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Measurement principle and processing algorithm



Accelerometer measurement principle
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GPS acceleration measurement principle
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processing is largely similar to the one recently published by Sutton [2009]. It will
be described briefly below.

The calculation procedure starts with some geometry, of which the symbols are
explained in Figure 3.7. The unit vector in the drag direction uD is determined
from the relative velocity vector.

ûD =
vr

||vr||
(3.52)

The unit vector for the lift and side force direction, ûL,i, is perpendicular to ûD and
in the plane spanned by n̂i and ûD.

ûL,i = � (ûD ⇥ n̂i) ⇥ ûD
||(ûD ⇥ n̂i) ⇥ ûD||

(3.53)

Sentman’s equations make use of the cosine gi of the angle between the inward
normal and the drag vector, and of the cosine li of the angle between the inward
normal and the lift vector. These are easily determined using the inner products of
these vectors.

gi = cos(qi) = �ûD · n̂i, li = �ûL · n̂i (3.54)

Using similar notation as Sutton [2009] and Moe and Moe [2005], Sentman’s
formulas for the drag coefficient and combined lift and side force coefficient are
provided as
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The error function is defined as:

erf(x) =
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The last term in these equations is proportional to the ratio of the velocity of the
re-emitted particles (vre) to that of the incoming particles (vinc = vr). Koppenwallner
[2009] analysed the derivation of the expression by Moe and Moe [2005] of this ratio
as a function of the accommodation coefficient a and the wall temperature Tw, and
proposed the following corrected version
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Using similar notation as Sutton [2009] and Moe and Moe [2005], Sentman’s
formulas for the drag coefficient and combined lift and side force coefficient are
provided as

CD,i,j =
 Pi,jp

p
+ giQjZi,j +

gi
2

vre
vinc

(gi
p

pZi,j + Pi,j)
�

Ai
Aref

(3.55)

CL,i,j =


liGjZi,j +
li
2

vre
vinc

(gi
p

pZi,j + Pi,j)
�

Ai
Aref

(3.56)

where

Gj =
1

2S2
j

, Pi,j =
1
Sj

exp(�g2
i S2

j ), Qj = 1 + Gj, Zi,j = 1 + erf(giSj) (3.57)

The error function is defined as:

erf(x) =
2p
p

Z x

0
exp(�y2)dy (3.58)

The last term in these equations is proportional to the ratio of the velocity of the
re-emitted particles (vre) to that of the incoming particles (vinc = vr). Koppenwallner
[2009] analysed the derivation of the expression by Moe and Moe [2005] of this ratio
as a function of the accommodation coefficient a and the wall temperature Tw, and
proposed the following corrected version

vre
vinc

=

s
1
2


1 + a

✓
4RTw

v2
inc

� 1
◆�

(3.59)

3.4 Particle surface interaction modelling 69

processing is largely similar to the one recently published by Sutton [2009]. It will
be described briefly below.

The calculation procedure starts with some geometry, of which the symbols are
explained in Figure 3.7. The unit vector in the drag direction uD is determined
from the relative velocity vector.
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in the plane spanned by n̂i and ûD.
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Sentman’s exact theory for diffuse reflection of gas 
particles on a surface
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(j = O2, N2, O, He, H, . . .) having different molecular masses mj. These latter para-
meters determine the velocity of the random motion cj of the molecules and atoms,
which is to be superimposed on the bulk velocity vr of the atmosphere with respect
to the satellite surface. Figure 3.7 illustrates this schematically, and also shows the
definition of unit vectors to be used in the aerodynamics equations below.

From gas kinetic theory [e.g., Bird, 1994], the most probable thermal velocity of
the molecules and atoms can be expressed as

cmp,j =

s
2

k
mj

T , (3.49)

where k is the Boltzmann constant.
An important parameter describing the flow characteristics is the speed ratio S

of the bulk velocity to the most probable thermal velocity

Sj =
vr

cmp,j
. (3.50)

Early analyses of CHAMP and GRACE accelerometer data [Bruinsma and Bian-
cale, 2003; Bruinsma et al., 2004; Sutton et al., 2005, 2007] used aerodynamic ex-
pressions by Cook [1965]. These are only valid for high speed ratios (S � 1) and
compact satellite shapes (S cos qi > 1) [Koppenwallner, 2008]. In the derivation of
these equations, the influence of the random thermal motion of the atoms and mo-
lecules on the aerodynamic force could be ignored. Since the CHAMP and GRACE
satellites have elongated shapes, the data analysis using these equations resulted
in lower drag coefficients and higher densities with larger fluctuations. Sutton
[2009] presented an update of the aerodynamic model, which showed a much im-
proved fidelity of his density data [Sutton et al., 2008], a difference which was
confirmed in our own processing.

Also in contrast to some previous analyses [e.g., Bruinsma and Biancale, 2003],
it can be important to not use a mean molecular mass, but instead calculate the
i-th panel’s contribution to the aerodynamic force coefficient Ca,i as the mass-
concentration-weighted sum of contributions by the various atmospheric constitu-
ents j.

Ca,i = Â
j

rj

r
Ca,j,i (3.51)

As we shall see, the dependence of the contributions Ca,j,i on the molecular
mass can be highly non-linear. When a small concentration of light-weight con-
stituents (such as Helium) is present, this does not affect the mean molecular mass
by much. However, these light-weight particles, because of their high thermal
velocity, will have a higher collision rate with the satellite’s side panels, that are
oriented nearly parallel to the stream, than the heavier constituents (such as oxy-
gen or nitrogen). This will result in significantly larger values of Ca, especially for
the elongated satellite shapes of the current accelerometer missions.
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Figure 3.8 Drag and lift coefficients, according to Sentman’s equations for a one-sided
flat panel, as a function of the incidence angle q. The right-hand plot contains
the same information as the left-hand plot, but with a scaled Y-axis to more
clearly show the lift and values around q ⇡ 90�.

Aerodynamic calculation results

The result of Sentman’s drag and lift coefficient equations is shown in Figure 3.8,
as a function of the incidence angle q. Unless otherwise noted, the parameters used
in the aerodynamic calculations for this and the next figures in this Chapter are as
follows: Aref = 1 m2, Tw = 300 K, a = 1, T = 1000 K, mj = 16 (atomic oxygen)
and vr = 7600 m/s, resulting in Sj = 7.45.

Notice that the lift coefficient is many times smaller than the drag coefficient.
This is one of the reasons why the lift component can often be ignored in applica-
tions, as discussed in Section 3.2.1. At first approximation, the drag and lift coeffi-
cients vary with the cosine of the incidence angle, and the sine of twice that angle,
respectively, corresponding to the values of g and l from Equation (3.54). For incid-
ence angles near 90� however, where g and l approach zero, the coefficients depart
significantly from these sinusoidal curves. The reason for this is that the random
thermal motion of the atmospheric particles superimposed on the relative velocity
enables a fraction of these particles to interact with the front of the panel. This
happens even when q > 90�. Without this thermal motion component, the force
would be zero under that condition, comparable with the situation for radiation
pressure, as described in Equation (3.48). In contrast, in aerodynamic calculations,
it is important not to automatically set the force to zero when the front of the panel
is facing away from the bulk stream of particles.
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Figure 3.14 Variation of the aerodynamic force coefficient as a function of altitude for two
attitude modes, two levels of solar activity and three choices for the energy
accommodation coefficient a, based on Sentman’s equation using NRLMSISE
composition and temperature values and a CHAMP panel model. The frontal
areas of the panel model for each of the two shapes were used as the
reference areas.

and 2.3. The force coefficients were evaluated by making use of relative velocity
values equivalent to the circular orbit velocity at each altitude, and at represent-
ative low and high solar activity conditions. The calculations were also repeated
with three values of the accommodation coefficient: two fixed values (a = 1.0 and
a = 0.8), and as a Langmuir isotherm function (3.60) of the NRLMSISE-00 atomic
oxygen partial pressure.

Each of the curves shows increasing aerodynamic force coefficients with in-
creasing altitude. For the curves with fixed energy accommodation coefficients,
this increase is due to the increase in temperature, and, only at solar minimum
above about 500 km, due to the increased abundance of light-weight helium. The
sensitivity of the drag acceleration to these environmental conditions is clearly
much larger for the elongated shape of the satellite at b = 0�, compared to the
compact aerodynamic shape at b = 90�.

The use of a lower value of the energy accommodation coefficient a results in a
shift to higher aerodynamic coefficient values. Analyses of drag on satellites [Moe
and Moe, 2005; Pardini et al., 2010] (see also the discussion in Section 3.4.3) suggest
that the true energy accommodation is not fixed but varies with the absorption
of atomic oxygen on the surface, which likely decreases with altitude. When the
accommodation coefficient is computed as the Langmuir isotherm function of at-
mospheric temperature and atomic oxygen number density (see Figure 3.10), the
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Detailed satellite geometry models 
PhD work Gunther March

March, G., Doornbos, E. N., & Visser, P. N. A. M. (2018). High-fidelity geometry models for improving the consistency of CHAMP, GRACE, 
GOCE and Swarm thermospheric density data sets. Advances in Space Research. http://doi.org/10.1016/j.asr.2018.07.009









Space weather in the thermosphere















Uncertainty in satellite aerodynamics and the scale of 
the thermosphere
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Doornbos, E. (2012). Thermospheric Density and Wind Determination 
from Satellite Dynamics. Berlin, Heidelberg: Springer Berlin Heidelberg. 
http://doi.org/10.1007/978-3-642-25129-0
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What value of the accommodation coefficient to 
use?

• Further work ongoing by Gunther March, including Swarm manoeuvres, 
statistics on data from contemporaneous missions, etc.


• Do we need to revisit our (currently very simple) assumptions for the 
temperatures of the incoming gas and satellite walls?


• What settings to use for GOCE v2.0 thermosphere data in the meantime? 
Perhaps provide two versions of the data?


• One optimised for continuity of density observations


• One optimised for improved consistency of horizontal wind observations 
with external data



GOCE re-entry special dataset
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Figure 88: Evolution of temperatures in the last two days of flight, showing a major increase due to the S/C 

warm up caused by atmospheric friction, most pronounced for units close to the front of the S/C. 
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Conclusions

• Computing exact aerodynamic forces and torques on satellites is not a completely 
solved problem. 

• There are strong indications from analysis of CHAMP, GOCE and Swarm density and 
wind data, that energy accommodation should be lower than previously thought. 

• This has implications for the scale of the thermosphere. Thermosphere density is 
likely lower than indicated by current empirical models. 

• For practical purposes (e.g. mission analysis), it is important to use satellite 
aerodynamic models and thermosphere models that are consistent with each other.



Visualisations and animations
• Some of the videos are available on https://vimeo.com/user2446191. Others will 

be added there when ready.


• Software used:


• Generic Mapping Tools (GMT) for 2D graphs, and map projections 
(gmt.soest.hawaii.edu)


• Blender for 3D rendering (www.blender.org)


• Apple Motion for compositing and 2D animation (www.apple.com/final-cut-pro/
motion/)


• Python for data (pre)processing

https://vimeo.com/user2446191
http://gmt.soest.hawaii.edu
http://www.blender.org
https://www.apple.com/nl/final-cut-pro/motion/
https://www.apple.com/nl/final-cut-pro/motion/

