either a counter-rotated or co-rotated configura-
tion will be imposed by the build-up of angular momen-
tum and saturation of reaction wheels. This is a function 
of the atmospheric density, configuration and incidence 
angle of the steerable fins, and material GSI performance. 
The thermospheric wind, solar activity, and other external 
disturbance torques also contribute to the attitude stability 
and control performance. At lower altitudes the time-period 
over which spacecraft can be operated successfully may be 
significantly limited for some configurations, the impact of 
which will be investigated in Sects. 5 and 6.

This method, however, only strictly allows for the direct 
calculation of the composite aerodynamic force coefficients 
of the entire spacecraft in a given configuration rather than 
for an individual material. This is principally due to the 
aerodynamic contribution of the spacecraft body and inter-
ference between the body and the panels (i.e. shadowing 
and secondary particle interactions) that cannot be directly 
eliminated in the experimental analysis. As described by 
Virgili Llop & Roberts [56], a differential approach can be 
applied to calculate the ratio between aerodynamic coef-
ficients for different combinations of material, incidence 
angle, and altitude. The relative measure of the aerodynamic 
performance between different materials or configurations 
can therefore be calculated whilst also avoiding biases and 
systematic errors, for example in the measurement of the 
atmospheric density.

4.1 � Orbit and attitude determination

Orbit and attitude determination methods will be used in 
ground-based post-processing to determine the aerodynamic 
coefficients from the experimentally gathered data. These 
methods utilise models to generate estimates for the contrib-
uting perturbing forces and torques. The in situ atmospheric 
density measured by the INMS can be used to reduce uncer-
tainty and improve the aerodynamic force and torque model 
outputs. The resulting trajectory or attitude of the spacecraft 

generated by propagation of these models can be compared 
to the orbital parameters or attitude measured by the GPS 
or ADCS, respectively.

Initial values of the drag or lift coefficients, possibly 
informed by ground-based experimental results if available, 
will be used to establish the aerodynamic coefficients cor-
responding to a given configuration of the steerable fins (and 
therefore exposed material) and initiate the orbit or attitude 
determination process. The iterative process of least-squares 
based differential correction will then provide the best-fit 
output aerodynamic coefficients to match the measured on-
orbit data and the propagated trajectory or attitude.

The accuracy of this method, and therefore the returned 
aerodynamic coefficients, are dependent on both the accu-
racy and fidelity of the models that are used to perform the 
propagation and the uncertainty of the parameters measured 
on-orbit that are used as both inputs to these models and the 
orbit and attitude determination processes. Values for the 
expected performance of the sensors on SOAR are reported 
in Table 2. For the INMS, the basic instrument sensitivity 
can be determined by considering the uncertainty on the 
number density and combined with the expected reduction 
in acceptance given the pointing error with respect to the 
oncoming flow.

4.2 � Drag coefficient

Experiments to investigate the drag coefficient of the differ-
ent materials can be performed using both counter-rotated 
and co-rotated configurations of the steerable fins and 
determining the overall drag coefficient of the spacecraft. 
In either configuration, the RWA will be used to stabilise 
the spacecraft attitude and maintain an approximately flow-
pointing condition.

As the effect of the drag force accumulates over time to 
produce a variation to the orbital parameters, the drag coef-
ficient of the spacecraft in a fixed experimental configuration 
can be determined using the least-squares orbit determina-
tion and free-parameter fitting method. With a fixed con-
figuration of the steerable fins and a stabilised attitude, the 

Table 2   Expected SOAR sensor performance [55]

Instrument Uncertainty

GPS position (m) 2.5 ( 1�)
GPS velocity (m s−1) 45e-3 ( 1�)
ADCS angle (rad) 0.2e−3 ( 1�)
ADCS angular velocity (rad s−1) 25e−3 ( 1�)
INMS number density ( cm−3)

√

N + 0.7 ( 1�)
INMS horizontal acceptance (rad) 0.279 (FWHM)
INMS vertical acceptance (rad) 0.035 (FWHM)
Steerable fin rotation angle (rad) 0.015 ( 1�)
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position and velocity vectors of the satellite can be measured 
over time using the GPS device and the in-situ atmospheric 
conditions using the INMS.

As the drag force results in a secular variation in the 
orbital parameters, these experiments can be performed 
even at the higher altitudes after deployment ( ∼ 400 km) 
where the atmospheric density is lower, and the relative 
magnitude of the aerodynamic forces are small. However, 
at these higher altitudes, the experimental duration required 
to provide a discernible variation in the measured orbital 
parameters may be long and eventually limited by the power 
constraints of the platform when the different payloads, atti-
tude actuators, and sensors are simultaneously operating.

As the satellite descends in altitude, the magnitude of 
the drag force will increase in comparison to the other 
external forces and the effect on the orbital parameters in a 
given period will become more significant. The experimen-
tal uncertainty would, therefore, be expected to generally 
decrease with altitude. However, as a result of the increas-
ing magnitude of the disturbing aerodynamic torques, the 
maximum experimental duration will likely be constrained 
by the rate of saturation of the RWA in one or more axes.

The possible experimental duration at both the higher and 
lower altitudes may, therefore, not be sufficient to provide 
a good fit for the drag coefficient given the variation in the 
orbital parameters (i.e. the obtained signal to noise ratio). A 
trade between the ability for the spacecraft to operate in the 
experimental mode and the associated uncertainty on the 
output drag coefficient, therefore, exists. The optimal results 
are expected to be obtained between altitudes of approxi-
mately 350 km and 250 km [55].

4.3 � Lift coefficient

The lift coefficients of the different experimental materi-
als can be investigated through measurement of the rolling 
moment coefficient of the satellite. Counter-rotated configu-
rations of the steerable fins will be adopted and the satellite 
will be allowed to rotate in the roll axis, whilst stabilisation 
is provided in the pitch and yaw axes by the RWA.

In addition to the intentionally generated aerodynamic 
torques, the satellite attitude will also be affected consider-
ably by the other external perturbations. At higher altitudes, 
these other external torques are expected to be of a similar or 
greater magnitude than those generated by the aerodynamic 
interactions. As altitude reduces, the aerodynamic torques 
will increase in both relative and absolute magnitude and 
their effect on the satellite attitude will become dominant.

Using the on-board attitude sensors (combined using an 
unscented Kalman filter), the motion of the satellite during 
the lift coefficient experiments can be recorded alongside 
the orbit parameters and the properties of the oncoming 
flow as measured by the INMS. The method of least-squares 

attitude determination with free-parameter fitting can be 
used to determine the rolling moment coefficient ( C

l
 ) for 

the experimental configuration. The lift coefficient of the 
counter-rotated surfaces can subsequently be determined 
under the assumption that the two fin surfaces equally con-
tribute to produce the rolling motion and that the remainder 
of the spacecraft does not produce any torques contributing 
to this motion.

In contrast to the drag coefficient experiments, the experi-
mental uncertainty for the lift coefficient is expected to 
decrease as the altitude reduces. This is due to the increasing 
magnitude of the generated aerodynamic torques that will be 
clearly identifiable in the attitude measured by the ADCS, 
despite the reducing experimental period.

5 � Attitude simulations

During the experimental operations co-rotated or counter-
rotated configurations of the steerable fins will be utilised 
to expose the different materials to the oncoming flow, 
modifying the natural stability and attitude dynamics of the 
spacecraft. Stabilisation and control of the spacecraft against 
secular external disturbances will cause the build-up of the 
angular momentum in the RWA towards saturation and ulti-
mately loss in control authority. For aerodynamic torques 
these effects are strongly linked to the dynamic pressure 
and will therefore increase with the density as the mission 
progresses and the satellite descends in altitude. The GSI 
performance of the surfaces of the steerable fins may also 
result in variations in the attitude dynamics of the spacecraft 
and therefore the experimental performance, particularly if 
the selected materials do demonstrate substantially different 
energy or momentum accommodation characteristics.

In the following simulations, the attitude behaviour of 
SOAR with different steerable fin and RWA control modes 
is considered for two GSI models and different input 
assumptions:

•	 The DRIA model with complete thermal accommoda-
tion ( �

T
= 1.0 ) representing conventional material per-

formance.
•	 The CLL model with incomplete normal energy accom-

modation ( �
n
= 0.9 ) and tangential momentum accom-

modation ( �
t
= 0.9 ) representing a material with some 

quasi-specular reflection properties.

An altitude of 250 km has been selected as this was previ-
ously identified as a challenging case for the attitude control 
system whilst the steerable fins are configured to perform 
different experiments [55]. At higher altitudes the disturb-
ing aerodynamic torques are smaller in magnitude and 
attitude control system is expected to be able to provide a 
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stable attitude over a longer period of time before saturation 
occurs. Commensurately, at lower altitudes the duration for 
which a stable attitude can be maintained in non-aerostable 
conditions is expected to decrease.

The response of SOAR under three-axis attitude control 
with one set of steerable fins counter-rotated at an angle of 
30◦ is shown in Fig. 6. In both cases, a small offset of the 
attitude in yaw (with respect to the flow) initially appears as 
the Local-Vertical Local-Horizontal (LVLH) reference for 
the attitude control is not aligned directly with the oncom-
ing flow due to atmospheric co-rotation. As a result of this 
misalignment, the aerodynamic torques, and the additional 
external disturbances, one or more of the wheels in the RWA 
are shown to reach saturation. This results in a loss of control 
actuation and the attitude eventually increases beyond the 
acceptance range of the INMS.

The accumulation of angular momentum and period 
before saturation and loss of control is much quicker for the 
case where the CLL model with incomplete accommoda-
tion is assumed. This is attributed to the increase of the lift 
coefficient associated with the GSI performance resulting in 
greater aerodynamic roll torques generated by the counter-
rotated configuration and additional disturbing aerodynamic 
torques that are generated by the misalignments of the fins 
with the oncoming flow direction.

Corresponding results for a co-rotated steerable fin con-
figuration are shown in Fig. 7. For both GSI models and 
associated assumptions, the period prior to RWA satura-
tion and loss of attitude control is notably longer than in 
the counter-rotated configuration. This is principally a result 

of the symmetry of the co-rotated configuration that yields 
some aerostable behaviour rather than the diverging roll tor-
ques and pitch-yaw coupling effects of the counter-rotated 
configuration. The difference in duration between the stabi-
lised attitude behaviour of the two GSI models and associ-
ated inputs is however still notable.

In Figs. 6 and 7 it can be seen that prior to saturation of 
the RWA the attitude in pitch and yaw of the spacecraft is 
maintained within a small angular range (<5◦ ) and therefore 
within the acceptance angle range of the INMS, enabling 
effective measurement of the in-situ density. However, if the 
duration over which the desired configuration of the steer-
able fins can be sustained prior to RWA saturation is shorter, 
an increase in the uncertainty of the drag coefficient deter-
mined using the orbit determination process is likely. This is 
investigated using statistical methods in Sect. 6.

Despite the expected disadvantage of the co-rotated con-
figuration introducing an offset in the body attitude with 
respect to the flow (in yaw due to the rotation of the vertical 
fins in this case), the angle of rotation is small and compa-
rable to that also seen for the counter-rotated configuration. 
This offset arises primarily due to the difference between 
the oncoming flow direction and the LVLH reference that is 
used by the ADCS. This is due to lack of knowledge of the 
true oncoming flow direction as a result of the thermospheric 
winds and to a lesser extent atmospheric co-rotation relative 
to the inclined orbit.

The location of the satellite with respect to the sun (i.e. 
eclipsed or not eclipsed) is also indicated in Figs. 6 and 7 
using the shaded background and represents whether the 

Fig. 6   Attitude response of SOAR at 250 km altitude with vertical steerable fins counter-rotated at 30◦ and three-axis reaction wheel control
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satellite is also under the influence of effects due to solar 
radiation pressure (SRP). The variation of the solar vector 
and interaction with the spacecraft surfaces means that the 
contribution of torques due to SRP may assist or disturb the 
spacecraft attitude control and stability at different times. 
However, at an altitude of 250 km, the torque due to SRP 
on SOAR is an order of magnitude less than the aerody-
namic disturbances and is not therefore the dominant factor 
in the spacecraft attitude. Moreover, the attitude is further 
influenced by the other perturbing torques such as magnetic 
dipole interactions. Within the experimental analysis the 
effect of these perturbations is accounted for using models 
within the propagation and least-squares orbit/attitude deter-
mination method such that the impact of the aerodynamic 
forces and torques can be isolated.

The behaviour for a 30◦ counter-rotated configuration 
under two-axis control (pitch and yaw) is shown in Fig. 8. 
With the roll axis left uncontrolled, the torques generated by 
the two counter-rotated fins produce a couple (i.e. a moment 
with no net force) in the roll axis and the satellite will begin 
to rotate.

The rate at which the spacecraft angular velocity increases 
in the roll axis is faster for the case in which incomplete 
accommodation is assumed (using the CLL model). This is 
the expected result of the significant increase in the surface 
lift coefficient (see Fig. 2) and is clearly demonstrated by the 
time taken for a cumulative roll angle of 90◦ to be exceeded 
by the satellite (note the different time-scale of the x-axis 
for the two cases in Fig. 8). In both cases, the pitch and yaw 
axes are maintained close to the flow pointing direction, thus 

enabling characterisation of the oncoming flow by the INMS 
instrument.

6 � Experimental uncertainty with varying 
material performance

The experimental performance of SOAR for different 
assumed GSI properties of the test materials can be explored 
for different steerable fin configurations, incidence angles, 
and altitude. Orbit and attitude data generated by numeri-
cal propagation is used to simulate on-orbit data and then 
provided as input to the least-squares orbit/attitude determi-
nation method with free-parameter fitting that is used esti-
mate the aerodynamic coefficients. Simulated sensor bias 
and noise is applied to the initial simulations to resemble the 
on-orbit sensor performance and therefore allow a measure 
of the expected experimental uncertainty [55].

For the initial orbital and attitude simulations, higher-
fidelity perturbation models are utilised: Earth gravity (using 
EGM), third-body gravity, gravity gradient torques, SRP 
force and torques, aerodynamic force and torques, and resid-
ual magnetic dipole torques. For the SRP and aerodynamic 
models an interpolated database generated beforehand using 
the ADBSat panel method is used provide attitude depend-
ent force and torque coefficient values for the SOAR geom-
etry (with selected configuration of the steerable fins). The 
least-squares orbit and attitude determination processes are 
subsequently applied using the same propagation method. 
However, within this iterative process the aerodynamic force 

Fig. 7   Attitude response of SOAR at 250 km altitude with vertical steerable fins co-rotated at 30◦ and three-axis reaction wheel control
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and torque models are reduced to a simpler attitude-invariant 
methods to allow the free parameter fitting of the aerody-
namic coefficients.

A Monte Carlo approach (using 50 runs) is been used for 
each case to consider the effect of variations in the initial 
orbit and attitude parameters in the absence of the in-flight 
data. The standard deviation of the returned aerodynamic 
coefficients, therefore, provides a measure of the expected 
uncertainty in the experimental and associated data-analysis 
method. An associated 95% confidence interval on the stand-
ard deviation is also included based on the number of Monte 
Carlo runs performed.

6.1 � Drag coefficient

Figure 9 shows the mean fitted drag coefficient and associ-
ated standard deviation generated using least-squares orbit 
determination method and Monte Carlo approach for differ-
ent assumed accommodation coefficient values (using the 
CLL model) with varying steerable fin configuration, inci-
dence angle, and altitude. These figures express the expected 
experimental performance of the drag coefficient determina-
tion process.

Noting the varying scale on the y-axes, these figures 
show that for inclined steerable fins configurations (i.e. not 
at 90◦ ), decreasing the surface accommodation results in an 
increase in the experimental uncertainty. This is attributed 
to the greater lift force that is associated with lower sur-
face accommodation coefficient and therefore an increase 

in production of disturbing aerodynamic torques that must 
be compensated for by the ADCS. This effect is especially 
marked at low orbital altitude when the duration for which 
the experimental configuration can be effectively managed 
by the onboard attitude control actuators is very short. When 
the selected pair of steerable fins are deflected at 90◦ (nomi-
nally normal to the oncoming flow), the experimental uncer-
tainty is much smaller for all accommodation coefficients. 
This is due to the aerostable nature of this configuration 
that reduces the attitude control requirements and allows a 
greater experimental duration.

For counter-rotated configurations (Fig. 9a) the experi-
mental uncertainty is found to be generally smallest at 400 
km in altitude. Comparatively, for co-rotated cases (Fig. 9b) 
the experimental uncertainty is found to be minimised at 
300 km for each combination of the accommodation coef-
ficients and incidence angle. Experiments performed with 
pairs of steerable fins oriented normal to the oncoming flow 
do not show the same trend and have the higher experimen-
tal uncertainty at 400 km altitude compared to 300 km and 
200 km.

For cases with inclined steerable fins, both the counter-
rotated and co-rotated configurations demonstrate sensitivity 
to the reduction in accommodation coefficient, resulting in 
significantly increased uncertainty. For the counter-rotated 
configuration, the standard deviation of cases with incom-
plete accommodation at 200 km altitude can exceed the 
magnitude of the drag coefficient, suggesting that a good 
estimation cannot be obtained. The co-rotated configuration 

Fig. 8   Attitude response of SOAR at 250 km altitude with vertical steerable fins counter-rotated at 30◦ and two-axis (pitch and yaw) reaction 
wheel control
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Fig. 9   a Counter-rotated steerable fin configurations b co-rotated 
steerable fin configurations. Expected uncertainty of SOAR drag 
coefficient experiments with varying surface accommodation and alti-
tude. Mean fitted drag coefficient (top) with error-bars representing 

the associated standard deviation. Sample standard deviation (bottom) 
with error bars representing the 95% confidence interval. Data points 
have been shifted slightly in the x-axis to allow for visibility of over-
lapping error bars
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shows a similar but smaller increase in experimental uncer-
tainty for inclined surfaces at 200 km. In general, this sug-
gests that the proposed experiments with inclined surfaces 
will be unable to provide clearly differentiable estimations 
of the drag coefficient, particularly at low orbital altitudes. 
However, at the higher orbital altitudes the experimental 
uncertainty is expected to decrease considerably and the 
variation in the drag coefficient as a result of material prop-
erties may observed. Comparatively, when two opposing fins 
are rotated normal to the flow, the variation in drag coef-
ficient due to different material properties should be more 
clearly visible.

6.2 � Rolling moment coefficient

The corresponding experimental performance for varying 
surface accommodation in the rolling moment coefficient 
experiments is shown in Fig. 10. The experimental uncer-
tainty is shown to be greater at higher altitudes and is attrib-
uted to the longer time taken for the satellite to roll through 
the requested 90◦ angle, due to the lower density and, there-
fore, lower magnitude of the aerodynamic roll torque. When 
this manoeuvre takes longer to perform the other perturb-
ing torques are able to have a greater relative impact on the 

satellite attitude, increasing the uncertainty in the returned 
coefficient.

Similarly to the results of the drag coefficient, the experi-
mental uncertainty also increases with reducing accommo-
dation coefficient. However, this uncertainty remains very 
small in comparison to the magnitude of the fitted rolling 
coefficient. As a result of the significant effect of incom-
plete accommodation on the lift coefficient (see Fig. 2), the 
standard deviation relative to the rolling moment coefficient 
magnitude is in fact improved for the cases �

n
= �

t
= 0.8 and 

�
n
= �

t
= 0.9 that remain below 5% and 7% respectively. 

In contrast, the standard deviation as a percentage of the 
absolute rolling moment coefficient for the case of complete 
accommodation is much higher, particularly at the 400 km 
altitude (10–25%).

These results suggest that if materials with some incom-
plete accommodation characteristics are indeed present on 
the steerable fin surfaces, the experimental uncertainty asso-
ciated with the determination of the rolling moment coef-
ficient will remain relatively low even at higher altitudes. 
Furthermore, given the magnitude of this uncertainty in 
comparison to the rolling moment coefficient, the variation 
between materials with different accommodation coefficients 
are likely to be clearly distinguishable from the experimental 
results using this method.
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tion. Sample standard deviation (bottom) with error bars representing 
the 95% confidence interval. Data points have been shifted slightly in 
the x-axis to allow for visibility of overlapping error bars
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7 � Conclusions and future work

The Satellite for Orbital Aerodynamics (SOAR) has been 
developed to perform novel testing of the aerodynamic 
coefficients of different materials in the rarefied VLEO 
environment and provide valuable in-situ data to support 
further systematic ground-based experimentation in the 
forthcoming Rarefied Orbital Aerodynamics Research 
(ROAR) facility at The University of Manchester. The aim 
of this work is to support the development of spacecraft 
that can operate sustainably at lower orbital altitudes with 
particular application to future commercial Earth observa-
tion and communications missions.

SOAR will also test two novel materials that have been 
identified for their potential to improve the aerodynamic 
performance of spacecraft in the rarefied flow environment 
of VLEO. Given the novelty and presently uncharacterised 
nature of these materials that will be tested on the satel-
lite, uncertainty in their aerodynamic performance exists. 
In this paper, the experimental performance of SOAR has 
been analysed for different assumed GSI model character-
istics and accommodation coefficient values. The perfor-
mance of the experiments to determine the drag coefficient 
of the satellite were found to generally deteriorate with 
reducing surface accommodation and at very low altitudes 
(i.e. from 300 to 200 km). Co-rotated configurations of 
the steerable fins were comparatively shown to provide 
improved experimental performance. However, the most 
likely configuration to allow a clear differentiation of dif-
ferent material performance from the drag coefficient is 
found for pairs of opposing steerable fins rotated normal 
to the oncoming flow.

In contrast, the performance of the experiments to 
determine the satellite rolling moment coefficient (asso-
ciated with the material lift coefficient) was found to be 
robust against variations in the surface accommodation 
whilst also improving as the orbital altitude reduces. As a 
result of this low uncertainty, these experiments are also 
expected to allow for differentiation of materials with dif-
ferent GSI properties or accommodation coefficients.

Future work will seek to connect the spacecraft aerody-
namic coefficients, determined using the method presented 
in this paper, with the specific material properties of the 
steerable fin surfaces. The application of different GSI 
models and associated sets of accommodation coefficients 
will be considered to provide the best fit to the observed 
on-orbit behaviour. Subsequent direct characterisation of 
corresponding material samples from the ROAR facility 
will be used to provide supporting evidence of the mate-
rial performance.

As a result of the performed analyses, a number 
of recommendations can be proposed to improve the 

aerodynamic coefficient estimation method for SOAR. 
Development and implementation of improved perturba-
tion models and characterisation of the satellite (e.g. SRP 
force and torque coefficients and the magnetic dipole) 
would contribute to reducing the uncertainties associ-
ated with the least-squares orbit determination method 
employed, and will be considered in future work. Improve-
ments to the attitude control capabilities of the spacecraft, 
particularly with regards to the reaction wheel saturation 
limits, would also help to improve the experimental per-
formance at lower altitudes by increasing the possible 
experimental duration. However, such improvements to 
the platform are limited due to the constrained nature of 
the 3U CubeSat form.

A number of further improvements may also be consid-
ered for future missions. Reduction in the uncertainty of 
the parameters measured in-orbit, namely the spacecraft 
position, velocity and, attitude, the atmospheric density, 
and the oncoming flow vector would help to increase the 
experimental sensitivity. This would principally require 
the use of additional or alternative sensors (e.g. use of a 
star-tracker for attitude determination) and improvements 
to the flow characterisation instrumentation. Additional 
on-orbit measurements, for example the direct measure-
ment of accelerations and surface temperatures could help 
to improve the experimental performance. Finally, the 
ability to actively determine the oncoming flow direction 
to use this as the reference direction for attitude control 
would be advantageous in reducing the errors due to mis-
alignment with the flow. However, such improvements are 
likely out of scope for a CubeSat-class mission.

SOAR was deployed into a 421 km × 415 km orbit with 
inclination of 51.6◦ in June 2021. This orbit will naturally 
decay as the spacecraft has no on-board propulsion, allow-
ing access to different altitudes over the satellite lifetime. 
The presented results will be used to plan and schedule the 
experiments that will be performed by the spacecraft as it 
descends in orbital altitude to make best use of the limited 
lifetime and maximise the scientific return of the mission.
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