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Abstract

During the last two decades, accelerometers on board of the CHAMP, GRACE, GOCE and Swarm satellites have provided high-
resolution thermosphere density data to improve our knowledge on atmospheric dynamics and coupling processes in the
thermosphere-ionosphere region. Most users of the data have focused on relative density variations. Scale differences between datasets
and models have been largely neglected or removed using ad hoc scale factors. The origin of these scale differences arises from errors in
the aerodynamic modelling, specifically in the modelling of the satellite outer surface geometry and of the gas-surface interactions. There-
fore, the first step to remove the scale differences is to enhance the geometry modelling. This work forms the foundation for the future
improvement of characterization of satellite aecrodynamics and gas-surface interactions models at TU Delft, as well as for extending the
use of sideways and angular accelerations in the aerodynamic analysis of accelerations and derivation of thermosphere datasets.
Although work to improve geometry and aerodynamic force models by other authors has focused on CHAMP and GRACE, this paper
includes the GOCE and Swarm satellites as well. In addition, it uses a density determination algorithm that is valid for arbitrary attitude
orientations, enabling a validation making use of attitude manoeuvres. The results show an improvement in the consistency of density
data between these four missions, and of data obtained before, during and after attitude manoeuvres of CHAMP and Swarm. The new
models result in larger densities, compared to the previously used panel method. The largest average rescaling of density, by switching to
the new geometry models is reached for Swarm at 32%, the smallest for GRACE at 5%. For CHAMP and GOCE, mean differences of
11% and 9% are obtained respectively. In this paper, an overview of the improvements and comparisons of data sets is provided together
with an introduction to the next research phase on the gas-surface interactions.
© 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction mospheric density data sets used simplified satellite geome-

tries (Sutton, 2008; Doornbos, 2011). These geometries are

The accuracy of tracking- and accelerometer-derived
thermospheric density data sets is closely connected to
satellite drag modelling. The previous generation of ther-
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commonly characterized by a limited number of flat panels,
which aim to describe the full satellite outer surface geom-
etry. Weaknesses in these models turned out to adversely
affect the accuracy and consistency of the derived densities.
Large scale differences between data sets and atmospheric
models have been detected. Until now, these discrepancies
have been neglected or removed using specific scale factors
(Bowman et al., 2008; Weimer et al., 2016). However, more
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accurate thermospheric densities require improved satellite
geometry models and rarefied flow analysis on these mod-
els. Once the geometry and aerodynamic models are
enhanced, high fidelity drag coefficients can be computed
to provide new density estimations.

In general, aerodynamic coefficients or ballistic coeffi-
cients can be obtained either by estimating them from
tracking data during orbit determination, or by analyti-
cally or computationally modelling the aerodynamics for
defined satellite geometries. When estimating drag coefhi-
cients from orbit tracking data, errors in the thermo-
sphere density model that was used will affect the
estimate. In many cases, this is desirable, for example
when using the estimate for subsequent orbit predictions,
based on e.g., GPS, S-Band or satellite laser ranging
tracking. If the drag coefficient is used to generate inde-
pendent density data sets however, it should be free of
such model dependencies. Emmert (2009) applied the rela-
tions between Two-Line Element (TLE data) and thermo-
sphere density of Picone et al. (2005), and resolved
constant per-object ballistic coefficients for approximately
5000 objects in the process, based on the physical drag
coefficient of one spherical reference object. For non-
spherical objects, a higher fidelity modelling solution is
required. If the satellite shape can be approximated by a
combination of elementary shapes, this can be obtained
with a closed-form analytical approach (Sentman, 1961a,
b). Otherwise, a simulation of aerodynamic effects on
detailed satellite geometries with physics-based rarefied
gas dynamics solvers (i.e. Bird, 1994) is required. The ana-
Iytical approach is accurate only for simple geometries
(i.e. flat panel, sphere, cylinder, cube), which usually do
not fully describe an operational satellite. Whereas, the
computational methods can analyse complex shapes and
provide more accurate information.

Throughout this work, physical drag coefficients have
been determined for different scenarios, in order to improve
current density datasets. The technique presented in this
paper provides the opportunity to enhance the estimation
of force coefficients and, consequently, satellite aerody-
namics. The obtained improvement over the selected mis-
sions increases the understanding of the thermospheric
region and new density data sets are provided as an out-
come of this research.

The implemented methodology is summarized in Sec-
tion 2. The adoption of a high fidelity geometry model is
crucial for estimating aerodynamic coefficients. Therefore,
for the introduced set of satellites, new geometries have
been designed by making use of available technical

drawings and pre-launch photographs. A description of
the geometry modelling can be found in Section 3. The
following aerodynamic investigation uses the output of this
first modelling phase.

The satellite acrodynamic forces are computed by a rar-
efied gas dynamics simulator based on the Direct Simula-
tion Monte Carlo (DSMC) technique (Bird, 1994).
Section 4 presents validations and comparisons. In order
to simulate rarefied atmospheric flows, it is also possible
to use additional approaches. One of those is the Test Par-
ticle Monte Carlo (TPMC) method (Davis, 1960). Together
with the DSMC, it is one of the most common techniques
used for rarefied flow simulators. Both methods can treat
multiple reflections and shadowing, but have the main lim-
itation of being computationally expensive. The TPMC
model interacts with the surface elements but does not
implement intermolecular collisions. This makes simula-
tions faster than common DSMC computations. However,
for both methods, atmospheric particles impinge on sur-
faces with velocities that are computed using a Maxwellian
velocity distribution. The energy exchange between mole-
cules and surface elements is computed and resulting forces
can be processed.

Within the last years, numerous works have been per-
formed on satellite aerodynamics by Monte Carlo tech-
niques and there is an increasing interest in processing
satellite data with high fidelity geometries. In Pilinski
et al. (2016), a similar approach to the method presented
in this paper is applied to the DANDE satellite. The
SPARCS software (Pilinski, 2011), based on the test parti-
cle technique, analyses a triangulated mesh to provide
aerodynamic coefficients. The numerical test-particle tech-
nique has been used also by Mehta et al. (2017) for the
CHAMP and GRACE satellites. In this work, data have
been processed with new improved geometries. Results
show average differences with respect to the panellized
models previously in use in Delft (Doornbos, 2011) of
14-18% for CHAMP and 10-24% for GRACE.

In this work, different assumptions have been made
and in addition to CHAMP and GRACE, also the
GOCE and Swarm satellites have been investigated.
The main mission details are listed in Table 1, whereas
an overview of the altitudes evolution within the satel-
lite lifetimes is provided in Fig. 1. Section 5 describes
all the differences between these approaches and the
resulting densities in detail. Multiple comparisons with
existing data sets and atmospheric models are available.
Section 6 provides conclusions and an outlook on future
work.

Table 1

List of the mission characteristics for the CHAMP, GRACE, GOCE and Swarm satellites.
Satellite CHAMP GRACE-A, -B

Operator DLR NASA/DLR

Launch date Jul. 2000 Mar. 2002

End of the mission Sept. 2010 Oct. 2017

Initial altitude 460 km 505 km

Inclination 87.3 deg 89.0 deg

GOCE Swarm-A, -C Swarm-B
ESA ESA ESA
Mar. 2009 Nov. 2013 Nov. 2013

Oct. 2013 - -
270 km 470 km 530 km
96.7 deg 87.4 deg 87.8 deg
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Fig. 1. CHAMP, GRACE, GOCE and Swarm altitudes evolution.

2. Methodology

Satellite aerodynamic forces and torques can be esti-
mated as a function of many inputs. The atmospheric den-
sity is a crucial contribution among them. In this paper, the
reverse process is used to provide an improved density data
set starting from a detailed aerodynamic modelling. Start-
ing from the expression of the aerodynamic drag accelera-
tion (Bruinsma et al., 2004), the following equation allows
to calculate the atmospheric density.

2 m Qgraq
P ot V7, W
In Eq. (1), p is the neutral mass density, m the satellite
mass, a4 the drag acceleration, Cp the drag coefficient,
A,.s a reference area and V., the velocity relative to the
atmosphere. This equation highlights the direct influence
of drag coefficients on the density estimation accuracy.

Previous estimations of the neutral mass density have
been processed with force coefficients generated from pan-
ellized satellite geometries. However, the inability to model
multiple reflections and shadowing effects introduced sys-
tematic errors at the level of 5-15% (Doornbos, 2011). In
general, the panel method consists of the application of
Sentman’s equations for flat panels to simplified geometries
constructed from multiple panels with different orienta-
tions (Sentman, 1961a,b). A limited number of flat panels
describe the entire structure of the satellite. Normal vectors
and areas of each panel provide the fundamental informa-
tion needed to retrieve acrodynamic coefficients.

Within this paper, the aerodynamic modelling is
enhanced using the DSMC approach in combination with
high fidelity geometries. Satellite accelerations are repro-
cessed leading to higher fidelity densities in better agreement
with atmospheric models. Panel model geometry and aero-
dynamic modelling turned out to reduce the reliability of
derived densities, especially for satellites with complex shape.

The use of DSMC introduces flexibility for analysing
not only free-molecular regimes, but also transition to
continuum flow in re-entry conditions for additional
research scenarios. In particular, the Stochastic Parallel
Rarefied-Gas Time-Accurate Analyzer (SPARTA) simu-
lator from SANDIA Laboratories (Gallis et al., 2014)
is used in this work for the aerodynamic modelling.
The collisions between atmospheric particles and satellite
outer surfaces are simulated within a fixed domain. Pres-
sures and shear stresses associated to each surface ele-
ment are computed and processed to retrieve overall
satellite force coefficients. Aerodynamic data sets from
this processing are obtained as a preliminary output.
For each analysed configuration, the computed coeffi-
cients in the aerodynamic and body fixed frames are
listed together with the characteristic simulation inputs
(i.e. speed ratio, Euler angles). These data sets are suc-
cessively processed to obtain atmospheric densities. Fur-
ther details about the process of extracting densities
from accelerometer data can be found in Section 5
and in Doornbos (2011). For the Swarm satellites,
GPS-derived accelerations have been used instead of
accelerometer data due to the presence of numerous
spikes and anomalies (Siemes et al., 2016). These alter-
native accelerations are estimated within the orbit deter-
mination processing using a Kalman-filter approach
(Wermuth et al., 2010). In particular, Swarm densities
resulting from this procedure were already analysed dur-
ing the June 2015 geomagnetic storm in Astafyeva et al.
(2017).

In this paper, for the complete set of satellites,
accelerations have been processed with panel and
SPARTA-DSMC methods in order to analyse discrepan-
cies between the two approaches. Further comparisons
have been performed with a set of semi-empirical atmo-
spheric models. The achieved results are provided in
Section 5.
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3. Geometry modelling

The low level of information about existing panel model
surfaces is a significant problem for properly modelling
satellite aerodynamics. Within this paper, the CHAMP-
TU Delft (Doornbos, 2011), GRACE-Bettadpur
(Bettadpur, 2007), GOCE-Alenia (Cometto, 2007) and
Swarm-Astrium (Siemes, 2018) have been used for the
panel model geometries. These macro model surfaces are
respectively characterized by 16 panels for CHAMP, 12
for GRACE, 44 for GOCE and 15 for Swarm. Further
details about these models and others can be found in
Tables 2 and 3. In general, for each panel, information
about normal vector components, area, reflectivity, diffu-
sivity and emissivity indexes are listed in the macro models.
Information about panels relative locations are not pro-
vided. For this reason, multiple reflections and shadowing
effects are not easy to implement within this method. More-
over, for this model, complex instruments like protruding
antenna or beams turned out to be difficult to model with
a satisfactory accuracy.

As input for SPARTA-DSMC, new high fidelity geom-
etry models were designed. These geometries are the inputs
for the SPARTA-DSMC simulations, which will be dis-
cussed in the next Section 4. In order to reproduce satellite
geometries with high fidelity, technical drawings (Schulz,
1999; Luehr, 2000; Hess, 2001; Bettadpur, 2012; Severino,
2004a,b; Hammond, 2006) have been used and compared
with the generated surfaces. An overview of the new geom-
etry models is available in Fig. 2. Qualitative and quantita-
tive comparisons with technical drawings and the previous
panel models are available in Appendix A and in Table 3.
In order to raise the reliability, all the possible outer sur-
face elements have been implemented in the geometry mod-
elling. For this reason, technical drawings from satellite
manufacturing companies and pre-launch pictures have
been exploited in order to correctly model structures, coat-
ings, thermal blankets and further details, which were not
implemented in previous models. Table 3 shows small dif-

Table 3

Projected areas (in m?) of the CHAMP, GRACE, GOCE and Swarm
satellites as viewed along the spacecraft body-fixed axes for different
sources. Percentages provide the comparisons with the new designed
geometries. The direction of X is along-track, whereas for Y and Z are
along cross-track and nadir orientations respectively.

Satellite  Ref. ID X [%] Y % Z [%]
CHAMP 1 0.787 3.193 6.540
2 0742 —57 3120 —23 6444 —15
3 0.794 +09 3245 +1.6 6.621 +1.2
4 0470 —403 3377 +58 6295 -37
5 0.637 —19.1 3377 458 6295 -3.7
6 0743 —57 3122 —22 645 13
GRACE 7 1.008 2488 6.103
8 1.001 —0.6 2463 —10 - -
9 1.043 435 2550  +2.5 6153 408
10 1.001  —0.6 2.638 +6.0 6365 4.3
GOCE 11 1.038 10.738 5.759
12 1.035 —03 11210 +44 6049 +5.0
Swarm 13 0.784 3.181 6.517
14 1497 4909 3381  +63 5081 —22.0

ferences in the projected areas along the spacecraft body-
fixed axes for GRACE and GOCE. These discrepancies
reach a maximum value of 6% with respect the newly
designed geometries. Larger differences are highlighted
for CHAMP. This is especially verified comparing the pro-
jected areas along X-axis for Luehr (2002) and Bruinsma
and Biancale (2003), which register differences of 40.3%
and 19.1% respectively. These higher percentages are con-
sistent with similar comparisons in Doornbos (2011). The
Swarm satellites show the largest differences with respect
to the new model. The highest contribution in the discrep-
ancy is associated to the X-axis projection which has a
much smaller area with respect to the Astrium geometry
model.

4. Aerodynamic modelling

The accelerometers on board of the CHAMP, GRACE,
GOCE and Swarm satellites provide measurements of

Table 2
List of the satellite models with reference ID and description.
Satellite 1D Title Description Reference
CHAMP 1 SPARTA-March 3D model This work
2 CH-IT-DID-001 Tech. drawings, panel model Luehr (2000)
3 ANGARA-CH 3D model Doornbos et al. (2009)
4 Luehr Panel model Luehr (2002)
5 Bruinsma Panel model Bruinsma and Biancale (2003)
6 TU Delft Panel model Doornbos (2011)
GRACE 7 SPARTA-March 3D model This work
8 CSR-GR-03-02 Panel model Bruinsma and Biancale (2003)
9 ANGARA-GR 3D model Doornbos et al. (2009)
10 Bettadpur Panel model Bettadpur (2007)
GOCE 11 SPARTA-March 3D model This work
12 Alenia Tech. drawings, Panel model Cometto (2007)
Swarm 13 SPARTA-March 3D model This work
14 Astrium Panel model Siemes (2018)




G. March et al. | Advances in Space Research 63 (2019) 213-238 217

CHAMP

QY

GRACE

GOCE

Swarm

Fig. 2. Rendering of satellite geometry models designed with CATIA V5 R21.

non-gravitational accelerations. The measured accelerations
contain several contributions, which are not exclusively
related to atmospheric drag. In order to process satellite
aerodynamics from accelerometer data, a correct modelling
of additional contributions needs to be performed. In addi-
tion to the aerodynamic, other accelerations are associated
to solar radiation pressure, Earth infra-red radiation pres-
sure, Earth albedo radiation pressure and propulsive
thrust. Once all these accelerations are modelled as in
Doornbos (2011), the aerodynamic accelerations can be
retrieved. In lack of reliable accelerations from the
accelerometers, GPS data processing can also provide the
necessary information about non-gravitational forces
(Van den IJssel, 2014). This method has been already
implemented for deriving Swarm L2 density products
(Doornbos et al., 2017) and is used as well in this research.
For the analysed missions, the molecules are at large dis-
tances from each other, guaranteeing free molecular flow
regime. This allows us to neglect particle-particle collisions,
which speeds up DSMC simulations. In this work, the
aerodynamic coefficients are provided by the SPARTA
simulator. The performed simulations cover several differ-
ent characterizations of thermospheric flows. Moreover,
within a specific domain, several attitude configurations
have been simulated in order to describe all possible scenar-
ios encountered throughout the mission lifetime. Specific
ranges for both attack and side-slip angles have been intro-
duced depending on each spacecraft operational history.
Once that geometry modelling has been improved, the
influence of gas-surface interactions between particles and
satellite surfaces on the aerodynamic accelerations is cru-
cial to be investigated. One of the most important param-
eters for this investigation is the energy accommodation
coefficient (o). This parameter provides information about
the energy exchange between atmospheric particles and
satellite outer surfaces (Pilinski et al., 2016) and at this
point will be an input of the new aerodynamic model. If
the particles retain their mean kinetic energy after the

collision, this parameter is zero, whereas if particles adjust
their temperature to the satellite surface temperature, this
coefficient reaches 1. The energy accommodation coeffi-
cient is defined as follows:

Tie—T
— mc re 2
e ]ync'_‘rw ( )

Within this formula, T, is the particles temperature before
the collision, T,, the re-emitted particles temperature and
T, the satellite outer surface temperature. The thermo-
sphere is influenced by quasi-diffusive gas-surface interac-
tions. The a; value depends on different factors like solar
activity, altitude and adsorbed gas composition over satel-
lite surfaces (Pilinski et al., 2013; Pardini et al., 2010). In
order to fix an accommodation coefficient to focus exclu-
sively on geometry and aerodynamic modelling, an ideal
fully-diffusive reflection mode (a¢z=1) has been selected
for this study. The implementation of a detailed gas-
surface interactions model with the introduction of optimal
accommodation coefficients is an important next step for
the research described in this paper.

The energy accommodation coefficient has been intro-
duced in Sentman’s equation, and consequently in the
panel method, by Moe et al. (2004) and Sutton (2009) as
well as Doornbos (2011) for accelerometer data processing.

The relative velocity (V) is defined as the velocity of the
satellite with respect to the surrounding atmosphere. Fol-
lowing this implementation, the drag unit vector (up) and
the V, vectors have the same direction, whereas the lift unit
vector for each single panel (i;;) can be found by Eq. (3),
where n; is the normal vector of the i-th flat plate element.
The negative dot products of drag and lift unit vectors with
n; are defined as 7, and /; respectively.

(ﬁb X ﬁa X ﬁD
[[(p x ) X up|

3)

Uri = —
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In order to retrieve information about drag and lift, Sent-
man’s formulas for a single-sided flat plate can be modified
using Eqgs. (4) and (5),

Pzﬂj Vi Ure A[
= | =X 07, +2 vA/TZ; + P;) | —— 4
Cous= [ 1025 2 /it + i) Ay
i Uy A;
Crij= |LiGiZij+=— (Vi\/EZl}/ + Ptlj) o (5)
2 Vine Aref
where
;= —Up N, li = —u, - n; (6)
1 1 55
G = 2_s12 P;; = 5 exp(—yisj)
0,=1+¢G, Zij=1+erf(ys)) (7)

The j-index is related to the j-th constituent. The overall
aerodynamic coefficients consist in the weighted sum of
major constituents of local atmosphere. Furthermore, in
the previous equations, the velocity ratio between re-
emitted and incoming particles (v,./v;,.) is obtained as a
function of the energy accommodation coefficient and wall
temperature by Eq. (8) from Koppenwallner (2009).

Ve 1 4RT,,
Vine - \/5 |:1 + aE< U%n(‘ B 1):| <8)

Within atmospheric flow investigations, the speed ratio (s)
has a crucial importance. This parameter is the ratio
between satellite speed (v;,.) and the most probable speed
of the atmospheric particles (denominator of Eq. (9)). Ana-
Iytically, the Eq. (9) provides the mentioned parameter.

§ = Vipe (9)

YR T inc
m

From the previous formula, it is possible to see that the
speed ratio is directly connected with the satellite speed,
local atmospheric temperature (7,.), molecular mass (m)
and gas constant (R). Analysing a certain range of speed
ratios, including attitude variations as well, all encountered
mission scenarios can be simulated. For the selected satel-
lites, within the performed simulations, the speed ratio
ranges between 1 and 14. This interval guaranteed a com-
plete description of experienced thermospheric conditions.
After a validation, provided in next Section 4.1, results
concerning satellite aerodynamics are presented in
Section 4.2.

4.1. Validation

In order to validate SPARTA computations, simple
geometries have been introduced and compared with panel
method results. In this Section, two validations for a flat
panel and a box are presented. Fig. 3 gives a first compar-
ison between the panel method result (solid lines) and
SPARTA aerodynamic coefficients (markers) for a two-
sided flat panel. At 0 degree of attack angle, the normal
vector is aligned with the atmospheric flow direction and

24 ] 1 | | ] ]
—— Cp-Panels
® Cp-DSMC
20 —— C | - Panels B
® C| -DSMC
X 18 R
<
0
L2
% 1.2 B
Q
o -
Q i
€
T 08 -
= .
3 2
o
Q
< 04 - o
0.0 w_
-0.4 T T T T T T
0 15 30 45 60 75 90

Attack angle [deg]

Fig. 3. SPARTA validation for a two-sided flat plate. Aerodynamic
coefficients computed using the panel method (solid lines) are compared
with DSMC computations (markers).

the drag force reaches its maximum value. Fig. 4 shows
the same analysis for a box with angle of attack (a) and
side-slip (b) angle variations. The aerodynamic coefficients
have been normalised with a reference area set to 1 m?.

For both investigations, the two approaches turned out
to be in good agreement. The presented simulations in
Figs. 3 and 4 have been performed for a fixed speed ratio
equal to 7, atmospheric temperature of 1000 K and satellite
surface temperature of 400 K. The atmospheric composi-
tion is assumed to be 100% atomic oxygen. Changes in
selected inputs do not modify the agreement between the
two approaches. In combination with the presented valida-
tions, a sensitivity analysis has been performed. This study
showed a relevant influence of energy accommodation
coefficient and molecular mass on aerodynamic coefficients
in agreement with Doornbos (2011). Whereas, for temper-
atures the influence is smaller, especially for the surface
temperature, which is not significantly affecting computed
coefficients.

4.2. Satellite aerodynamics

In order to compare the panel and SPARTA methods
for realistic satellite aerodynamics, normalised force coeffi-
cients as a function of attack and side-slip angle have been
investigated. A representation of the analysed angles is
available in Fig. 5. In the following results, inputs are
assumed to be the same as the previously defined valida-
tions (Section 4.1). However, additional settings are also
tested at the end of this section. Figs. 6 and 7 show the
drag, lift and lift over drag ratio for CHAMP. Fig. 6
analyses attack angle influence, whereas Fig. 7 shows the
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aerodynamic coefficients for side-slip angle variations. For
these figures, the left plot contains all quantities of interest
(drag, lift and lift over drag ratio), whereas, the right plots
offer a detailed description of exclusively lift and lift over
drag ratio, which are characterised by lower values. The
selected aerodynamic coefficients have been normalised
with a reference area set to 1 m? for all missions. This ref-
erence area does not depend on the attack and side-slip
angles, and therefore variations of the true flow-exposed

Aerodynamic coefficient [-]
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area of the satellites do not need to be independently calcu-
lated. These are already captured in the normalised force
coefficients which are a function of these angles. The nor-
malised force coefficients shown in Figs. 6-13 were calcu-
lated with a speed ratio corresponding to 100% atomic
oxygen and a temperature of 400 K. In order to process
the new densities, the drag coefficients need to be computed
for all the atmospheric constituents and summed to obtain
the on-track values (Doornbos, 2011). Temperatures and
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the relative mass concentrations of atmospheric con-
stituents depend on satellite locations and play a crucial
role in the final density estimation. Introducing the results
for the other satellites, Figs. 8 and 9 are for GRACE,
Figs. 10 and 11 for GOCE and finally Figs. 12 and 13
for Swarm. Aerodynamic coefficients are available on the
vertical axis, whereas selected attitude angles are on the
horizontal axis. The drag coefficient is the predominant
coefficient and analysing each satellite, it can be observed

that coefficient differences are up to 32%. These discrepan-
cies between panel and SPARTA methods are not constant
between different satellites and turned out to be strictly
related to satellite outer surface complexity. Indeed, the
best agreement can be found for GRACE, which in com-
parison with other satellites is characterized by a simpler
shape. Large differences are obtained for Swarm, while
the differences are at a similar intermediate level for
CHAMP and GOCE.
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The previous results have been obtained for a fixed
speed ratio equal to 7. However a full range of different
speed ratios between 1 and 14 has been analysed for each
satellite. Low speed ratios occur at low molecular mass
of the gas, and at high gas temperature. Whereas, high
speed ratios are characterized by the opposite trends
according to Eq. (9). Fig. 14 shows the evolution of drag
coefficients depending on different speed ratios and selected
side-slip angles.

From Fig. 14, it is possible to have a complete overview
of the drag for the selected satellites and different speed
ratios. It turns out that nominal flight configuration
(f =0) always provide overestimated drag coefficients
from the panel method with respect to the DSMC
approach. As shown before, for the CHAMP, GRACE,
and GOCE satellites, the drag difference turns out to be less
significant compared to Swarm. However, from these dia-
grams, it is clear that there are different behaviours also
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for different side-slip angles. The panel method is not con-
stantly overestimating or underestimating the drag, but the
difference depends on the attitude and speed ratio. For the
same satellite and side-slip angle, it is possible to find a bet-
ter agreement or a larger discrepancy depending on the
value of the speed ratio. This makes it necessary to have
a complete and detailed description of satellite aecrodynam-
ics as a function of each of these inputs encountered during

the mission lifetime. An accurate description about the
orbit is obtained from the star camera attitude data.
Whereas, the information about the atmospheric composi-
tion to model the speed ratio along the orbit is provided by
the NRLMSISE-00 model (Picone et al., 2001). A complete
and detailed aerodynamic data set is generated from these
outputs and these preliminary results are used as input for
the density processing explained in the next section.
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Fig. 14. Drag coefficients as a function of the speed ratio for selected side-slip angles.

5. Density processing

Processing accelerations introduces the use of three
orthogonal acceleration observations and four unknowns
which are the density and the three wind velocity compo-
nents. The satellite relative velocity is provided by the com-
bination of orbit, co-rotation and wind velocities. The first
two are known with higher fidelity with respect to the

winds, which can be obtained from specific models. Raw
accelerometer data need to be processed to remove various
non-aerodynamic accelerations. These are mostly due to
radiation pressure, thrusters and mechanical forces from
electrical currents (Flury et al., 2008). The density is one
of the scientific results obtainable from accelerations. As
mentioned in the introduction, many studies have been
published on this processing. Among recent scientific
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papers, Pilinski et al. (2016) and Mehta et al. (2017) pro-
vided improved aerodynamic modelling for the DANDE,
POPACS (Pilinski et al., 2016), CHAMP and GRACE
(Mehta et al., 2017) satellites. In Pilinski et al. (2016), the
main attention is focused on the aerodynamics of two satel-
lites independently of the atmospheric density. Similar
computations (as explained in Section 4) are used and a
comparison with closed-form solutions is also available.
Simpler satellite shapes like DANDE allow for a direct
comparison with analytical solutions. However, the geo-
metric complexity of the selected satellites of this work does
not allow a direct comparison with a single closed-form
solution, but only with a sum of multiple contributions
from flat panels. As mentioned in the introduction, both
papers use the TPMC technique. In particular, Mechta
et al. (2017) simulations are based on new geometries,
which are designed with a CAD software. Unlike this
paper, Mehta et al. (2017) assumes zero atmospheric winds.
The absence of atmospheric winds introduces uncertainties
between 5% and 20% on estimated densities (Sutton, 2008).
Large uncertainties are especially detected for high lati-
tudes and geomagnetic active conditions. In the current
paper, atmospheric winds are computed with atmospheric
models (i.e. HWMO07), and where possible, wind compo-
nents can be derived from the acceleration data. Wind
models are based on large amounts of observations, the
uncertainties are usually based on the natural variability
of the system and the observational uncertainties which
can reach values greater than 100 m/s (Drob et al., 2008,
2015).

Both Pilinski et al. (2016) and Mehta et al. (2017) use
variable gas-surface interactions (GSI) models. These mod-
els provide different behaviours with respect to fully diffu-
sive reflections and are applicable to the presented
geometries. However, a further development of current
GSI models is necessary. Exploiting multiple satellite data
sets as well as analysing lift, torques, in addition to drag,

This is based on a first crucial step that consists of a high-
fidelity geometry modelling, which is fully characterized in
this work.

The densities from Sutton (2008) and Mehta et al. (2017)
have been retrieved from the supplemental data from
Mehta et al. (2017). In this section, a comparison for the
three representative days selected in Mehta et al. (2017) is
performed with the new densities presented in this paper.
An additional comparison with Sutton results is also
included. The analysed days are: 2002-10-27, 2005-05-15
and 2009-08-28. The day in 2002 is associated to high solar
activity, whereas the 2005 and 2009 days are respectively
for moderate and low activities. This comparison covers
the data of the CHAMP and GRACE satellites. Full statis-
tical details for the complete days are provided in Table 4.
Whereas, Figs. 15, 17 and 18 show the comparison between
SPARTA, Mehta et al. (2017),Sutton (2008) and Doornbos
(2011) estimated densities for the CHAMP satellite within
the first three hours of each day. Figs. 19-21 show the same
comparison for the GRACE satellite. In each Figure, a
direct comparison between densities is available in the
top plot. The second plot presents the ratio between
external and SPARTA densities. Only for the CHAMP
satellite, a full day plot is available in Fig. 16 to highlight
a lack of data among the data sets. The flagged area in grey
associated to a lack of accelerations is due to missing star
camera attitude data. This interval ranges between 18:32-
19:20 UTC. This gap was linearly interpolated in Fig. 3
of Mehta et al. (2017). In Table 4 the flagged data are
excluded from statistical comparisons. All the other days,
including those ones for GRACE, do not have additional
flags. In Table 4, the mean difference (MD) and mean ratio
(MR) are computed as

would potentially allow an optimization of GSI parame- 0
ters, which will help to obtain more consistent density data. MR = mean pth (10)
spa
Table 4
Comparison of SPARTA results with Mehta et al. (2017) [M] Sutton (2008) [S] and Doornbos (2011) [D] estimated densities
Satellite Source 27-10-2002 15-05-2005 28-08-2009
CHAMP Mean Diff. [%)] M 5.27 3.92 5.41
S 12.92 15.84 16.15
D 6.03 5.84 6.09
Mean Ratio [-] M 0.96 0.97 0.95
S 1.12 1.16 1.16
D 0.94 0.94 0.94
GRACE Mean Diff. [%)] M 17.38 22.84 23.93
S 7.05 8.67 17.65
D 3.39 3.44 4.67
Mean Ratio [-] M 0.83 0.77 0.83
S 0.93 0.92 1.08
D 0.97 0.97 0.95
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The p,,, is the density estimated by one of the external
sources, whereas pg, is the density obtained from
SPARTA simulations. The comparison for CHAMP shows
a higher agreement with the results from Mehta and
Doornbos. However, for Sutton’s data set, the differences
are larger. The new results match well with Doornbos’ pre-
vious data for both missions. The density ratios based on
Doornbos’ data in Figs. 15-21 have a smoother behaviour
compared to the other two data sets, especially for
GRACE. Indeed, a nearly constant density ratio can be
found in Figs. 19-21. Analogous trends are obtained com-
paring independently Sutton and Mehta results. This might
be related to a similar accelerometer calibration processing
between Sutton-Mehta results from one side and

11
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Doornbos-SPARTA results from the other. For example,
for the GRACE satellite, the presence of spikes in the
SPARTA-Doornbos results are associated to attitude
thruster effects. These disturbances in the accelerations
have been differently filtered out in the other two sets. This
creates a double similarity and discrepancy respectively
within and between the two couples of sets. Differences in
dealing with additional acceleration contributions, such
as solar radiation pressure, can create further variations
between the analysed sets.

For CHAMP, Table 4 shows a higher agreement
between SPARTA and Mehta et al. (2017) with respect
to Doornbos (2011) and Sutton (2008). Indeed, among
the three representative days, there is an average percentage
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difference of 4.9% with Mehta et al. (2017), 6% with
Doornbos (2011) and 15% with Sutton (2008). Whereas,
for GRACE, the agreement with Doornbos (2011) is bet-
ter. Calculated average differences are 21.4% with Mehta
et al. (2017), 11.1% with Sutton (2008) and 3.8% with
Doornbos (2011). Differences within the three representa-
tive days are similar. However, densities estimated by
Sutton turned out to be highly correlated with SPARTA
results for high solar activity. This result can be associated
to the different assumptions on the gas-surface interaction.
Indeed, Sutton (2008) used a constant value of 0.93 for the
energy accommodation coefficient, which is in agreement
with high solar activities (Mehta et al., 2013). From the

other side, for Mehta et al. (2017), a Cercignani-Lampis-
Lord (CLL) model is used (Walker et al., 2014) and the
comparison shows a more constant behaviour for differ-
ences. The adoption of lower accommodation coefficients
leads to higher drag coefficients, which result in lower den-
sities. Therefore, further research on GSI can reduce cur-
rent discrepancies with Mehta et al. (2017).

In the following Sections 5.1 and 5.2, the results con-
cerning density processing are provided through two differ-
ent studies. The first relies on statistical comparisons
between panel and SPARTA method for long time periods.
The second one is focused on specific yaw-manoeuvres in
short time windows.
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5.1. Comparison with semi-empirical models

In order to process data, the Direct and the Iterative
algorithms from Doornbos (2011) have been adapted to
SPARTA and applied to the complete set of CHAMP,
GRACE, GOCE and Swarm satellites. Using these algo-
rithms, panel method output can be directly compared with
new aerodynamic datasets from SPARTA. Taking into
account nominal flight conditions for long periods, it is
possible to retrieve statistical information about densities
in comparison with available atmospheric models. These
comparisons have been performed for both panel and
SPARTA methods. The reference frame is chosen with X
direction along the track, Y along cross-track and Z along

radial orientation. For a nominal flight configuration,
Euler angles are small and the inertial satellite velocity is
mostly aligned with the satellite longitudinal axis. In this
case, it is possible to take into consideration only the X-
component of the accelerations. This procedure is used
within the Direct algorithm for density processing dis-
cussed in Sutton (2008) and Doornbos et al. (2010). All
four selected missions have been investigated. Swarm-A
and -C provided the same results because of their similar
orbit and for this reason, they are listed together. For
GRACE, only new densities from GRACE-A are shown
because the twin satellite (GRACE-B) provided the same
results. Fig. 23 presents a comparison of thermospheric
densities for Swarm Charlie with the two different geometry
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modellings. In this figure, SPARTA and panel method
results are compared with NRLMSISE-00 atmospheric
model (Picone et al., 2001). The statistical results are pre-
sented in the top left part of each diagram by two param-
eters. These values are the log-normal mean ratio of
estimated densities over atmospheric model densities (u*)
and the log-normal standard deviation (¢*). Densities are
estimated in the period between 2014-07-19 and 2016-09-
30. For this particular density model, the mean ratio shows
a significantly better agreement. The standard deviation is
nearly constant. This is associated to the same difficulty in
modelling additional contributions like solar radiation

pressure. Looking at low densities, the data cloud turns
out to be wider. Indeed, lower densities are characterized
by lower aerodynamic contribution to the total accelera-
tion which reaches radiation pressure magnitudes. In these
areas, solar radiation pressure incorrect modelling have
more impact on densities. Further improvement of radia-
tion pressure modelling would reduce errors in the mea-
sured densities. The achieved percentage differences for
the set of satellites depends on the reliability of previous
panel geometry modellings, which turns out to have been
more accurate for simpler satellite geometries. For
GRACE, which is characterized by a simpler shape, the
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improved densities registered a difference of +5%.
Whereas, new geometry models for CHAMP and GOCE
provided changes of 11% and 9% respectively. In all cases,
the changes were towards better agreement with the models
(Fig. 22). This study has been conducted also comparing
with different atmospheric models (NRLMSISE-00, JB-
2008 (Bowman et al., 2008) and DTM-2013 (Bruinsma,
2015)).

Investigated periods cover years of data in order to pro-
vide satisfactory statistical information. The longest peri-
ods between manoeuvres and the quality of satellite data
have been analysed in order to provide a reliable statistical
information. In particular, the analysed periods range
between 2002-11-07 and 2008-12-31 for CHAMP, 2005-
12-12 and 2009-03-17 for GRACE, 2009-11-01 and 2013-
11-05 for GOCE and, as mentioned before, 2014-07-19
and 2016-09-30 for Swarm satellites. For all the compar-
isons, an improvement in the agreement with atmospheric
models is achieved. An overview of obtained results is
available in Table 5.

Depending on the mission and atmospheric model,
average mean ratios change. New Swarm densities turned
out to be better correlated with the NRLMSISE-00
model. However, CHAMP and GRACE are in better
agreement with JB-2008. GOCE satellite densities are
performing nearly equally for both NRLMSISE-00 and
JB-2008. The results of this analysis provided scale
factors which can be applied to previous panel method
output to have a fast improvement of current densities.
This is a reliable approach in case of nominal flight
configurations. However, in the presence of manoeuvres
or prolonged attitude changes, the provided factors are
not applicable. For what concerns the Swarm mission,
the presented results are currently adopted for Swarm
L2 data product processing of the DNSxPOD products
(Doornbos et al., 2017).
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Table 5
Comparison of SPARTA results with NRLMSISE-00, JB-2008 and DTM-
2013 atmospheric models

Satellite u*-panel w*-SPARTA a*
NRLMSISE-00

CHAMP 0.712 0.785 1.27
GRACE 0.668 0.699 1.42
GOCE 0.854 0.931 1.18
Swarm B 0.711 0.935 1.46
Swarm C (& A) 0.717 0.949 1.29
JB-2008

CHAMP 0.813 0.896 1.22
GRACE 0.920 0.964 1.44
GOCE 0.856 0.933 1.16
Swarm B 0.630 0.828 1.42
Swarm C (& A) 0.633 0.837 1.24
DTM-2013

CHAMP 0.800 0.882 1.22
GRACE 0.874 0.915 1.38
GOCE 0.823 0.896 1.16
Swarm B 0.566 0.745 1.41
Swarm C (& A) 0.598 0.791 1.24

5.2. Attitude manoeuvres analysis

In this section, the presented geometry models cover
additional attitude configurations demonstrating that high
fidelity densities can be provided also within manoecuvres.
In order to estimate the new densities, it is necessary to
use the iterative algorithm from Doornbos et al. (2010).
Differently from the Direct algorithm, the relative velocity
vector is not assumed to be aligned with the X axis of the
satellite body frame, but it is adjusted to the realistic direc-
tion resulting in a match between directions of observed
and modelled accelerations. After the adjustment in
direction, it is necessary to match the magnitude of the
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Fig. 23. Diagrams showing the distribution of Swarm C density data with equivalent NRLMSISE-00 model output. The colour scale indicates the number
of points per bin. Panel method densities (left) are compared with SPARTA results (right).



G. March et al. | Advances in Space Research 63 (2019) 213-238

Forward

40 deg Yaw

}

231

Forward

ACCELERATIONS
|7 Tour IN
& 04
2 |
€ o I
v
S
= I
X -6
I I T T T 1
06:00 | | 09:00 12:00 15:00 18:00
%1 |
= I
E 41 |
N, I
o |
T ol I
> T
-2 I I T T T 1
06:00 | I 09:00 12:00 15:00 18:00
I

(1077 m/s

|
1
T
0600 |
|
|

NRLMSISE-O0!

T T
12:00 15:00

o
£
D 2.0
X
‘_‘I‘ 1.5 1
o
= 1.0 |
205y | |
2 l
S | ‘ ‘ ‘ ‘
o 0600 | 09:00 12:00 15:00 18:00
— I I JB-2008 —— SPARTA
S | — Panels
D 2.0 | |
X \ N
‘_‘I‘ 1.5 4
o
sl 1.0 1 I
> AN
l ~7 >
| 12:00 15:00 18:00
I DTM-2013 — SPARTA
—— Panels
/ \ \ A A A

T 1
12:00 18:00

May 05 2015

Fig. 24. Swarm-A densities for panel method and SPARTA during 40 deg yaw manoeuvre on 2015-05-05. Comparison with three atmospheric models:

NRLMSISE-00, JB-2008 and DTM-2013.

acceleration to finally retrieve the density. After a few iter-
ations, the density is modified in order to reach the final
match and find the best fitting value. If the geometric
and aerodynamic modelling would be reliable, the pro-
cessed density remains nearly constant between the periods
inside and outside the attitude manoeuvre. If the geometry
is not accurately modelled, alterations in the density trends
can be found. A perfect continuous match is not achievable
because of the variability of the thermosphere. However,

the densities are expected to stay approximately in the same
range within a few orbits under stable geomagnetic activity
conditions.

In this section, the results about densities within three
attitude manoeuvres encountered within the CHAMP
and Swarm missions are shown. The first manoeuvre is a
40 deg yaw-manoeuvre for Swarm-A. This change of atti-
tude has been performed on the 5th of May 2015. The vari-
ation started at 10:50 UTC and was back to the nominal
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state at 14:20 UTC. Fig. 24 includes a wider time domain
(6:00-18:00 UTC), which shows the differences in accelera-
tions and densities before, during and after the manoeuvre.
Fig. 25 provides a similar plot. In this case, the performed
manoeuvre is about 90 degrees. This is a combination of
manoeuvres, four times the satellite changed its attitude
by 90 degrees. Fig. 25 presents only a zoom-in within the
first rotation. For both plots, panel method densities are

Forward

characterized by large alterations between outside and
inside the manoeuvre. However, for SPARTA a higher
level of consistency is detected.

The side area is the predominant part for all these satel-
lites and it is easier to model with respect to the frontal
area, which is full of instruments protruding out of the
main satellite body. For this reason, when the satellite is
out of the nominal state, a better agreement between the
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two models is reached. The panel method differently
describes the two attitudes for both manoeuvres, whereas,
a continuous consistency is detected for the SPARTA
model. If the attention is focused within two orbits, outside
and inside the presented manoeuvres (highlighted in grey
areas in Figs. 24 and 295), it is possible to plot the data
for the two orbits. The shaded areas are shown in detail
in Figs. 26 and 27 for the 40 and 90 degrees yaw manoeu-
vres respectively. In both plots, there are the densities

predicted with the DTM-2013 atmospheric model,
SPARTA and panel methods. The solid lines characterize
the densities estimated within the manoeuvre, whereas the
dashed lines represent the values estimated outside the
manoeuvres. For both the 40 and 90 degree attitude
changes, it is possible to appreciate lower differences
between the SPARTA densities. This is visible when the
satellite changes to a perpendicular orientation with respect
to the flow. Fig. 27, shows high agreement between
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SPARTA densities and a very large discrepancy for the
panel method, which reaches up to 40% of difference.
These findings are also confirmed for CHAMP. For this
satellite, a 90 degree yaw manoeuvre has been selected.
This sideways-flying attitude period occurred on 6th
November 2002, between approximately 9:00 and 20:00
UTC, and it has already been investigated in Doornbos
(2011). Similar to Swarm, Fig. 28 shows the accelerations
and estimated densities for this manoeuvre. The solar

activity was high and the data provided quite different den-
sities also between short time windows. The results turn out
to contain higher frequency information with respect to
Swarm. This is mostly related to the smoothed GPS-
derived accelerations used for Swarm. However, also in this
case, a more stable trend for SPARTA densities is achieved
within a few orbits. The panel method continues to have
large discrepancies. This is highlighted by Fig. 29 which
shows the densities as a function of the argument of
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latitude, which is the angle between the ascending node and
the satellite along the orbit. For low arguments of latitude,
there is a very similar trend between SPARTA densities.
However, there is a relevant difference between solid and
dashed lines for the panel approach. Discrepancies tend
to increase for both methods after the second equator tran-
sit, but they get smaller again towards the end of the orbit.
Larger differences are reached after crossing the descending
equator position and in particular at the south pole. This is
explained by the high variability of the thermosphere, espe-
cially for high solar activities for regions with complex
atmospheric dynamics.

6. Conclusions and recommendations

This paper presents new thermospheric density estima-
tions using accelerometer and GPS derived accelerations.
High fidelity geometries have been designed using technical
drawings and pre-launch photographs in order to raise as
much as possible the accuracy level. Physics-based drag
coefficients have been obtained as the outcome of a prelim-
inary processing. Further processing of aerodynamic data
sets has been applied in order to retrieve improved densi-
ties. A general improvement can be found comparing the
average mean ratios between panels and SPARTA models
with the atmospheric models. The reliability of the new
model has been additionally verified with the manoeuvre
analyses. This study shows an improvement in the consis-
tency of densities through changes of attitude. New densi-
ties turned out to be higher than the panel method results.
Indeed, differences of +11% for CHAMP, +5% for
GRACE, +9% for GOCE and +32% for Swarm have been
detected in this study. The improvement with respect to

previous geometry modelling is especially relevant for
Swarm and, in general, for satellites with complex shape.
For GRACE, the achieved improvements resulted to be
lower in magnitude, because of the simpler outer surfaces,
which are easier to model also with the panel method
approach. The weight of atmospheric models on the final
results highlight different behaviours. Further research
based on overlap analyses performed between different
missions in the same time window will provide additional
benefits. Together with a high fidelity gas-surface interac-
tions model, densities and wind will be also improved.
Based on the presented results, further research can now
investigate and provide tools for gas-surface interactions
models optimization and atmospheric models tuning. Dif-
ferent accommodation coefficients and GSI modellings
based on the presented model will provide more consistent
thermospheric density data sets, improved atmospheric
models and accurate predictions of satellite drag.
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Appendix A. Comparison between SPARTA and technical
drawing geometries

See Figs. A.1-A.6.
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Fig. A.1. Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines) for CHAMP. Inclination of boom has been
modified from technical drawings by 1 deg (Luehr, 2000). Side view.

Fig. A.2. Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines) for CHAMP. Larger SPARTA geometry
areas are modelled to take into account covering materials, which are not included in the technical drawings. Top view.

S

Fig. A.3. Comparison between technical drawing (shaded area) and
SPARTA geometry model (black lines) for GRACE. Side view.

Fig. A.6. Comparison between technical drawing (shaded area) and
SPARTA geometry model (black lines) for GOCE.

Fig. A.4. Comparison between technical drawing (shaded area) and
SPARTA geometry model (black lines) for GRACE. Front view.

Fig. A.5. Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines) for Swarm.
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