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Surface Forces Influence on an
Earth Observation Satellite like SPOT

The purpose of this project is to study the surface forces'
influence on an Earth Observation Satellite. Indeed, ‘orbit
determination’ enables one to study the effect of these surface
forces that were usually neglected. In this project we try to
model as precisely as possible the satellite and the surfaces
forces on it, so that we have a very accurate idea of the position
of the satellite. For d Earth observation satellite, this is a very -
important parametet. 2t -

To accurately compute the surfaces forces, one must first
model the satellites dimensions, surfaces, optical properiies and
drag coefficients. Then one must compute the surface forces, and
th@nﬂt's possible to propagate the orbit.:

—77 The satellite model was given by the CNES ( the French space
agency ). Indeed, the satellite is SPOT 2. Two different software
were used to compute the thermal forces and to propagate the
orbit. Respectively :

UTOPIA : University of Texas Orbit Propagator
TRASYS : a Martin Marietta Code k

For our project we have developed an accurate drag
coefficient model, and modified the Utopia Code so that the model
can fit in it.

With all this background, we have been able to study the
effect of the following perturbations on the orbit : J2,
atmospheric drag, and thermal forces. For each of these
perturbations we iry to develop a simple mathematical model, to
better understand their ‘influence. For the atmospheric drag
perturbation, we have used different atmospheric density models
for comparison. —~

/

The following paragraphs will @\ first present the SPOT
satellite in general, and then more precisely the study.
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An Earth Observation Satellite : SPOT

The SPOT Satellite [ Ref. 1] .

SPOT is the French Earth-observation satellite. Two models
have already been launched by the European rocket ARIANE : SPOT-
1 (launched in 1986) and SPOT-2 (launched in January 1990)
which carries the very accurate tracking system DORIS. Two new
versions of SPOT are planned tc be launched in the years to come.

The SPOT mission is characterized by a high spatial
resolution in the visible : 10 m in panchromatic mode ( large
bandwidth ) , 20 m in multispectral mode ( three bandwidths in
visible or close infra-red ). Made of 60x60 km, the SPOT images
have multiple applications such as :

# mapping, urban planning, land resources management.

# geology, mineral and oil research.

# agriculture, terrain evaluation, forestry.

# coastal zone studies. :

Sun-synchronized, the SPOT orbit provides a constant
illumination of the observed zones and the repeatability of the
observations. Thus, from an allitude of 820 km, the satellite will
pass over the same point every 26 days, after 369 orbits. A
steerable mirror located at the input of the two instruments
enables imaging to be performed at nadir or offnadir viewing
this capability offers several advantages unique to SPOT : access
to a preselected zone, repeatability of the observations for a
given zone, and stereoscopical observation.

The SPOT satellite is of modular design and consists of two
assemblies :
# the Multimission Platform, will be re-used by other observation
program such as ERS ( Earth Remote Sensing satellite from ESA ).
# the payload specific to the SPOT mission consisting of two high
resolution visible instruments.



The multimission platform :

The multimission platform developed by MATRA, a French
company, for the SPOT program has been designed in order to be
re-used easily by other low orbiting satellites. Thus, the ERS-1
program of ESA will use the maximum version of the platform.
Optimized for Earth observation, the platiorm is characterized by
accurate and very stable geocentric pointing, an important
instantaneous electrical power, particulary required by
microwave instruments, and a large functioning autonomy. By
design, the Solar Array size, the number of batteries, and the
propellant mass can be adopted for a given mission. For the same
purpose the overail satellite management is automatically

executed by a specific software loaded in the on-board platform
memories.

The Hiah_Resolution Visible Camera :

Two model of this camera constitute the payload of SPOT
spacecraft. The focal plane of that camera is equiped with 4
_linear arrays of 6000 sensors, electronically scanned, ‘the
spacecraft orbital motion producing the other scanning direction.
Analog signals provided by the detectors are amplified and
digitized by electronics. Integrated to high resolution visible
pictures, then sent to the payload telemetry subsystem which
ensures data transmission to the ground. A flat mirror is located
at the entrance of the instrument allowing side viewing 400 km
on each side of the sub satellite track. A specific position of this
mirror ensures an in-flight calibration using halogen lamps, or
solar flux picked up by optical fibers.

Earth Observation Constraints on the SPOT Orbit
[ Ref. 2 ]

An Earth observation satellite must have the following
properties :




The quality is a function of the altitude of the satellite. High
altitude means a good mapping of the Earth, but a low resolution.
Low altitude means high resolution, poor mapping, and high
atmospheric drag.

Moreover, the pictures will be assembled to draw maps, and
will be compare to each others. Thus, it is very important that
they all have the same scale, that means the satellite has to
remain at the same altitude on its orbit or have a very smali
eccentricity.

These quality constraints determine to choose a quasi-
circular orbit with a very small eccentricity less than 2x10-3,
and an altitude about 800 km. :

Constant Eiqht' :

So that the shots have a certain unity, it is necessary that
the light condition is similar on each picture. Furthermore
cameras are very sensitive to the solar light reflected- by the
Earth, which varies with the solar time. Therefore, the stability
in time of the solar hour gets rid of parasite phenomena and day-
evolution which spoil long-term Earth study.

This necessity of constant light is satisfied by a sun-
synchronous orbit. For a circular orbit we have io choose the
semi-major axis knowing the inclination. Indeed, the sun-
synchronism is made possible by the oblateness of the Earth. In
the development of the Geopotential Energy the J2-term
represents this oblateness. '

Then we can write the Earth-potential as :

I B - T P
V= (1 ZJ(F).(§5|n(p 1)

where r is the distance satellite-Earth center
¢ is the latitude of the satellite
Rt is the Earth radius
J2 is the second zonal harmonic



If we write the Lagrange equation for dQ/dt with this Earth-

potential it comes out :
@ _ 3 (B Jz.—-——————-—COS; -
at 2 a (1-¢°)

Furthermore, the Earth-orbit has a period of 3865.25 days,
then the mean daily rotation of the Sun around the Earth is :

da 365 ‘
da __365 _ 9g562° / da
dt" - 365.25 y

If we take the orbit parameter so that dQ/dt equals to this
rotation, the nodes of the orbit will remain at the same solar
hour in average. Assuming eccentricity, e=0, the sun-synchronous
relation between semi-major axis, a, and inclination, i, becomes :

The angle between the node line and the sun meridian, 9,
remains constant without regards to the fluctuations of the time
equation ( changes in the Earth rotation velocity around the Sun
due to the ellipticity of the Earth orbit ) ( see figure next page ).

Let asm be the mean visible motion of the Sun, a4 the frue
visible motion, and H the local time of ascending node, then we
have the following equation :

H=12h + Q-0gs =12h -0
H=12h+Q"asm+TE2Hmean+ TE

The change in TE ( time equation ) can reach 16 minutes. The
local time remains constant in average. Along the time, this
change induces some variation in the amount of light during the
orbit for a similar latitude. Moreover because of the obliquity (
modification of the ecliptic inclination on the equator ) the light
changes also along the season.

- 10 -



SUN- SYNCHRONIZED SATELLITE: © = Constant

satellite orbit

groundtrack

direction :
of motion

= Sun
w_dlrection

Equatorial Plane
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To study a part of the Earth and ‘look at its variation with
respect to time, it's easier when the satellite flies over the
same point periodically. Moreover, the groundtrack of the
satellite should cover as much of the Earth's surface as possible .

This influences one to choose gn orbit in phase with the
Earth. To map the Earth with accuracy, the mapping-period has to

be of a couple of days. In order to make the repeatability possible,
the number of orbit revolutions per day has to be a rational
number,

Within .a day the satellite accomplished p orbit, with :
p =n+ m/q

where m<q
m and q integers which have no common factors

Within g days, the satellite has accomplished ( g.n +m )
revolutions, and the first track of the day ( g + 1 ) will
superimpose the first track of the first day.

The three integers m,n and g were chosen so that the cover of
the Earth is as complete as possible. If A is the distance between
two groundtracks, A must be smaller than (1 -r) C

where r is the cover ratio

C is the field of a picture

Where R; is the Earth Radius.

The gap between two successive tracks is 2xn/p . The set of
Ascending nodes' West Longitude of the first orbit of the jth day
is computed in the following way : on the jth day, the groundtrack
move west of ( 1-m/qg ).2z/p from the tracks of the (] -1 )th day.

Then we can write the West Longitude of ascending nodes of the
first orbit of the jth day :

1 .
L =L +%§ [(1-D) (moduloq) ]

q

L'=L +2% [ g-mj (modulog) ]

- 12 -
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Ascending nodes of SPOT along the Equator

The choice of the orbit number per day, p, is linked to the
orbital period, and consequently to the altitude :

In a first estimation we can disregard dw/dt in front of n ( in
the case of SPOT, they try to keep dw/dt small, and o constant to
avoid altitude fluctuations ), then :

3
T=2n. /%
1w

The choice of the semi-major axis, a, is also linked to
mapping problem, and the choice of the inclination, i, ( sun-
synchronized condition ). The figure show the relation beiween
altitude, inclination and orbit numbers per day.

- 13 -



Sun-synchrounous constraint
between the altitude and the
inclination

A inclination
{ degree )

sun-synchrounous
orbit -

102

99

N orbit number
per day

98

Jizm
500 B(EO 1 (!00 1 400 altitude

(km)

Therefore, SPOT parameters are :

h = 820 km
n=14
m=>5
g= 26

This implies a 26-day orbit cycle, a 369-orbit grid, a
distance between two groundiracks of 108 km on the Equator, and

of 76 km at 45° Latitude. And the field of the two instruments is
117 km.

- 14 -



The distance between two consecutive tracks on the Equator
is 2824 km, and the choice of repeatability , allows to obtain for .
a period shorter than 26-days a quaSI repeatability for the orblt
Indeed, if an integer r smaller than g is so that :

r.p =rn I £111 R Entegeril

9

After r days, the satellite will have performed a number of
quasi integer revolutions. The ascending nodes for the first orbit
of the (r+1)th day will be at :

(+2% )

P from the ascending node of the first
orbit of the first day. The parameter, r, is a sub-cycle.

Choice of the Orbit Parameters

We have just seen the reason of a sun-synchronous orbit for
Spot. We have now to choose the right local hour, which will
remain almost constant along the time.

Three constraints drives to choose Q :

- have the best light as poss;b[e for the shots : 12:00 am,
12:00 pm orbit.

- reduce the part of the orbit in the shadow, so that the
solar array is as much as possible in the sunlight, and
assure then a good energy power : ideal for a 6:00 am, 6:00
pm orbit.

- avoid the phenomena of specularity, which appears when
the angle sun-view point, satellite-view point is small.
This effect is maximal when the local hour is around 12:00.

Knowing these constraints, the local hour must be chosen in
the light side from 10:00 to 11:00 or from 13:00 to 14:00.
The choice of 10:30 has been made, considering the observable
surfaces between the North and South Hemisphere, when the
satellite is in an ascending orbit or descending orbit.

.15 -



A descending-orbit having a larger observable surface in the
North Hemisphere, that is this one which has been chosen : Q =
10:30 pm.

The altitude constant constraint drives to choose a small
eccentricity. But because of the oblateness of the Earth, if the
orbit were circular ( e=0 ) the altiiude wouid be higher around the
poles. The best is to choose e non equal to zero and mean « around
the pole :

: e~ 1.1.10-3
w ~ 93°

I

Choice of the semi-maijor axis. a, and the inclination, i :

The sun-synchronous orbit gives a relation between a and i.

And the choice of a implies the mapping of the Earth. Therefore
one has chosen :

i = 98.723°
a = 7200.5 km

- 16 -



Orbltal Characteristics chosen for
the study

For all this study, one have chosen the following parameters,
they are not exactly the same as the one suggested in the

previous paragraphs, but correspond to the osculating orbit of
SPOT on June 23, 1989. '

Kepler parameters on June 23,1989 at 5°0'24" U.T. : -

7205 km
1.51 .10-8
98.7°

o= 102.5°
Q = 249.7°
M = 287.0°

a
e
i

oy on

Other Orbital characteristics :

orbital period : 6086 sec ( i.e. 101 min 36 sec )
altitude : 827 km.

periodicity : 26 days
mass : 1850 kg

-7 -



Geometric Model of SPOT

The following picture is a 3D view of SPOT, or more precisely
of the multimission module and the solar array ( the payload,
which are for SPOT cameras, is not shown on this picture ). .

Appendix A.1 and A.2 represent the trapezoidal model of SPOT
that we have used to compute the surfaces forces.

GENERATEUR SOLAIRE

z Lot 4?; '
e A MOPULE DE SERVITUDES

MODULE DE PROPULSION

PLATEAY C.U.

CONFIGURATION ORBITALE DE LA PLATE-FORME MULTIMISSION ___ __ “T



Perturbation Forces Computation

Introduction

The purpose of this paragraph is to compute the periurbation
forces on the SPOT satellite. The perturbation forces taken into
account are computed either within the program Utopia
(University of Texas orbit propagator) or with the program
TRASYS ( Mariin Marietta code ) or using other independent
programs depending on the nature of the periurbations :

Perturbation forces computed within the program Utopia :

* Non-spherical attraction of the earth,

* Moon & sun attraction,

* Relativistic effects, .

* Atmospheric drag { external model that we developed for
the purpose of this study ). ‘

Perturbation forces computed external to Utopia :

using the program TRASYS ( Martin Marietta )

%

Direct solar irradiation
Albedo flux
Terrestrial infrared flux

ol

e

using the programs developed for this study :

program SATIR for the infrared emission of the satellite
* program DRAG computing the drag and lift coefficients that

are used as an external input for the atmospheric drag
perturbation.

- 19 -



Computation of . the thermal forces using the program'
TRASYS (Thermal Hadiation Analysis SYStem).

Presentation

TRASYS is a program developed at Martin Marietta which
calculates the radiation fluxes from- solar, albedo and Earth IR
incident upon each surface of the spacecraft. These fluxes are
then converted to .resultant forces based on the surface
properties and orientation of each surface. '

The inputs of TRASYS are .

- Satellite geometry using rectangles, trapezoids, discs
- QOrientation model

- Surface optical properties

Assumptions
Geometrical model (See appendix A)

The geometrical model adopted is composed of

- a rectangle for the solar array (4 nodes)

- a trapezoidal box for the body of SPOT (7 nodes)
Actually, this model is close to reality since the shape of SPOT is
fairly simple. '

Orientation of SPOT on ils_ orbit

Surface S1- of the main body is directed toward the Earth at
all times and surface S2+is almost always normal to the velocity
vector (not exactly because of the small sccentricity of the
orbit).

Solar array orientation

The solar array must always be normal to the sun vector,
Since SPOT is a sun-synchronous satellite (the .plane containing
the orbit is fixed relative to the direction of the sun), meeting
this requirement is relatively easy. Indeed, a single rotation of
the solar array is enough to insure the normality at all times.

- 920 -



Optical properties

The optical properties have been determined for each node
with a distinction being made between the visible coefficienis
and the infrared coefficients. Assuming that the transmissivity
is zero, these optical properties are the absorptivity (o or g), the
specular reflectivity component (KSY or KSl) and the diffuse
reflectivity component (KDV or KD}, T

Visible o+ K8+ KDV =1.0
IR e+ KS+ KDi=1.0

The values of the coefficients used in the calculation are
issued by CNES and are listed in appendix B. Sametimes, the
symbol B is used to refer to the percentage of reflected radiation
which reflects in a specular manner.

KSY = B (KSY + KDV)
KS! = B (KSi + KD

Solar constant [ Ref. 3]

The total emissive power of the sun is Egun = 3.826 x 1026 W.
The flux of this energy Gsun varies inversely proportional to the
square of the radial distance r from the sun. Intercepted by Earth,
at a mean distance of 1 A.U., this constant time rate of flow of
radiant energy per unit area is known as the solar constant or
solar radiation flux density. Since earth's orbit is eccentric, the
solar radiation flux received by the earth system varies slightly
throughout its orbit around the sun. Therefore, the solar flux is
computed as a function of the Earth - Sun distance which is
deduced from the Julian date.

M = 27(JD-JD(Januar 1, 89, 0n))/365.25

Vv

M + (2e-e%/4)sin M + (5e2/4)sin 2M + (13e3/12)sin 3M
r = a(1-e2)/(1+e cos v)

Gsun = 3.826 x 1026/4wr2

- 21 -



with : M mean anomaly (rad)
‘ J

D Julian date (day)

v true anomaly (rad)

e Earth eccentricity (e=0.0167)

a Earth mean distance (a=1.496 1011 m)
r Earth - Sun distance {m)

Gsun solar radiation (Wm-2)

For June 23rd, the solar radiation is 1317 Wm-=2,
Albedo and emissivity of the Earth [ Ref. 3 ]

Albedo and emissivity of Earth can be represented as a
spherical harmonic expansion. In our case, a 2 degree zonal
harmonic model is chosen which takes into account variations
with the season and the latitude (See appendix C).

a = aop + ajPi(sin ¢) + axPa(sin ¢)
£ = g0 + £1P1(Sin ¢) + eoP2(sin ¢)

where ¢ is the latitude and Py and Py are the first and second
degree Legendre polynomials. The coefficients ap, ap, €p, €2 are

constants and the first degree coefficients ay and gy have a
seasonal variation,

aj = Cco + ¢1 cos{m(t-tg)) + cp sin{w(i-o))

g1 = ko + ki cos{w(i-to)) + k2 sin(w(t-to))
respectively, t is the time in question, tg is the epoch of periodic
terms, o the orbital period of the earth, and cg, Ko, ¢1, Ky, G2, kKo
are constant parameters [ref. 3].

Theory [ Ref. 3 1

Knowing these assumptions about the fluxes, the resulting
forces are calculated using the following formula.

G.A cos 9
F =- 1

o C

(1985, + (D (1-) + 218, cos 8,) n )

- 09 .



This formula allows us to compute the force exerted on the
satellite surface i due to the incident radiation from source i
The meaning of the symbols used are -

Fi : Radiation force on surface i

Gj : Incident radiation from source j per unit of area
Aj 1 Area of satellite surface i

$) ¢ Unit vector from surface i toward source |

ny @ Unit vector normal to surface | -

8ij : Angle subtended by 8] and nj

c : Speed of light

Di(f) : Diffusion function for surface i

vi . Reflectivity coefficient for surface i

Bi : Specular reflectivity coefficient for surface |

' We consider a Lambert diffusion (f=cos 8), then D(f)=2/3

Depending on the source, Gj is calculated using the following
formulas : ' ' :

« <28
G - 3.826 * 10

I 47cr2

j=sun

a G cos 6
= H SN 5

i = earth albedo G. cos 6 dA.
I s/c

nr, )
i

. g G
j = earth IR G =-1-8n o509 dA
! 2 s/c i
4'151’j
A drawing explaining some of the symbols is given in
Appendix D.

BResults

The accelerations resulting from the solar radiation, the
albedo and the infrared emission of the Earth have been computed
along one orbit and are given in Appendix E. The origin of the orbit
angle has been defined as indicated below (sunrise on the earth).

The solar force appears to be the most important
acceleration compared to planetary and albedo accelerations.
Moreover, the component due to the solar array is the main part of

- 23 .



the solar force because of its area and position relative to the
sun ( always perpendicular). The computation of the solar force .
has been checked in a sample case (solar array only) by comparing
the computed- results from TRASYS and the theoretical results
(see appendix H).

Position of the Spot satellite for an orbit angle of 0°

The infrared emission of the satellite

To compute this force we have written the program SATIR
which computes the infrared forces knowing the temperature of
each surfaces, their directions and their optical properties (See

appendix F). '

_24;



Assumptions

The solar array emission is not taken into account because
the temperatures of the two sides of this array are supposed to
be equal (Experimentally, the temperature gradient in the array is
smaliler than 1K).

The main body of the satellite has been divided into 12 nodes
according to the different materials of each face. All of the node
characteristics used in the computation like area, emissivity,
normal vector and {emperature are given in appendix G.

The temperature of each node have been chosen using.

experimental data : _ o
' - First of all, all the faces covered with kapton have with a
good precision a constant temperature in the shade (188°K) and in
the sun (338°K) except for the face 5 which always faces the
earth’ (this face is always at 273°K).

- Moreover, the faces covered with SSM have a sinusoidal
variation of their temperature with an amplitude depending on the
face considered. For face 10, the solar flux conditions are
constant out of the Earth's shadow and therefore its temperature
is always 275°K.

Theory [ Ref,_3]

The force resulting from the infrared emission of the
" satellite is calculated by applying the following formula to each
node.

D) e Ao T
F = - i i n
I c I

Fi : Radiation force on surface i

Aj : Area of satellite surface i

n : Unit vector normal to surface i
¢ : speed of light

D(f) : Diffusion function

g; : emissivity of surface i

o : Stefan-Boltzmann constant (5.669 * 10-8 Wm-2K-4)

. o5 .



We consider a Lambert diffusion (f=cos 8), D(f)= 2/3
The total force is then calculated with respect to the orientation
of each face.

Results

The acceleration resulting from the infrared emission of the
satellite has been computed along one orbit and is given in
Appendix |. The magnitude of this acceleration is of the order of 2
nms-2 and therefore very small compared to the other
accelerations.

The atmospheric drag

It's possible to compute the atmospheric drag within Utopia
using a constant -drag coefficient along one orbit. But, because of
the motion of the solar array, the aerodynamic coefficients
change along one orbit. Therefore, in order to be as accurate as
possible, the products of the area by the aerodynamic
coefficients of the satellite (SCi, SCp, SC;) have been computed
along one orbit by the program DRAG, that we have written (See
Appendix J). Then, after some changes in some subroutines of the
Utopia code, this data is used as inputs in the program Utopia to
calculate the atmospheric drag. These calculations require
atmospheric data (densities) that are deduced from atmospheric
models. Three of these models are available within Utopia (
Jacchia 71, Jacchia 77, DTM ) and can be selected by the user.

ion : 4

For the computation of the aerodynamic coefficients, we
have made the assumption of 'free molecular flux' with a diffuse
reemission (Cook's assumption).

The inputs of the program DRAG are :
- area & temperature of each node (See appendix K)
- mean molecular weight of the incident molecules
The mean molecular weight, WMM, is computed by the
program MASMOY (See appendix L) using this formula :

- o8 -



WMM = 2 p(H2) + 4 p{Hs) + 16 p{O) + 28 p(N2) + 32 p(0O2)
p(H2) + p(He} + p(O) + p(N2) + p(O2)

with H2, He, O, N2 and O2 being the main components of
the atmosphere along the orbit of Spot. The data of
densities for these components are calculated using one
of the atmospheric model included in Utopia. The
variation of densities temperature and mean molecular
weight along one orbit are presented in appendix M.

- Velocity incidence angle 6(i)

0(i) is defined for each surface as the angle betwesn the
velocity vector of the surface and the surface itself (a
drawing explaining the geometrical meaning of 6 and the
formula for the calculation of 6 are given in appendix N).

The theory [ Ref. 4 1]

The aerodynamic coefficients have been calculated
separately for each node. In each case, -the lift and drag
coefficients due to the absorption and reemission have been
computed separately using the following formulas .

Cpa : drag coeffic}ent due to the absorption

C .= sin® (1+——1—é—) (1+erf(s sine)) + 1 exp(-(s sine)z)

D 25 SY T
Cpr : drag coefficient due to the reemission

/ . 2 /T ' .
_Ym _8In® [ _ w ; sing [ _w e a2
CDr = oa T (‘I+erf(s sme)) + 2 = exp( (s sing) )

Cra : lift coefficient due to the absorption

cosé :
Palmare (1+erf(s s:ne))

2s

- 27 .



Crr : lift coefficient due to the reemission

T
ACLr n cos@ sing / (1+erf(s sme)) cose / TW exp(—(s sine)Q)

X1 : Unit vector normal to the surface
X2 : Unit vector located on the surface and the vector \'4
is in the plan (X1, X2)

With |
0 1)
VNN CIN A
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= VN 2RT

) X
2 2
erf(x) = ——--J exp-z dz
VT g

and :
e Velocity incidence angle of the face (rad)
T - Absolute temperature of the atmosphere (K)
\ Velocity of the satellite (ms-1)
'R Boltzmann's gas constant (kgm2mole-1s-2K-1)
Tp Face temperature (K) '
Tw Face gas temperature (K)
Twi in the case of a front face

Twr in the case of a rear face

As the faces S1+, S1-, 83+, S3- ( see notation in appendix A )
are always parallel to the velocity, their Ilift and drag
coefficients is are nearly zero. Moreover, the face S2- is at the
rear part of the satellite and then, because of the high velocity of
the spacecraft, the lift and drag coefficients are equal to 0. On
the other hand, the face $S2* is always normal to the velocity.
Therefore, the drag coefficient is important (See appendix O) but
the lift coefficient is always equal to zero.

For the solar array, the coefficients change with time
because of its own motion (When the node is at the back, the
coefficienis are equal to 0 - See appendix P).

The total SC factors are then calculated using the following
formulas.

SCt = E A (C L0+ C (i))

M + CLr{i)) COST

’ AW (CLa(i) + Cu(i)) sint
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where 1t is the angle between the lift vector and the normal
axis. A drawing is given in appendix Q to explain the meaning of z.
Moreover, the formulas used to calculate the values of cos t and
sin t© are given and demonstrated in the same appendix.

Results

The products -SCt, SCn, SCr have been computed along one
orbit and are given in Appendix R. The force due to the
atmospheric drag is computed by UTOPIA within the following
~ formuia :

1 2
F,=5pSCV

This force computed along one orbit-is given in appendix S.1.
The transversal solar force has a very characteristic twice per
revolution signature due.to the motion of the solar array. This
force ranging from 10 to 35 nms2 is composed of the drag of the
body of the satellite (almost constant component) and the drag of
the solar array (almost sinusoidal component).
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Orbit Propagation

introduction

The orbit propagator from the University of Texas at Austin
named UTOPIA has been used. The perturbation forces taken into
account are specified in the input file of UTOPIA (see appendix ...).
For SPOT, the forces used for the calculation in UTOPIA follows :

- the Earth attraction represented by a spherical harmonic
expansion (36 x 36 GEMT2 model)

- the atmospheric drag which is calculated within UTOPIA , the
SC factor (the product of the surface by the aerodynamic
coefficient) being entered through the file CDRAG. For this
calculation, it's possible to choose on the one hand one of the 3
atmospheric model available within UTOPIA and on the other
hand to enter any geo-magnetic flux data. '

- the thermal forces due to the direct solar radiation, the albedo
of the Earth, the IR radiation of the Earth and the IR radiation of
the satellite itself are entered in UTOPIA through the file
RPACC.

- the relativistic perturbation

- the perturbation due to the dynamic solid earth tide

- the perturbation due to the general relativity

- the perturbation due to the polar motion

- the perturbation due to the lunar tides

- the perturbation due to the solar attraction

- the perturbation due to the lunar attraction

All these forces have been printed and are given in appendix P.
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Evolution of the orbital parameters along one orbit
Presentation of the results

The 6 orbital parameters released by UTOPIA are a, e, i, o, Q,
w+f. The program UTOPIA has been
executed for a one orbit arc with the conditions described in the
first paragraph. The variations of the 6 orbital parameters along
one orbit are outputs of the program and are given in appendix U,
- The variations of the orbital parameters seem to follow the
equations written below :

' ”'/7{4% G2 Can
a(km) = 7200 +9.5 cos(20+¢1)
ey : sinusoidal variation with harmonics o and 3o ’“/f P
ey . sinusoidal variation with harmonics a and 3a ’},/af,l,c,w--w
i(deg) = 98.763 - 5.5 10-3 cos(20.+¢2) / A
Q(deg) = 249.82 + 1.1 102 o + 0.005 sin(20+¢3) o “j‘ g
_ e ,b% \jz.. r

with o the mean longitude of the satellite.

Theoretical calculations

[ntroduction

- A very simple and rapid method is developed to study the
effect of the J2-term perturbation on the low & circular orbit of a
satellite. For that purpose, we will use the Gauss equations
established for a circular orbit [Ref. 4].

The following results will explain the shape in '8 of the
eccentricity vector.

h Ref.

The idea is to do a development by neglecting the first order of
the eccentricity in the Gauss equations. That means to make the
following assumptions

r=a

e=0

V = a.n = cst
OCy=0+V=0a=0+ M

o



That gives the Gauss system, for a circular orbit (given the
partials of the parameters knowing the perturbation accelerations)

da T
— = L a—
dt v
de

"=2J~—.cosoc +B.sinoc
dt Y v
9% _2T gng - B ooosa
dt \

i N
= = -COS .~

dt Y
da@ _ _sina N

dt sini V
da _ . R, sina N
dt Vo tan iV

where T, N, R are the components of the perturbation forces in the
satellite coordinate system ( see the following figure ).

N .
r Satelitte
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The coordinate system ( t, n, r) is defined- by :
# origin : S located at the mass center of the satellite
# 1 axis : from S to the Earth mass center.
# n axis : opposite of the angular momentum vector of the
osculating orbit .
# t axis : orthonormal to r and n
{ in the direction of the velocity vector, when e=0 )

Therefore, we are going to apply this formula in the case of the J2
perturbation, The first computation is to project in the ( t, n,r)
coordinate system the acceleration due to the J2 term. :

m ion_of th eleration _du 2 ter
Acceleration in a spherical coordinate system :

We consider the following spherical system ( E1, E2, E3}:

L,
é meridian

The coordinate system ( E1, E2, E3 ) is defined by :

# origin : S located at the mass center of the satellite
" # E1 axis : from the Earth mass center fo S. '

# E2 axis : along the meridian.

# E3 axis : orthonormal to E1 and E2.
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Then, the perturbating potential of J2 is :

a J
o .2
.= .(8sin"¢ - 1)

U,=-p.—.—=
r 2

and the corresponding acceleration is :

Y= dgrad Uper
hence :
oU U
e gy o1 .E.;___ae_r._Eg
ar roo9¢
2 .
- 3.u.f3.-§?-.[(3.szn2¢ -1).E1 - 2sin¢.cos ¢ .E2]

r

Acceleration components T, N, R:

Now we have to change from the spherical system to the
satellite system knowing that :

E1=r
E2 =t.cosdJ - n. sindJ

where J is the complementary angle between the normal of the
orbit plan and the North.

We consider the spherical triangle below, and we apply the
formula of spherical trigonometry :

sin ¢ = sin o . sin i

sinJ = G081
cos ¢
cosJ:Sm@ cos o

cos ¢ sin o
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Orbit

Meridian

w Satellite

Equator

Ascéending Node

- Then, we can eliminate J in the acceleration, and we have :
.

a J : -
Y = -3.u. ——f~—2— [ (1- 3.sin2.¢ Y& o+ 2.sin2¢ .9—?-93-9‘— t-2sin ¢ .cosi.n ]
P2 sin o

and knowing that :
sin” ¢ = sin” i 1128 2.0 )

we get the perturbation accelerations :

.2
-
N=2 pZe. g, . (8sin i -2 -3sin i.cos2a )
47 |
a2
T= - i.u.-—“—. J. .sin” i .sin 2.0
2 4 2
a
aE
N = -a—.p.—“—. J, .sin 2i .sin o
2 472
a
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- Gauss Equations

Now we can write the Gauss system for the J2 perturbation

2

a

% =-3.n ;.Jz sin’ i .sin 2a

e e 2 (®) g, [(1-5 sini)sina +Z sin® i sin 3a ]
. > A e i . L .

de 3 . 7 .2,

—r =—mn( ) A, [ —sm:-1).003&——.sm|.cc_>530c]
d 2 4

di a 42

Friie %n(j) J, .sin. 2i .sin 20

dQ 3

— = -=nl\—=) J,.cosi.(1-cos2

dt 2 (a) { o)

do. 3 (% p i ? o2
.= = N, = {— 4sin i-3-(1+ 2sin i).cos 2

26 - n 1S 2 (412314 20 1o 2 ) ]

with o = n.t

Now, if we want to compute the variations along a certain

period, we have to integrate these equations, which can be done
easily : '

: 3 a
a=a;, +-.—.J, sm: .Cos 2o
2 a,

3 5 ain?i 7 ain?
e“=5'(a_) Ju ] "y SN ) .cos &+ <5 sin” i, .cos 30 ] + e

a2 .2, . L2,
8, =%(———) o, .i(1~—2—.sm iy ) sin o +1—7—.sm iy .sin 8o | + °s

2

a
e 3 a . ;
P=1f + g (ao) -J, .sin 2i; .cos 2u

a7



3 (3)? :
Q=QO—E'(;§;) .Ja.cos |0.(oc

sin 2o
_2)

Numerical application :

Jo = 1.082627 x 10-3
ag = 6378.137 x 103 m
ag = 7205 x 103 m

hence :
a = 7205 + 9.17 cos 2ua
e, = -3.27 10-4 - 2.82 104 cos o + 7.25 104 cos 3o .
ey = 1.47 103 - 9.03 104 sin o + 7.25 10-4 cos 3a
i = 98.7 - 5.45 10-3 cos 2«
Q =249.7 + 1.10 102 o - 5.51 102 sin 20

nclusion

The consistency of the computed results with the theoretical
results taking into account only the J2 perturbation is really good ,
(all the magnitude are almost the same and only the initial values g&ﬁ?
are slightly different). Therefore, we can conclude that the (C
variations of the orbital parameters along one orbit are mainly J .
due to the J2 perturbation. :

Influence of surface forces on the orbital parameters

Method used

At first, we ran UTOPIA in two cases
-with all the perturbation forces (run 1)
-with all the perturbation forces except the atmospheric drag
(run 2) o
In each case, we had outpuis giving the variations of the orbital
parameters along one orbit. So, we substracted these itwo kinds of
data in the following manner :
Aa(t) = ax(t) - ai(t)
Ae(t) = ea(t) - er(t)
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=0
run 1&2

Position of the satellites corresponding to run 1&2

But because of the different forces applied in the two cases,
the evolution of the orbital parameters as a function of the time t
is different in each case. This is especially true for the mean
anomaly, respectively M;i(t) and Ma(t) for the run 1 and 2.

Aa(t) = az(Ma(t)) - ai1(Mq(1))
Ae(t) = ez(Ma(f)) - e1(My(1))

..............................

As the orbital parameters vary along one orbit (and therefore
as a function of the mean anomaly), the calculated differences

Ax(1) included not only the influence of the atmospheric drag but
also the variation of the orbital parameters along. the trajectory.
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Therefore, in order to avoid this effect, the comparison has
been done between a model without perturbation forces (only a
central force in 1/r2) and a model taking into account only the
atmospheric drag as perturbation force (and always the central
force in 1/r2). In the first model without perturbation force, the
orbital parameters are constant and therefore, there are no
problem anymore.

Theoretical study

Introduction

A very simple and rapid method is developed to study the
effect of the atmospheric drag perturbation on the low & circular
orbit of a satellite. For that purpose we will use Gauss equations
established for a circular orbit, and the results of the forces
computation. That method explains the shape of the variation of
the parameters.

in a second time we have used the orbit propagator Utopia to
determine the influence of the atmospheric drag perturbation on
the Kepler parameters. The atmospheric density has been
determined by the semi-empirical density model Jacchia 1971,
Jacchia 1977 and DTM. For each of them we have propagated the
orbit for different case of solar activity and geomagnetic
activity.

Method

We will use the same assumptions as the J2 study :
r=a
e=0
V = a.n = constant
Oy=W+V=0=0+M

Which gives the Gauss system, for a circular orbit :

da T
cga_o 1

dt V |
de - o7 R

==  C0S O +—.S8in
dt ~ V Y; ¢
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£ sing - —.cCO0S8
dt v * *
di _ -cosoc.ﬁ

dt : \Y

dQ _ _sina N

dt sini V-

do, _ n B_+smoc.ﬂ_

dt \Y tan i V

where T, N, R are the components of the perturbation forces in the
satellite coordinate system. ‘

As before, we are going to apply this formula in the case of the
atmospheric drag perturbation. The first computation is to give a
model in the ( t, n, r ) coordinate system of the acceleration due
to the atmospheric drag.

A leration m | of th m heri r

Results of the Forces computation :

| Drag accelerations are computed by the following formula in
the coordinate system ( &, h,r):
2

1,V
T=—p~-(SC
o P (8:6y)

r )
As one can see, the acceleration is dependent with drag
coefficients S.C; and the atmospheric density p.

The atmospheric densily can be modelized along one orbit by :
p=po+pisin{a+fo)

( the equi-atmospheric density surface have an ovoid shape that
we can called solar bubble )
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and the drag coefficients by (see appendix R) :
S.Cd = Sb.cdb-l- Sa-Cda! COs ( o+ ¢ ) I

8.Cin = Sa.Cjpa COS (OL“E‘(P?.) _

S.Cyy=85.Cyacos ( 20+ ¢3)

where :

po Is the mean atmospheric density along one orbit
p1 is the amplitude of the variation of the density
Sp is the surface of the box of the satellite

Cqb is the drag coefficient for the box

Sa is the surface of the solar array
Cga » Cina » Cyra are the drag and lift coefficients of the solar array

Influence on_the semi-major axis and the eccentricity :

In a first approximation one can neglect the Normal and
Radial accelerations because :

| S.Cin| << |S.Cq] and |[S.Cyl<<|S.Cq]
hence :N~=0 and R=0.

Therefore the influence of atmospheric drag is mainly on the
semi-major-axis and the eccentricity, and the Gauss equations
are :

% =2
de,
dt
de,
dt

L

dt

(po+pysin (o+6¢,)).(S,.C, __"_A_ASa'Cda [cos (a+¢,)|)

aL ._aVv
A m

=~ 2. — COS O

T
\'
= —%cosa (po+pysin{a+d))(8,C, +S,.C,lcos(a+¢,)]|)
T ..
— sin

Y o
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de o
T -%sin a (P + p, sin (o+d,) ).(S,.Cy +S,.C,, | cos (a+0,)])

that we can integer it eésiiy, keeping only the secular effect and
one get the secular decrease of the semi-major axis :

Aa, = ’a;n—V Po-(S,.C, +28,C,, ) At

I
and the decrease of the eccentricity :
Y :
( Aex )sec = ZI ( Sb'Cdb + —2_ 'Sa'Cda ) sin 4)0 At
m i
(Ae, ). = —p—I'—V(Sb.C +28.C ) COS ¢, At
y /s8c 2m db T a" “da
' V
( Ae . )sec = [;i ( Sb'Cdb.+ g 'Sa'Cda ) At
m T

So we can notice that the secular change of the semi-major
- axis is proportional to the mean-density pgy and to the drag
coefficients Cy, and Cyy, .« .

“Similarly the secular change of the eccentricity is
proportional to the amplitude variation of the density r1 and to
the drag coefficients Cy, and Cy, .

For one day, the.decrease of the semi-major axis is about a
few meters and the eccentricity a few millionths.

influence on the inclination and the arqument ascending node :

A same development can be made to study the variation
of the inclination and the argument of the ascending- node
considering the Normal perturbation.

m tion [ Ref 6.7.8

The largest unknown parameter associated with the
calculation of the atmospheric drag on a satelliie is in the
estimate of the atmospheric density. In order to compute the
atmospheric density in our orbit propagation, we have used the
semi-empirical density models : Jacchia 1971 (J71), Jacchia
1977 (J77) and DTM. But nevertheless, we have io keep in mind
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that any of these state-of arts models can be in error anywhere
from  10% during a period when the solar activity is minimal to
200% when the solar activity is maximal. Thus, the accuracy of
the predicted positions are limited by the accuracy of the chosen
atmospheric model and by the accuracy of the factors used to
compute the density in these models. Eight primary factors are
known to have effects on the density of the atmosphere, these can
be classified as follows :

1. Altitude

2. Variation with the solar activity

3. Variation with the geomagnetic activity

4. The diurnal variation

5. Semi-annual variation

6. Seasonal-latitude variations of the lower thermosphere -

7. Seasonal-latitude variations of helium

8. Rapid density fluctuations probably connected with -gravity
waves

All of these variations except the last type are subject to
some amount of regularity and are interpolated in the
atmospheric models.

We had focused our study on the comparison of the three
models for different cases of solar and geomagnetic activities :

The solar activity has an important influence which produces
disturbances in the upper atmosphere. The primary sources of
these disturbances are solar flares and solar plasma events. The
correlation of these phenomena is associated with the 27-day
solar rotation period and the 11-year solar cycle. The 10.7 cm
solar flux index, sof, and the 10.7cm smooth solar flux ( over a
164-day period ) are used as indexes of solar extreme ultraviolet
radiation which heats up the Earth's atmosphere in the
atmospheric density models. ‘

The geomagnetic activity and interaction with the charged
particles in the upper atmosphere cause a density wave
propagation from high to low magnetic latitudes. The effect of
the geomagnetic activity is most pronounced near the
geomagnetic pole and decreases when approaching to the Equator.
The planetary geomagnetic index, Kp, is used as a measure of the
geomagnetic activity.
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In the appendix V, we have drawn the variation of the solar
flux, sof, the smooth solar flux, ssof, and the geomagnetic index,
Kp, from January 1976 to September 1989 to have a global view
of the changes, and from January 1989 to September 1989 to have
a more precise idea of the local changes.

Results

First we studied the influence of atmospheric drag using the
three different density model J71, J77 and DTM, with the
geomagnetic index and solar flux indexes corresponding to June
23, 1989. For that day we had :

ssof = 206.0 , sof = 233.7 , Kp = 1.3

which correspond to a high solar activity and a low geomagnetic
activity. The results on a 24 hour length of time with the
atmospheric model DTM are given in appendix W. For each case, we
have listed the input deck for.the orbit propagator Utopia, plotted
the temperature, the atmospheric density, the drag and lift
coefficients, the atmospheric drag accelerations along one orbit
and finally the influences on the Kepler parameters.

The results we obtained support perfectly the theory we
have previously developed. The most important influence of the
atmospheric drag is the decrease of the semi-major axis,and to a
lesser degrees the decrease in the eccentricity. The following
table we have put some results of the orbit-propagator Utopia,
using different values of smooth solar flux, ssof, the solar flux,
sof, and the geomagnetic index Kp. We can notice that the change
can be of the order of 30 . depending on the value of the 3
parameters ( for a similar altitude ) (see appendix X).

Then for each density model we looked at the decrease,
Aa, of the semi-major axis for a one-day orbit of SPOT.

The density was computed for different cases of
geomagnetic index and solar flux : for low geomagnetic activity,
Kp was taken as equal to 1.0, for medium activity to 4.0, and for
magnetic storms to 7.0 ; for solar flux indexes we have
considered 3 cases for the smooth solar flux, ssof : 100.0, 150.0,
and 200.0, and 3 different cases for the solar flux, sof :
sof = ssof - 50.0, sof = ssof, and sof = ssof + 50.0

The results are listed in appendix Y.
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influence of the thermal forces on the orbital
parameters

Method_used

As exposed previously in 1.1, the influence study has been
done without all the others perturbation forces.

Results

The calculations have been done for a 24 hour time length.
The influence of the thermal forces on a, e, i, ®, Q, o+f and M are
presented in appendix Z. The main effects are :

- a decrease of the eccentricity { -0.75 10-8/ 24 hours)
an increase of the inclination ( +0.010 arcsec/ 24 hours)
an increase of the @ ( +85 arcsec/ 24 hours)

a decrease of Q ( -6.0 10-3 arcsec/ 24 hours)
a decrease of the mean anomaly ( -0.024 deg/ 24 hours)

[heoretical calculations

Some of these results can be found easily using the Gauss
equations for a circular orbit.

Semi-major axis

t
—3% = 236— hence  a(f) =a + JO 2\—/&‘— T(t) dt

2a Jt o
aft) = a, + ——ﬂv 0 T(t) dt
,[0 TH) di=0 with © being the period of the satellite

Therefore, there is no noticeable secular effect on the semi-
major axis and just a variation which is almost sinusoidal.

- 46 -



Inclination

di = N _ e __1_J‘
dt= v COS o hence i(t) = i v’ o N(t) cos(nt-a-coo) dt

1 £240
j 8 cos(e+m0)

0 N(t) cos(nt+co0) dt = 2.0 10 0 ——n———————de

“2404-(00
-8 .
~20 10 . cos 0 dé
n @

This approximation has been done because the acceleration
N(t} is almost constant for an orbit angle between 0° to 240°(=20
nms-2) and then almost equal to zero.

Numerical application :

V = 7440 ms-1
wg = 102°

= 27/t

= 6086 s

i(t) ~ 98.7 + 3.25 1011t (i in deg, t in sec)

This formula takes only into ‘account the secular effect on the
inclination. Therefore, there is a secular variation of the
inclination of the order of 0.010 arcsec/24 hours and a s!ight
‘sinusoidal variation.
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Results
(secular variations)

Atmospheric drag Thermal forces

Aa/24h - 875 m

Ae/24h - -0.075 16-6 -0.75 10-8
Ai/24h -9.0 104 arcsec +1.0 102 arcsec
Aw/24h -13.0 arcsec | +85 arés‘ec
AQ/24h -1.8 10-3 arcsec -6.0 10-3 arcsec

AM/24h + 0.0056 deg ~-0.024 deg



Conclusion

Our project at. CCAR has been a great opportunity for
us to implement our knowledge on a real project with
the guidance of experienced researchers. Moreover, the
excellent work atmosphere discovered in the research
center makes us eager to enter the industrial world and
cope with new challenges.
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A.2

3D - TRAPEZOIDAL MODEL OF SPOT
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OPTICAL PROPERTIES FOR THE THERMAL ANALYSIS

|.R. optical properties

Face epsilon tau KS KD

Si+ 0.65 0.91 0.32 0.03

Si- 0.76 0.88 0.21 0.03

S2+ 0.76 0.68 0.21 0.03

S2- 0.76 0.88 0.21 0.03

S3+ 0.76 0.87 0.21 0.03

83~ 0.75 0.90 0.22 0.03

SP+ 0.85 0.50 0.08 0.07

SP~- 0.82 0.58 0.10 0.08
epsilon ‘ absorbed component
KS = (1-epsilon) tau speculariy reflectéd component
KD = {(1-epsilon) (1-tau) diffusively refiected component

Visible optical properties

Face alpha tau KS KD
S+ 0.40 0.91 0.55 0.05
Si- 0.40 0.88 0.53 0.07
S2+ 0.39 0.88 0.54 0.07
§2~ 0.39 0.88 0.54 0.07
S3+ 0.36 0.87 0.56 0.08
53~ 0.45 - 0.90 0.50 0.05
SP+ 0.69 0.50 0.16 0.16
SP- 051 0.58 0.28 0.21

alpha absorbed component

KS = (1-alpha) tau specularly reflected component

KD = (1-alpha) (1-tau) diffusively reflected component

B



Albedo and Emissivity of Earth can be represented as a
spherical harmonic expansion

+ Knocke's 2 degree zonal harmonic model:

- Seasonally Varying
- No longitudinal dependency

a= ad + a,P,(sind) +a,P,(sind)
€ = g, + £,P,(sin) + &,P,(sind)

where

Pl(sin(p), P,(sind) = Legendre polynominals
= ¢yt ¢,cos(WID-tQ)) + ¢, sin(w(JD-1Q)),
£, = ky+ k;cos(m(ID-t0)) + k,sin(o(JD- t()))
to = the epoch of periodic terms,
= the orbital period of the earth,
ag, Co, €0, Ko, C1, K1, a2, Cy, €2, ko = constants

« Bess's 12 X 12 model from Nlmbus 6 and Nimbus-7
Satellites .

C.1
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Emissivity
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" Earth Elemental Areas
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Equator

Earth



(nm/s/s)

dcceleration

~75.8 -50.0 ~25.08 9.8 25.8 59.9 75.8 188.8

-109.3

solar forces on spot

June 23, 1989

0- trans
H -~ normal
X- radial

120.0  180.0
orbit angle
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(deg)

T T
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{nm/s/s)

acceleration

Albedo forces on spot
June 23, 1989

5.8 10.0

.6

-18.9 -5.8

-15.9

-2¢.8

-25.48

0- trans
H~- normal
X - radial
G.0 66.0 To.n  190.0  240.0  300.6  360.0
orbit angle (deg)
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(nm/s/s)

dcceleration

[
0
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-15.49

Plan. forces on spot

June 23, 1989

0- trans
H- normal
X - radial

T T T T
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orbit angle (deg)
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PROGRAM SATIR

AR AR AR AR AR AR R T AR AR AR AR AT AR AR AR AAA AR AR A A A AT ARk hohhhhdohkd '};: }

This program calculates the accelerations due to the infrared

emigsion of the satellite )
KRR AT TR AR AR AR TR AR R R AR RRARARE AR AR A A AR AL AR AN AR A AR AR AR K HRR

REAL H,W,CIGMA,C,SIG, SHADIN,SHADOUT, SUNANG

INTEGER I,J,K,L,M

DIMENSION A(12),E(12),P(12,3),F(12,35),T(12,35),ACC(35,3)
DIMENSION ANC (35)

OPEN (1, STATUS=' OLD' , FORM=' FORMATTED’ , FILE=’ gatir35.tnr’)
OPEN {2, STATUS=' OLD’ , FORM=' FORMATTED' , FILE=' satir29.tnr’)

*%% pefinition of the area of each surface **¥

A{1)=0.514

CTA(2)=T7.179

A(3)=1.308
A(4)=0.797 .
A(5)=3.583
A{6)=1.316
A(7)=5.194
A(8)=1.339
A(9)=5.171
A(10}=1.,050
A(11}=2.465
A(12)=5.806

*%% Dafinition of the emissivity of each surface *¥%*%

E(1)=0.15
E(2)=0.45
E(3)=0.23
E(4)=0.15
E(5)=0.45
E(6)=0.15
E{7)=0.45
E(8)=0.15
E(9)=0.45
E{10)=0.15
E(11)=0.45
E{(12)=0.45".

#%% pefinition of the normal of each surface  ¥X¥

DO 10 I=1,12

DO 20 K=1,3

P{I,K)=0.

CONT INUE
CONTINUE
P{1,3)=1,.
P(2,3)=1.
P(3,3)=1.
P(4,3)=-1.
P(5,3)=-1.
P(6,L)=-1.
P(7,1l)y==1.
P(8,1)=1.
P(9,1)=1.
P{10,2)=-1.
P{11,2)=-1.
P(12,2)=0.60543
P{12,3)=-0,79590

*%% Check module of the noxmals of each suxrface #*%
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DO 25 HC=1,12 |
WRITE(*,*} fSurface’ , NC
po 27 ND=1,3
WRITE (%, %) fP(’,NC,7,’ ,ND,’)=',P (NC,ND)
CONTINUE
CONTINUE

*%% Ppefinltion of constants **¥*

PI: obvious, no....

Pi=3,14159
C: Speed of light ({(m/s)
C=3.00E+8

SIG: Stephan-Boltzmann constant (W/mk*2/K**4)

SIG=5.67E-8 ) '

W: weight of the satellite (kg)

W=1850. ' .
SUNANG: angle between the periapsis and the orbital ncon (deg.)
SUNBNG=49.825

CIGMA: angle between the sunrise and the orbital noon (deg.)
CIGMA=90.0 . . ’

SHADIN: angle of entry in the shade (deg.}
SHADIN=1692.00+20.-SUNANG

SHADOU: angle of exit of the shade (deg.)
SHADOUT=290.88+90.-SUNANG

**% pefinition of orbit point for calculations ***

ANC (26) =SHADIN-0.1

ANC (27)=SHADIN+0.1

ANC (28) =SHADOUT-0.1.

ANC (29) =SHADOUT+0Q . 1

ANC (30) =CIGMA-0.1

ANC (31) =CIGMA+0.1

ANC (32} =CIGMA+89.9

ANC (33) =CIGMA+90.1

BANC (34) =CIGMA+269.9

ANC (35) =CIGMA+270.1-360.

*%% Definition of the temperature of each surface #¥%

" DO 30 1=1,35

IF (I.LT.25.5) THEN
H=(I=1)*15.
ANC (I)=H
ELSE
H=ANC (I)
ENDIF
WRITE (*,*) ANC(I) :
T(1l,I)=305.+15*COS { (H~CIGMA) *PTI/180.)
T(4,I)=282.5~7.5*C0OS ((H-CIGMA) *PI/180.)
T(6,1)=270.-20*SIN ((H-CIGMA) *PI/180.)
T(8,I)=270.+20*SIN ( (H-CIGMA) *PI/180.)
T{5,1I)=273.
T(12,I)~188.
IF ({H.GT.{(CIGMA+90)) .AND. (H.LT. (CIGMA+270))) THEN
T(2,I)=188.
T(3,I)=188.
. ELSE
T(2,I)=338.
T{(3,1)=338.
ENDIF
IF ((H.GT.CIGMA)}.AND. (H.LT.SHADOUT)) THEN
T(7,1)=188.
ELSE

F.2



T(7,1)=338.
ENDIF ‘
IF ({H.GT.CIGMA).AND. (H.LT.SHADIN)) THEN
T{9,1)=338.
ELSE
T(9,I)=188,
ENDIF '
IF ((H.GT.SHADIN) .AND. (H.LT.SHADQOUT}) THEN
T(10,1)=188.
T(l1,1)=188.
ELSE
T{10,I)=275.
T(11l,I)=338.
ENDIF
CONTINUE

<

k%% Check module of the temperatures *#®%

DO 75 NA=1,12
WRITE(*,*} fsurface’ , NA
Do 77 ¥B=1,35 '
WRETE (*, %) 'T(',ANC(NB),’)m’,T(NA,NB)
CONTINUE . :
CONTINUE

~] =

oo aNaw
w ~J

* R Célculation of the forces due to the emigaion of SPOT FH¥

DO 60 M=1,35
po 70 J=1,12
F(J,M)ﬂ("Z*E(J)*A(J)*SIG*(T(J;M)**d))/(3*C)-
70 CONTINUE
ACC (M,1)=0.
ACC (M, 2)=0.
ACC (M, 3)=0.
DO 80 L=1,12
DO 90 K=1,3
ACC (M, K) =ACC (M, K) + (F (L, M) *P (L, K) /W)
90 CONTINUE
80 CONTINUE
5 FORMAT ( F10.1,3G17.7) .
WRITE(L,5) ANC (M), -ACC{M,1),ACC(M,2),-ACC(M,3)
IF (M.LT.29.5) THEN
WRITE (2,5) ANC (M) ,-ACC(M,1),ACC(M,2), -ACC (M, 3)
ENDIF
60 CONTINUE
END



DATA FOR THE CALCULATICON OF THE SATELLITE INFRARED EMISSION G
Face Node Material Area (mz) Emissivity Normal
S1+ I 55M 0514 0.15 z
2 kapton 7.179 0.45 z
3 kapton doré . 1.308 0.23 z
St- 4 5SM 0.797 0.15 -Z
35 kapton 3583 0.45 ~Z
S2+ 6 SSM 1.316 0.15 ol
7 kapton 5.194 0.45 -X
S2- 8 SSM {.339 0.15 X
9 kapton 5.171 0.45 ®
S3+ {0 SSM 1.050 0.15 -u
11 kapton 2.465 0.45 -y’
- 53- 12 kapton 5.806 0.45 ay+bz X
R o i
V! L b
with a=0.60543 and b =-0.79590 ﬁy
. Temperature (°K)
Face Node - :
- i 90° 180° SHADIN SHADOUT 360°
S+ 1 305 + 15 cos(8-90)
2 338 188
3 338 88
S51- 4 2825 - 7.5 cos(8-90)
S 273
S2+ 6 270 - 20 sin(B-90)
7 188 338 188
S2- 8 270 + 20 sin(8-90)
Q9 . 188 338 188
S3+ 10 275 188 275
11 338 188 338
S53- 12 188

SHADIN & SHADOUT : angles of entry and exit of the earth’s shadow



Theoretical calculation of the force Induced
by the solar flux on the solar array

There are 3 components in the resulting force :
- the force created by the direct irradiation

Fi=-lGAco'se S
C
- the force. created by diffuse reflexion
1
Fy=-—GAD®p (I-B)cos & n
- the force created by the specular reflexion
1
FS =~ FGA B pn

with the following meanings for symbols

c : speed of light 2.9979 108 ms-1
G : solar flux 1317.1 Wm-2

A : Area of the array 19.503 m?2

p : reflexion coefficient 0.31000

B : specular percentage ‘0.51613

M : satellite weight 1850.0 ‘kg

D(f) : diffuse function 0.66667

O
-
-
-7 SUN

s : directional vector from the solar array towards the sun

n : unit normal of the solar array

H.1



H.2

In our case, the solar array is normal to the sun, then 8 = 0 and n =8
Therefore :

Fl=-—1—GAn
c

-
F,=--CAD®p (P n

1
Fs=-EGABpn.

Then, the total force F acting on the solar array is given by :

1 :

F=F, +F,+F,=--GA(1+(UBpD®+pp)n

Numerical application : F = 107966 104 N

The acceleration is given by :

- E
¥ M _
Numerical application : y = 583 109 ms?2 = 58.3 nms?

Calculation of the component of the force norma! to the orbit plane

-G — —
Orbit plane e — — —
- - — — — SUN
g e =
~ ST
jFN
We have :
-
sin o =N
F.'

then Fn =F sin with o = 90 - beta
beta = 16.4249 o = 73.576°
Fn = 3.0527 105 N o= 19.1064 nms2



dcceleration (m/s/s)*1ﬂq

~1.87 -1.25 -8.62 f.069 B.63 1.28 .87 2.58

-2.58

Satellite

infrared forces

June 23, 1989

L
[ ]
3

6—o—0
0- trans
H- normal
X - radial

tﬁ 66.& Téﬂ.ﬁ 1éﬁ.ﬂ 2&33@ 3éﬁ.ﬂ 3éﬁ.ﬂ

orbit angle {deg)
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PROGRAM DRAG

AAEAH R AR AR ILER R AR R R AR R TR AR AR A RN AR AR A F A AR A AR F A AR AR AR R RX

This program calculates the factors A*Cx, A*Cy, A*Cz used in the
computation of the atmospheric drag of the SPOT satellite.

{these factors are glven in m2)
AR R AR R AR AR A AR A AR A A AR AR A AR AR AR AT R AR AR RA AR AN RA AR ARA AR AR A AR LA

REAL TA,RO,W,R,PI,Q,U,ALPHA,S,V,ERF,ER,EX,RT,SPI
REAL SUNANG, CIGMA, SHADIN, SHADOU , H,AlL, A2,B1, B2

REAL CLY13,CLZ13, CL¥14 CLZ14

INTEGER I,J,K

DIMENSION A (14} ,T(14,25),CR(14,25),CF(14,25),CLP(14,25,3),0(14,25)
DIMENSION TWR(1l4,25),TWF{14,25),TG(14,25),SC(3,25),ANC(25)
DIMENSION CDA(14,25),CDR(14,25),CLA(14,25),WMM(25)

DIMENSION CLR(14,25),CD(14,25),CL(14;25),CLR2 (14, 25)

OPEN (19, STATUS=' OLD' , FORM=' FORMATTED' , FILE=' drag. tnx')

OPEN (15, STATUS='OLD’ , FORM=' FORMATTED' , FILE='masmoy.dat’ )

**%% Ppefinition of the area of each surface (in m**2} ***

A(1)=0.514
A(2)=7.179
A(3)=1.308
A(4)=0.797
A(5)=3.583
A(6)=1.316
A(7)=5.194
A(8)=1.339
A(9)=5.171
A{10)=1.050
A(11)=2.465
A(12)=5.086
A(13)=19.503
A(14)=19.503

*k% DpDefinition of constants i

W: weight of the satellite (ky)

W=1850.0

R: Boltzmann’s gas constant (kg*m**2/mole/gsec**2/K)

R=8,32

Q! Constant used in the calculation of the coefficient aipha
0=3.6

V: Velocity of the satellite {(m/s)

V=7440.0

PI: obvious, no.....

PI=3.1415%

SUNANG: angle between the periapsis and the orbital noon (deg.)
SUNANG=49,825

CIGMA: angle between the sunrige and the orbital noon (deg.)
CIGMA=90,0

SHADIN: angle of entry in the shade (deg.)
SHADIN=169.004+90.-SUNANG

SHADOU: angle of exnit of the shade (deg.)
SHADOU=290.88+90.-SUNANG

#%% PDefinition of the temperature of each surface %%

Do 5 1=1,25
H=(I-1)*15,
ANC(I)=H
T{1,I)=305.+15%COS ({H-CTGMA) *PI/180.)
T{4,I)=282.5-7.5*%C0O3{ {(H~-C TN} *PT/180.)
T{6,I)=270.-20"3LR ((U-CIGIA}*F1/180.)
T(8,1I)=270.4+20%8IN( (H-CIGMA})*PI1/180.)

J.1
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T(5,1)=273.

T(12,1)=188,

IF ((H.GT. (CIGMA+90)}) .AND. (H.LT. (CIGMA+270))) THEN
T(2,I)=188.
T(3,1)=188,

ELSE
T(2,1)=338.
T(3,I)=338.

ENDIF

IF ((H.GT.CIGMA) .AND. (H.LT.SHADOU)} THEN
T(7,I}=188.

ELSE
T({7,I}=338.

ENDIF

IF ((H.GT.CIGMA) .AND, (H.LT.SHADIN))} THEN
T(9,I)=338.

ELSE
T(9,T)=188.

ENDIF :

IF ((H.GT.SHADIN).AND. {H.LT.SHADOU)) THEN
7(10,I)=188.
T(11,I)=188,
T(13,1)=213,
T(14,I)=213.

ELSE
T(10,1)=275.
T(11,1)=338.
T(13,1)=328.
T(14,I)=328.

ENDIF '

CONTINUE

*%*% Check module of the temperaturesg k¥¥*

DO 75 NA=1,14
WRITE (*,*) fsurface’, NA
Do 77 NB=1,25
WRITE (%, %)y "9(' ,ANC(NB),’)=",T(NA, NB)
CONTINUE '
CONTINUE

k%% Definition of the mean molecular weight along the orbit *#*

PO 23 J=1,24
READ (15, *) Al,Bl
READ (15,*) A2,B2
IF (A2.GT.ANC(J)) THEN
WMM (J) =B1+ ( ( (B2-B1) * (ANC (J) -Al)) / (AR2-A1))
ELSE
Al=A2
B1=B2
GOTO 27
ENDLF
CONTINUE
WMM (25) =WMM (1)

**% pefinition of the temperature Tw=CEF*TWE+CR*TWR ***

DO 30 I=1,14
DO 32 J=1,25
CF(I,J)=0.
CR(I,J)=0.
CONTINUE
CONTINUE
DO 34 J=1,25
CF(6,J)=1.0

J.2
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CE(7,0)=1.0
CR{8,J)=1.0
CR(9,J)=1.0 : .
IF  ((ANC({J).GT.90.).AND, (ANC (J) .LT.270.}) THENW
CR(13,J)=1.0
CF(14,J)=1.0
ELSE .
CF{13,J)=1.0
CR{14,J)=1.0
ENDIF
CONTINUE

**% Definition of the incidence of each surface

DO 40 .J=1,25
o(1,J)=0.
0(2,d)=0.
0(3,J)=0.
0(4,d)=0.
0(5,d) =0.
0(6,J)=PL/2.
0(7,J)=PI/2.
0(8,J)=1.5%pPI
0(9,J)=1.5%pI
0(10,J)=0.
0(11,J)=0.
0(12,J)=0.

013, J)=ASIN{COS (19.5% (PI/180.)) *COS (ANC (J)*{PI/180})))

0(14,J)=0(13,9)+PI
CONTINUE

**%%  Check module of the incidence of each surface

DO 45 I=1,14
DO 47 J=1,25
WRITE (*,*) fO(’,I,',',ANC(J),")=",0(1,J)
CONTINUE
CONTINUE

k%% Definition of several parameters %¥*%

TA=1200.
S=V/SQRT (2*R*TA} -
SEI=SQRT (PI)

*¥%% Calculation of the drag & lift coefficients

DO 50 I=1,14
DO 55 J=1,25
IF (WMM(J).LT.1l6.) THEN
U=WMM (J) /16.
ELSE
U=1.0
ENDIF
ALPHA= (Q¥U) / ( (L+U) #%2)

THE : Temperature of the front surface
HRRAAARERATIRAR AR RKRARRNARRSRRAR AR KK

TWE (L, J)={(SORT (T (I,J) )+ ((SQRT {(V**2) / (2*R} ) ~SQRT (T (I,J)}))

*SQRT (L-BLPHA) ) ) #*2

TWR : Temperature of the rear surface
AR AR AR RAA A A A A A AR A A AT Ao b

* K%k

ek

K kK

TWRA{I,J)=(SORT(T{I,J}}+ ({SORT {TA)~SQRT(T(I,J))}}

*SORT (L~ALPHA}) } *%2

J.3
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TG : Temperature of the surface (elther TWF or TWR )
PR L L R R e e R AR R R R R

TG(I,Jd)={CF(L,JY*TREF(I,J))+ (CR{L,J) *TWR(I,J))

CALL FUNC{S*SIN(O{(I,J)),ERF)
ER=1+ERF

EX=EXP (= ({S*SIN(O(L,J)))**2})
RI=SQRT (TG (X, J) /TA)

CLR :{ Lift coefficient due to the reemlssion
KA AREE KA A A A AR AR AR AARAERARNARAANARNANNAANRANRNA N

CLR(XI, J)—ABS(((SPI*COS(O(I J) ) *SIN(O{I, J))*RT*ER)/(Z*S))

+{ (COS(O{I,J))*RT*EX)/(2*5*S)}}

CDR : Drag coefflecient due to the reemission

de e e e ek Aok R e A A ok e A ok ok ok e e ek ok R
CDR(I,J)=((SPI* ({SIN(O{I,J)})**2) *RT*ER)/(2*3))
+((SIN(O(I,J))*RT*EX)/ (2*3*3))

CLA : Lift coefficient due to the absorption
Ik hhhhhhhhhh kR kR AR Rk Ak kR kR A hh Ak A kA hhk K

CLA{I,J)=(COS (0 (I,J)) *ER) / (2*S*8)

CpA : Drag coefficient due to the absorption
e dok e e e e e v e e ok ok o T T ok ok R ok Yk o e ok e o e e e e e

CDA(I,J)%(SIN(0(I,J))*ER*(1+(1/(Z*S*S))))+(EX/(SPI*S))

Total coefficlents of drag & lift (absorption + reemission)

AR AR A A AR AR A A A A AR A AR A AR A AAA AR A AAR AR A A AR AN
CD (I, J)=CDR (I, J)}+CDA (I, J)

CL (I, J)=CLR (I, J)+CLA(X,J)
A AR A AL ATRAAARAAARAAARAARREARRAR AR AR AR X

**%  Check module of the 1ift & drag coefflcient *¥*

WRITE (%, %) ¢ 1
WRITE (*, * ) 7KK TD & CL Coefficients oRxr
WRITE (*,*) ' r :
WRITE (%, * ) "CDA(’,%,’,’ ,ANC(J),")=',CDA(I,J)
WRITE (*,%) FCDR(’,I,7,’ ,ANC(J),’)=",CDR(L,J)
WRITE (%, * } fCLA(",I,",' ,ANC{(T),")=',CLA(I,J)
WRITE (*,*) fCLR(',I,",’,ANC{J}, )=",CLR(I,J)

e *) $

SE85555855858558 d
(ANC(J),7)=',CDI(I;J)
rANC(J)r’)“'rCL(IrJ)
$55555555558888 r

WRITE (*,*) fCD(',I,'
WRITE (*,*) 'CL(',L,'
WRITE (*,*) 755685588

CONT INUE

,f
WRITE (*,*) r$$586656%4
’f
§8

CONTINUE

Calculation of the 1ift components along the ¥Y&Z axis

DO 10 I=1,14

DO 15 J=1,25
DO 20 K=1,3
CLP (I,J,K)=0.
CONTINUE
CONTINUE

CONTINUE
DO 22 J=1,25

IF (SIN(ANC{(J)).EQ.0.)} THEN
CLP (13,J,3)=0,

ELSE
CLE{13,J,3}=1./SQRT (1+({TAN(19.5%(PI/180.))/
) SIN(ANC(J)*(PI/180.)))**2))

ENDIF

* Kk
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CLP (13, J; 2) =SQRT (1~ (CLP (13, J,3) **2))

CLP (14,J,3)=CLP (13, J, 3)

CLP (14,J,2)=CLP (13,J,2)

IF ((ANC(J).GT.0.) .AND. (ANC(J) .LT.90.)) THEN
cLP (13, J,3) =-CLP (13, J, 3)
CLP (14, J,3)=-CLP (14, J,3)

ENDIF

IF ((ANC(J).GT.180.).AND, (ANC(J).LT.270.)) THEN

CLP{(13,J,3)=-CLP (13,J,3)
CLP (14,J,3)=-CLR (14,J,3)
ENDIF

IF ((ANC(J). GT 90.) .AND. {ANC(J) LT.270.)) THEN

CLP (13,J,2)=-CLP{13,J,2)
CLP (14,J,2)=-CLP {14,J,2)
ENDIF
CLY13=CL (13, J) *CLF (13, J, 2)
CLZ13=CL (13, J) *CLP (13,3, 3}
CLY14=CL (14, J) *CLP (14,J,2)
CLZ14=CL (14, J) *CLP (14, J, 3}

%**% Check module of the Cl components ¥**

WRITE (%, %) 7 Sfchhkhkdddddikk r
WRITE (*,*) ' CL components along the Y&Z axis
WRITE(*' } LR 3535502 0:5.0.0 8 4.1
WRITE(*,*) fCLY{13,%,ANC{J},")=",CLY13
WRITE (*, * ) rcLz (13,7 ,ANC(J), ') =" ,CLE13
WRITE (*, %) fCLY(14,f,ANC(J), )=’ ,CLY1l4
WRITE(*,*} TCLZ(14,' ,ANC(J),")=",CLZ14

r

WRITE (%, %) 7 *kdkxddfkkrikidk
WRITE (%, *) * r .
CONTINUE

#%% Computation of the S5*C factoxrs **¥*

DO 58 J=1,25

SC(1,J)=0.

sSC(2,J)=0.

SC(3,d)=0.

DO 60 I=1,14
SC(1,Jd)=SC(1,T)+(A(I)*CD(I,J))
SC(2,J)=SC(2,J)+ (A (L) *CL (I, J) *CLP (L,J,2))
SC(3,J)=8C (3,3} +(A{I) *CL(I,J) *CLP (I,J,3))

CONTINUE

WRITE (%, *) r
WRITE (*, * ) rSC(l,’ ,ANC(J),"}=",8C(1;J)
WRITE (*,*) '8C(2,7,ANC{J),')=",8C(2,J)
WRITE (*, * ) r8C (3,7 ,ANC(J), )= ,SC(3,T)
WRITE (*, %) f

FORMAT ( F10.1,3G17.7)

WRITE (19,17} ANC(J},-SC(1,J),8C(2,J),~8C(3,J)
CONTINUE
END

SUBROUTINE FUNC (X,ERF)
REAL PI,X,ERF,Q,Y,BI BS, %
INTEGER I, N
Z=X
X=ABS (X)
IF (X.LT.10.) THEN
N=1000
ERF=0.
PI=3,141592654
Do 10 I=0,8-1
Y=¥/N

J.5
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BI=Y*I
BS=Y* (I+1)
Q=EXP (- (BI**2) ) +EXP (~ (BS**2))
"ERF=ERF+ (Q*Y) /2.
CONTINUE
ERF=ERF* (2, /SQRT (PI))
ELSE
ERF=1.0
ENDIF
IF (X.EQ.0.) THEN
ERE=0. '
ELSE
ERF=ERF* (%/X)
ENDIF
RETURN
END

J.6



DATA FOR THE CALCULATION OF THE ATMOSPHERIC DRAG K 1

OF THE SATELLITE SPOT

Characteristics of each node :

Face Node Material Area (mz) Velocity incidence (rad.)
St+ i SSM 0514 0.
2 kapton 7.179 0.
3 kapton doré 1.308 0.
St- 4 SSH 0.797 0.
5 kapton 3.583 0.
S2+ 3] SSH 1.316 /2
7 kapton 5.194 11/2
S2- 8 SSH 1.339 311/2
| 9 kapton 5171 3In/2
S3+ 10 SSM 1.050 0.
i1 kapton 2.465 0.
3~ 12. kapton 5.806 0.
SP+ 13 ‘cells 19.503 arcsin{cos(v)*cos(19.5))
SP- 14 cells 19.503 +arcsin(cos(v)*cos(19.5))

with v : true snomaly



DATA FOR THE CALCULATION OF THE ATMOSPHERIC DRAG

K.Z
OF THE SATELLITE SPOT
Temperature of each node :
Temperature (°K)

Face Node

' o’ 90° 180° . SHADIN SHADOUT 360°
St+ 1 305 + 15 cos(68-90)

2 338 188

3 338 188
Si- 4 2825 - 7.5 c0s(8-90)

3 273
52+ 6 270 ~ 20 sin(6-90)

7 188 338 188
52~ 8 _ 270 + 20 s5in(8-90)

9 188 338 188
S3+ iQ 275 188 275

Ti 338 188 338
S3- 12 188
SP+ 13 328 213 328
SP- 14 328 213 328

SHADIN & SHADOUT : angles of‘entrg and exit 01; the earth's shadow
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PROGRAM MASMOY

ww*wﬁw******w****ww******************w******w*ww**ww*w********
This program calculates the mean molecular welght of the
molecules absorbed by the satellite and creates files

for the densities and temperature,
*****************ﬁ************w***#**********#****************

REAL D, T,ROT, ANG, WMM
INTEGER I

DIMENSION RO(5) )

OPEN (1, STATUS=' OLD’ , FORM="FORMATTED' , FILE=' densite’)
OPEN (2, STATUS=' OLD' , FORM=' FORMATTED’ , FILE=' masmoy .dat"’ )
OPEN (3, STATUS=' OLD' , FORM=' FORMATTED’ , FILE=' temp,dat "’ )
OPEN (4, STATUS=' OLD’ , FORM=' FORMATTED’ , FILE='dens5.dat" )
OPEN (5, STATUS=' OLD’ , FORM="FORMATTED' , FILE=' denstot .dat’)
REWIND 1

READ {1, *, END=20) D, T,RO(1l),R0O(2),R0(3),R0O(4},RO(5},ROT
ANG=(D/101.433) *360,

FORMAT( F10.1,617.7)

FORMAT( F10.1,5G17.7)
WMM—(Z*RO(1}+4*RO(2)+16*RO(3)+28*R0(4)+32*R0(5))/ROT
WRITE (2, 8) ANG, WMM

WRITE (3,8) ANG,T

WRITE (4,9} ANG, (RO(I),Iwl,5)

. WRITE(5,8) ANG,ROT -

GO TO 10
CONTINUE
END



Absolute temperature along one orbit of spot June 23,
(atmospheric model: dim!

Temperature (K)
1298. 1258. 1308. 1358. 1400. 1450,

1159.

1104.

1858,

6.0 60 .0 120.6  160.8  240.9  309.8  360.0
orbit angle (deg)

1989

M.1



Atmospheric density along one orbit of spot June 23, 1989
(atmospheric medel: ditm}

6.29

2.87 3.54 4.12 4.75 5.37

Density (kg/m3) x1g 14

2.25

.62

1.689

T 1 ¥ L] V
B.a 6G.0 126.8 "18G.0 24G.9 399.6 @ 360.8
orbit angle (deg)

M.2



M.3

Density of the main components along one orbit of spot June 23,1969
(atmospheric model: dtm)

6.60

Density of the components (Kg/m3ﬁ1@44

= .

R |, oo Ay . s B B B .a 8 8§ & B & e @8 @ B @

= - ¥ T T T T b |
a2.2 69.0 120.9 160.0 248 .0 300.0 360.09

orbit angle (deg)



ecular weight aleng one orbit of spot June 23, 1989
{atmosphertic model: dim)

Mean mo

(g) <
12.5 13.5 14.5 15.5

Mean molecular weight
18.5 11.5

9.5

8.5

7.5

L] 1 ¥ ¥, EH
.0 60.0 126.08 10G.0 246 .0 366.0 366.09
orbit angle (deg)
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Calculation of the velocity incidence angle

with the following meanings for the symbols:

B:solar array inclination (19.5°)
v: true anomaly

o:a=90° -9
6: velocity incidence angle
We have cos p=—H cos v ='-é=—- cos o Ll;
H

Therefore cosoa=cosf cosv

AS cos a=cos(90 ~-0) =sin 0O

we have finally sinB=cosP cosv



Aerodynamic coefficients along one orbit for face b6
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Aerodynamic coefficients along one orbit for face 13

Aerodynamic coefficients

B.25 f.58 g.75 1.99 1.25 .50 .75 2.80

g.8d

0 - Cdr
H- Cda
| X - Clr

[\ +_Cla

126.0 18@;@
orbit angle

290’
{deg)

3900 .6

360.9

P.1



Aerodynamic coefficients along one orbit for face 14

Aerodynamic coefficients

@.25 A.58 8.7% 1.08 1.25 .58 .75 2.989

g.6d

0 - Cdr

H - Cda

X- Clr
] + - Cla
e B I e B B S
6.0 60.9 120.0 186.0 240.8 300.0 366.0

orbit angle {deg)

P.2



Calcu]ation of the angle tau

with the following meanings for the symbols:

B:solar array inclination (19.5%)
v: true anomaly
t: angle between Y and FL

We have tant=£L and sinv=-£ tan [3=-L.
Y F F
H H
Therefore tan ¢ = SINV
tan B
1 . \/ 2
sintT=vV 1-C0S 7T

then COS T = >
\/1+ (tan [j)

sinv



(m2)

-18.9

Surface % Aerodyn.

coefficient

18.9

9.8

-60.9 -5@¢.9 . -48.8 -39.9 -28.8

~-79.9

SxC factor

June 23,

1989

0~ trans

H- normal

X - radial
@tﬁ 6%.@ 15@.3 1éﬁ.ﬂ 2&@.% 3%@.@

orbit angle

(deg)

I
366.0



~8
acceleratians in m/s/s*10

-3.09

2.89 8.75 .50

-8.7%

-2.25

-3.75

-4.5¢

SPOT June 23,

1989

drag acceleration atmospheric model dtm

-1.58

0~ trans
H- normal
X - radial

3é.ﬂ
time

1
54.0 72.9
in minutes

1]
99.0 198.0

S.1



S.2

SPOT June 23, 1989

thermal accelerations ( solar - albedo - planetary — satelllte )
i
4
0~ trans
H- normal
% X - radlal
o

5.688

2.54

8.449

~-2.50

accelerations in rn/s/s*ﬂ?i_B

~-5.08

-7.58

ARREX

T L] 1 13 T |
a.6 | i8.9 36.08 54.0 72.8 99 .6 166.9
time in minutes



in m/s/s*1ﬂ%

8.9

accelerations

.68

g.80

g.4@

-1.29 -2.89 ~-g.4¢

-1.6¢

SPOT June 23,

1989

n~-body accelerations ( sun & moon )

1.28

0 -
. H-
y

trans
normal
radial

T
18.9

3é.ﬂ
ttme

54.0 72.0
In minutes

1
92.0 108.0

S.3



SPOT June 23, 1989

in m/s/s

accelerations

-g.#15 -3.414 -9.985 0.099 8.085 8.819 .15 a.829

-§.828

non —-spherical accelerations [ gemt2 36%36 )
0~ trans
H - normal
radial

¥ -

T
36.0
time

EH T
54 .4 72.8
in minutes

99.8 168.06



accelerations in m/s/s %1 @—7

-3.7%

-2.25 ~1.58 -8.7% 9.28 8.75

~3.98

-4.5@

SPOT June 23, 1989
relativistic accelerations

-5.25

0~ trans
H~ normal
X - radial

T H L] T T T
.8 18.0 36.9 54.0 72.0 93.0 198.0
time In minutes

S.5



initial

runmode

foxrces

integ/out

sta/obs

files

plot

finis

spot

epochl
epoch2
pos
vel
end

mode
iter
end

satid
sun
drag
dtides
etper
polmot
relprt
spdutl
geo
gm
moon
mmax

R S s

orbit simulation -~
june 23,1989 - toutes les forces - cdrag & tots.tnr

o N

1

36

njmax 36
nmax 36

exfrot
aextrad
shadow
end

tstarct
tE
nprint
dtnew
end

choxdp
measx
end

utcwrt
utcwzt
densit
acegsat
end

dimxy
iorbpl
iorbl
iorb2
iplt
lintyp
titlel
title2
end

3
1
0

o Oy

1.989.0

5.
7205000.0
102.50

8600101.0

6.51385

398600.43¢6

6378137.0

Q.
6086.

17.0

17.
17.

O NO O
32
=y

orbit parameters for spot
June 23, June 28 1989

une orbite -

6.0

0.
1.51d-3
249.70

1850.0

2.70

23.0
24,
98.7
287.0



in meters*1@6

semi-major axi

7.195

7 080 7.282  7.205  7.267  7.218

7.197

7.192

7.19@

evolution of the semi-major axis alog one orbit

spot June 23, 1989

T 1 ¥ T
15.8 3.9 45 .8 60 .09 7'|5.EJ S@.08 1&65.0
time Iin minutes

U.1



eccentricity x107°

645 8.60 1.28 1.60 2.09 >.40 .80 3.28

6.89

eccentricity along one orbit of spot
June 23 ,1989

] 1
1i5.6 38.9 45 . B 60.8 75 .0 9@ .8
time in minutes

U.2



-3

e ¥ cos ([ omega )} & e X sin [ omega %10

-@.85

g.25 g.88 1.35 .90 2.45

-8.36

-1.48

3.09

eccentricity vector of spot along one orbit

June 23,1989

0- e ¥ cos ( omega )
H- e ¥ sin { omega |

T T T T
15.0 3g.e 45. 8 60.0 75.0 90.0 105.0
time in minutes

U.3



eccentricity %X sin ( omega yx1¢73

-9.58 .08 ¢.58 1.488 1.58 2.96 2.5P 3.60

-1.098

The B of the eccentricity vector
June 23,1989

v
-11.8

*é.@ —é.ﬁ —é.ﬁ 11@ 4t5 4
eccentricity ¥ cos ( omega %10

7.

g

T
EX 4

U4



inclindison in degre

orbit

98.76 98.76 98.76 98.76 9877 98.77

98.76

98.75-

inclinaison along one orbit of aspot

June 23, 1989

98.75

1 T T
16.8 6.0 45 .0 60.9 75.0 Qil?l.ﬁ
time in minutes

U.5



in degre

189.0

omega
135.8

315.8 364.8

278.8

225.8

45.9 9.4

g.98

evolution of omega along one orbit of spot

June 23, 1989

1
a.0 15.8 30,0 45.0 60 .0 5.0 96.0
time in minutes

U.6



u.7

1989

evolution of cap-omega along one orbit
June 23,

cbebe

i
L6 6ve

68" 6PC

1 ] L
BB 6C LB bbe 98 6
aubap ul vBowo-_dpo

1
¥876%<C

gg-6¥c

Zg-evc

in minutes

time



V.1

1@8.7 cm solar flux
from January 1976 to September 1989

19906.

1984. 1982. 1984, i986.

1978.

.

§976.
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year



16.7 cm wavelength smooth soclar flux in watt/cm/cm/hz

108.8 146.0 186.8 229.98 260.8 300.6 340 .6 389.8

68.9

18.7 c¢m smooth solar flux
from January 1976 to September 1989

T T T T T 4 T : ¥
1976, 1978. 1988, 1982. 1984, 1986, 1988. 1%9@.
year

V.2



geomagnetic planetary index

6.88

1.80 2.968 3.08 4.04 5.06 6.09

B8.63

geomagnetic planetary index
from January 1976 to September 1989

7.00

1976.

T 1 T T
1978. 980, 1982, 1984 1986 1988.
year

T
1996.

V.3



V.4

18.7 em solar flux
from January 1989 to September 1989

A\\V
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V.5

18.7 cm smooth solar flux
from January 1989 to September 1989

5.00 6.08 7.80 8.89

.8d

4

3.60

2.80

B

1

-

g.08
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geomagnetic planetary index

1.90 2.00 3.00 4.89 5.09 6.60 7.80 8.88

g.0a

geomagnetic planetary index
from January 1989 to September 1989

V.6

a.

20

yedar



spot orbit simulation - wun jour - atmospheric model : dtm - XQ@T 1
june 23,1989 - seulement drag - o
initial
epochl 1989.0 6.0 23.0
epoch?2 5. 0. 24,
pos 11 7205000.0 1.51d-3 98.7
vel 102.50 249.70 287.0
end
runmode
mode 2
iter 0
end
forces
satid 8600101.0 1850.0
sun
drag
exfrot
dtides
etper
polmot
relprt
spdutl-
geo
gm 398600.436
moon
mma.x
nijmax
nmax
.extrad
shadow
end

Mmoo ooOoWno

[ R o Y v i e Y o}

6378137.0

integ/out .
tstaxrt 0.
tfdays 1.
nprint 100 .
dtnew 179.0
end
sta/obs

chordp

measx 1

end
files

densit

accsat

pitdat

end

Y
i...l

plot
dimxy
iorbpl
iorbl
iorb2
iplt
lintyp
titlel orbit parameterxs for spot
title2 June 23, June 28 1989
end

ONOR KO
s 4=
=y

finis



atmospheric temperature along one orb
atmospheric model

it of spot June 23,1989
dtm

1420 1489.

i

1363.

1304.

n degree Kelyv

1248.

v
1

temperature
1180.

1128,

1964.

1668.

T
2.0 18.0 36.0 54 .0 72.@
time in minutes

W.2



W.3

atmospheric densities along one orbit of spot June 23, 1989
‘ atmospheric model : dtm

13.

-14. 4
L1 B el

i

18

| I L K

s in ka/m”3
o S T

| SO T I Y LR N

&Y

densit
167 iég

L E bl

18

0- H2
H- He

b L fafl]

-19.

+ - N2
x - 02
& - tot

10

[ 2 I T W 15

~28

3 T
36.0 54.0 72.8 9% .0 18,0
time in minutes

16
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=
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drag

drag acceleration in m/s/sx10°

2.80

- B.88

~5.08 -4._0¢ -3.088 ~2.00 -1.68

-6.90

acceleration aleong one orbit of spot June 23,1989

atmospheric model . ditm

0- radrial
H- transversatl
X - normal

T T T
0.0  18.0 36.0 54.0 72.0 990.0
time in minutes

W.4



W.5

atmospheric drag influence on the semi-major-axis - dtm -
during one day-arc of spot on June 23, 1989 - only drag -

in meters
-2.58 ~1.88 ~1.25 -@.63

delta a
~3.13

~3.75

-4.38

-5.09

T T T T
5.8 4.8 8.8 12.6 i6.8 20 .6 24 .8
time in hours



W.6

e

atmospheric drag influence on the eccentricity - dtm -
during one day-arc of spot on June 23, 1989 - only drag -
S
=

eccentricity in millionths
-6.062 -p.058 -.837 -6.025 -9.812

-8.875

-0.887

-0.188

.0 4.9 8.0 12.6 16.0 0.0 24.8
time in hours



atmospheric drag influence on inclinaison - dtm -
during one day-arc of spot on June 23, 1989 - only drag -

inclinaison in é}.r"t:sset:r:ar-dsiﬁ'l9‘-4
-7.56 -6.25 -5_88@ ~3.758 -2.50 -1.25

~-8.75

figid 0 43

1 T T
g.6 4.8 8.6 12.8 16.6 286.0 24.08
Fime in haours

W.7



atmospheric drag influence on omega -
during one day-arc of spot on June 23, 1989

.2

dtm -
- drag only -

1

.8

-3.8

~5.8

in arcseconds
-7.8

omega
-9.8

-11.98

-13.8

-15.8

2.0 4.0 8.8 12.0 16.0 20.0
time in hours



atmospheric drag influence on cap-omega — dtm -

during one day-arc of spot on June 23, 1989 - only drag
=

. ~3
cap-omegd in arcsecondsX1y
-1.5@ -1.25 -1.69 ~B.75 -@.50 -3.25

-1.75

-2.968

) T ¥ 1]
&6 4.8 8.8 12.08 16.8 2.0 24.9
time in hours

W.9



W.10

atmospheric temperature along one orbit of spot June 23,1989
atmospheric model . Jacchia 1971

1480.

1368. 1420.

13086.

1188.

temperature in degree Kelvin
1248.

1128.

1668.

1804.

Y T— T T T
2.0 18.0 36.0 54.9 72.8 90 .0 168.6
time in minutes



W.11

drag acceleration along one orbit of spot June 23,1989
atmospheric model + jacchia 1971
o )
o
a
8
e

drag acceleration in m/s/sX10°

-2.80 -1.68

~3.08

-4.89

=
3]
L{I)_
0- radrtatl
- H- transversal
= X - normal
A

3 1 ¥ |
G.8 1.0 36.0 54 .49 F2.6 9d .3
time in minutes



W.12

atmospheric temperature .along one orbit of spot June 23,1989

temperature in degree Kelvin

1168. 1220. 1288. 1344. 1408 . 1460. 1528. 1588.

1189,

atmospheric model  jacchia 1977

13 T T T
18.0 36.9 54 .0 72.8 93 .9 108.9
time in minutes
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drag acceleration along one orbit of spot June 23,1989
atmospheric model + Jjacchia 1977

2.88

1.08

~4 .88 ~-3.88 -2.06 -1.68 g.0g

drag acceleration in m/s/s%10°

-5.98

0- radial

H- transversal
X - normal

6.6 118. 3%.5 S‘ll.ﬁ Té.ﬂ 9.@ 198.6
time in minutes

-6.08



date Atm. Modet ssof | solar flux | Kp | Aa(m){ AM (min).
June 23, 1989 | jacchia 71 | 206.0 233.7 1.3 | 3.99 | 0272
June 23,1989 | jacchia 77 | 2060 | 2337 1.3 | 3.77 0.195
June 23, 1989 dtm 2060 | 2337 1.3 | 3.80 0.350
June 17, 1989 dtm 201.4| 3225 1.6 | 3.66 0.275
March 14, 1989 dtm 2007 | 2433 7.7 | 9.85 0.948
Nov. 22, 1986 dtm 74.9 74.4 05 | 026 | o028
Sept. 1, 1989 dtm 2175 | 1906 1.9 | 3.1 0.291
May 9, 1989 dtm 2020 | 1990 1.3 | 2.68 0.246
Oct. 10, 1985 dtm 72.9 65.9 1.6 | 0.27 0.285
Dec. 28, 1987 dtm - 1008 | 1033 0.35 | 0.39 0.040
Feb. 22, 1988 dtm 1088 | 1103 57 | 0.87 0.065
Feb. 26, 1988 dtm 101.3 110.5 2.4 0.52. 0.049




Variation of the Semi-Major Axis Aa in Meter
for one Day Orbit of SPOT
with Atmospheric Model 'Jacchia 71’

geomagnetic index Kp
4.0 7.0
50 100 0.25 0.37 0.65
Y b— . ’
S [ 100 % 150 0.60 0.96 1.84.
150 200 1.70 2.73 499
geomagnetic index Kp
Aa(m)j 1.0 4.0 7.0
e 100 0.35 0.53 0.98
3
e} 150 0.90 | 1.46 2.79
(o]
w
“ 1 200 258 | 4.06 7.13
geomagnetic index Kp
1.0 4.0 7.0
150 oo || 050 | 078 | 1.49
S 1200 § 150 1.37 2.23 4.14
250 200 3.84 | 5.89 9.92




Variation of the Semi-Major Axis Aa in Meter
for one Day Orbit of SPOT
with Atmospheric Model ‘Jacchia 77

geomagnetic index Kp

Aa (nn)x%y 1.0 4.0 7.0
50 " 100 0.22 | 025 0.42
slio0{ S| 150 || 031 {077 | 128
w
150 200 1.82 | 202 3.08
geomagnetic index Kp
1.0 4.0 7.0
| 100 0.46 | 051 0.87
&
o | 150 .22 | 1.36 2.16
&
1 200 2.87 | 3.15 4,59
geomagnetic index Kp
1.0 4.0 7.0
150 0.79 | 0.89 1.47
Sl200 || 150 || 1.95 2,16 | 327
250 200 418 | 451 6.35

Y.2



Variation of the Semi-Major Axis Aa in Meter
for one Day Orbit of SPOT

with Atmospheric Model 'dtm’

geomagnetic index Kp

Aa (m)%% 1.0 4.0 7.0

50 oo |l 025 | 034 | o5

s 1100 g 150 || 056 | 083 | 1.30
150 200 1.43 2,23 3.53
geomagnetic index Kp

Aa (m% 1.0 4.0 7.0

< | 100 T 040 | 058 | 087

."Z 150 0.97 1.47 2.28

@ 200 2.23 3.90 6.07
geomagnetic index Kp

Aa (mzx%% 1.0 . 4.0 7.0

150 100 0.52 0.79 1.17

2| 200 “5 5o || 131 ] 198 | 306
250 200 3.38 o.18 7.97

Y.3



in meters

delta a
-3.138

7.1

thermal forces influence on the semi—-major-axis .
during one day-arc of spot on June 23, 1989

-f.87% -B.B43 -g.812 g.619

-g.186

~-B.169

-9.208

-8.232

||

|

—
8.8
time

T
12.0 16.8
in hours
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