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SUMMARY

The Orbiting Geophysical Observatory (OGO) is an actively
oriented satellite which will cerry up to fifty experiments. The
experiments will be oriented relative to the Sun, Earth or the 6lfbit
plane, This document presents methods of a.nalysis‘ for computing orbital
data, spacecraft angle data and spacecraft heat input data for 0GO, and
gives specific results for the S-49, Eccentric Orbiting Geophysical
Observatory {EGO). The orbital data include the transient behavior
of true anomaly, the fligh*t path é.ngle, the distance from the center
of the Earth-to the satellité, the angle between the line of apside-s
and the ecliptic plane, and the angle ‘g;-etween the proje.ction of 'the
line of apsides on the ecliptié plane and tﬁe Earth-Sun line., The
spacecraft angle data include the transient behavior of solar array
angle, the orbital plane experiment package (OPEP) angle and the OPEP
velocity vector angle. The transient heat input data include Earth

exmitted heat, direct solar heat and Earth reflected solar heat inputs

to all the faces of the mein 0GO box, the solar array and the OPEP.’
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| AND HEAT INPUTS

by
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I.. INTRODUCTION

| ' This report presents orbital data, spacécraft engle data and

heat input data for EGO. A detailed description of the methods used
in the calculations is also given. The calculated results a.re con-
‘ sister;t with the "EGO Launch Window Study", NASA Report Number X643-62-225
(Reference 1), insofar as the perigee restraint is concerned.. A slightly
different set of initial conditions was used in Reference 1, but the
launch window map will still give a good estimate of launch times
consistent with the perigee restréint. The data presented in this report
are for launch times for which the perigee will not go below its initial
value for a whole year.. The injection parameters for this report were

taken from Reference 2,
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NOMENCLATURE

]

]

1

Azimuth = the compass heading measured clockwise from

north.

The semi-major axis of the satellite's orbit.

1 AU, = 1.496 x 10® kilometers = the semi-major axis
of the Sun's orbit relative to the Earth (Reference 6).

('{b x '{e) . 'ib by definition.

The number of days from 0.0 hours Universal Time on
January 1, 1961 to the time in question.

da = An elemental area of the Earth's surface. (See Figure 3).
E = The satellite’s eceentric anomaly.
e = The eccentricity of the satellite's orbit.
e’ = 0.0167259 = the eccentricity of the Sun's orbit relative
to the Earth., (Psge 50 of Reference T).
F _ % - .
Q EEs = the reflected solar radiation factor.
FE = %"; = the Earth emitted radiation factor.
neT,
Fs = ES-S- = — SV = the direct solar factor.
, Tyl '
fa. (M, u,B,p) = The integrand of the integrel for q . (See page 26 )
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The integrand of the integral for QY- (See page 2% )

3.986032 (10.000030) x 10° km3, sec™® =
the gravitational constant of the Earth.
(Reference 6).

- Mean anomaly of the Sun relative to the Earth,

JVE

R .

e

rVE b'd rVE = The angular momentum veqtor.

Height = the distance from the reference sphere
(of radius equal to the Earth's equatorial radius)
to the spacecraft measured along the geocentric
radius vector, o

Inclination = the angle between the satellite's orbit

~ plane and the equatorial plane,
The unit vectors which correspond to X, Y and Z, respectively.

The unit vectors which correspond to Xys Yo and Z o
respectively. (See Figure 1).

The unit vectors which correspond to the x_, y,, and zé' ,
coordinates, respectively. (See Figure 1),

The unit vectors which correspond to xp, yp, and zp,

respectively. (See Figure 1).
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NOYENCLATURE (Cont)

k! = The unit vector which is normal to the ecliptic plane
' and points north.

e L = W' 4+ g' = the mean longitude of the Sun.
. n = The unit outward normal of the surface in question.
'P-, 5., R = The unitv vectors vhich correspond to x o T and z PR
respectively. (See Figure 2).
P, P, P | = . )
X 'Y 'z = The components of the P unit vector in the (X, Y, Z)
system.
Y, s & = The components of the Q unit vector in the (X, Y, Z)
' systen.
q, = The heat flux, incident upon the flat surface, which originates
at the Sun and reflects from the Earth to the vehicle,
9% = The heat flux, incident upon the flat surface, which radiates
' from the Earth,
9 = The hest flux, incident upon the flat surface in question,
whose source is the Sun.
Re = The equatorial radius of the Earth.

The components of the R unit vector in the (X, Y, Z) -
- system, '

oZ
of’
NG
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NOMENCLATURE (Cont)

Tsg "= The position vector which points from the center of the
‘ ' Earth to the Sun. ‘

E TVE = The position vector from the Earth to the vehicle,
‘ ;VE = The \'relocity of the satellite relative to the Earth,
;VS = The position vector which points from the Sun to +4he
vehicie,
. -2 -1 -2
S = 1.97 % 0.0l cal cm < minutes = 0.13Th watt. om
= Flux of total radiation received outside Earth's atmosphere
x‘ per unit area at mean Sun-Barth distance. (Reference 12).
ESE = TSE = The unit vector which points from the center’
ESE' of the Earth to the Sun.
\ Ve . = The speed of the vehicle,
X, ¥, Z = Cartesian coordinates with the origin at the center of
g ' the Earth, the X-axis in the direction of the vernal
equinox, the Z-exis along the north pole of the Earth,
end the Y-axis forms a right hand set.
Xis Ypo- 2y = This coordinate system is fixed to the main OGO box.
- (Figure 1).
Xos Yor Zg = The OPEP coordinates and are defined with respect to

the (xb, Yp? zb) system by the OPEP angle Y, -
(Figure 1).
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HOMENCLATURE (Cont)

xp, yp, zp = The paddle coordinates and are defined with respect
4 to the (xb, ¥y zb) system by the paddle angle e, -
(Figure 1).
X Yy z, = Cartesian coordinates with the origin at the center of

the Earth, the I axis is in the direction of perigee,

the y - axis is advanced 90° in the direction of motion,

end the z, - axis is in the direction of the satellite’s

angular momentum vector. (Figure 2).

a - = The albedo = the fraction of the solar constant S which
is reflected away from the Eerth, The value for g is
about 0.34. (Reference 12). .

3' = The angle between the vector :SE which points from the
center of the Earth to the Sun and the outward-directed
.normal of the Earth's elemental surface area dA.,

(Figure 3). -

v = Flight path angle = the angle between the velocity vector
and the plane normal to the radius vector passing through
the vehicle.

& B % *-90° by definition.

€ = The angle between the equatoriasl plane and the ecliptic

' plane. . -

1M = The angle between the outward-directed normal of dA and
the vector p . (Figure 3).




HOIENCLATURE (Cont)

l‘l

i

. Terrestrial longitude = the zngular distance from the
Greenwich meridian, measured easiward along the equator

to the meridian plane of the vehicle,

OPEP - velocity vector angle = the angle between the

vectors ie and r VE °*

Ysg - TVvE
— , (Figure 3).
'rVE’
0.02215 wvatts em 2 = the emittence per unit area of

the surface of the Earth.

-1 T )
cos ( - _VE . n) = the angle between the vector
- T g and the unit vector n . (Figure 3)

p* + w! = True longitude of the Sun = the angle between
the positive X-axis (Vernal Equinox) and the vector which
points from the Earth to the Sun T, . It is measured

SE
in the direction of motion from the X-axis.

The angle between the outward-directed normal of the plate
o and the vector (-p). (Figure 3).

The satellite's true anomaly,

True anomaly of the Sun = +the angle between the vector |
which points from the center of the Earth to the Sun's
perigee and the vector which points from the center
of the Earth to the Sun. It is measured in the direction

of motion of the Sun,




NOMENCLATURE (Cont)

g

ol

=

mn

The angle between the proJjection of the (-F) on the

| ecliptic plane and rSE .

The vector which points from the Earth's elemental area
dA to the vehicle. (See Figure. 3).

. -12 - -
5.735 x 10 watt cm 2 ©OK ** = the Stephan- Boltzman

constant.
Time from the injection into orbit.

Geocentric latitude = the angle at the center of the

Earth betwveen the radius through & given point and the .

equatorial plane,

The angle between the plane formed by the vector.'fvz
and ;SE ; and the plane formed by the vector Iy,
and n. (Figure B8).

-1 N
sin ( 1 ) = the maximum look angle for which
H

the satellite can see the surface of the Earth,
(Figure 4).

The solar array angle = the angle measured cownter
clockwise from the 3b vector to the ',j’p_vector vhen
observed from the positive end of the ib vector.
{Figure 1).

The minimm angle between the vector pointing from
the center of the Earth to apogee and the ecliptic
plane,

e = e it e e 2 o @ A 2 e A . A T Y Mg e @ 7 AT AT St ¢ S S




NOMENCLATURE (Cont)

The OPEP angle = the angle measured counter clockwise

&
"

from the vector -{b to the vector -i'e , when observed

from the positive end of the vector kb -

longitude of the ascending node = the angular distance
from the vernal 2nuinox measured eastward in the equator-
ial plame to the point of intersection of the orbit

o]
]

plane where the satellite crosses from south to north,

w = The argument of perigee = the anguler distance measured in
the orbital plane from the line of nodes to the line of
apsides,

w»* = The argument of perigee of the Sun = the angle between .
the positive X-axis (Vernal Equinox) and the vector
from the center of the Earth to the Sun's perigee _
measured in the direction of motion from the X-axis.

.

! ¢ = The tize rate of chenge of .

i

.y The tire rate of change of w «

R T S —




III. ASSUMPTIONS
A. INITIAL CONDITIONS
The initial conditions are assumed to be the same as the

Agena burnout conditions (Reference 2) namely:

¢ - -20.280 degrees = geocentric latitude

) ‘ = 111.902 degrees = terrestrial 1ongit\xie

h = 2816216 meters = geocenti‘ic height

A = 10645 . €7 metérs per second = the speed-
of the vehicle

A, = 66.355 degrees = azimuth

Y = l._1+711+8 degrees = flight path angle ’

B. | RESTRAINTS ON LAUNCHE TIME |
For the purpose of generating results i“or this report the
only restraint on launch time is the one on perigee latitude., This
restraint states that the perigee sltitude will not go below its initial
value for one year. The allowsble launch times were chosen from the
lsunch window map in Reference 1. A slightly different get ﬁf initiel
conditions was used in Reference 1, bﬁt the launch \nndow map gives a .

good estimate of launch tiues consistent with the perigee restraint. '

IV. MATHEMATICAL MODEL

A. IDEAL CONTROL LAWS AND DEFINITION OF COORDINATE SYSTEMS
Figure 1 presents the body coordinate systems. The
X Yo %y coordinate system is fixed to the main box. The solar

vp’ zp is defined with respect to the

- 10 -




Xpy ¥yo Zy system by the pzddle angle t;p. The yp axis is the outward-

directed normal to the surface of the paddie which bears the solar

cells., The OFEP (Orbit Plene Experiment Package) ccordinate system

X
e?

Yer Zg is definéd with respect to the Xy Yo 2y sy§tem by the
OPEP angle ‘{e. The X, axis is the outward-directed normal of the
surface of the OPEP which is facing in the direction of motiom.

af bey ideal control laws.

It is

A definition of these control laws follows:

1. The +z, - face will be aligned with radius vector from

the center of the Earth to the satellite. (Page 23 of Reference 3),

In equation form this states that

2. The solar array (xp-zp plane) will be normal to the vector

from the Sun to the satellite. In equation form this states

that

[ 2

’U'
L
'

et s s
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3, The Sun will rot shize op the + Yp = face ¢of the main box

(Fage 20 of Reference 4). In equation form this states that

— - - ' -— - >
Ty "y = Fys Tl xR ) =0

4, The positive x_ - fece of the orbit plane experiment
= <

package (OPEP) shall look forwsrd in the plane of the orbit,

(Psge 24 of reference 3), In equation form this states that

and
_ kb X Em
e T T =
| b X Hnl
Where Hm = Ty X Iyg is the angular momentum vector. With these

four control lesws three orthogonal coordinate ‘systems may be
established; box (ib, 'j‘b’ kb), solar array('-’:,;é‘;,,'ij.md OPEP
(le’ Jer ke). The vectors k, and jp are out.z‘unea_ directly from
laws 1 and 2 respectively. Since -{b is perpendicular to both

-

7, and Eb it follows that

. —xj’
T oo, *Vp

i, x 3,

-12 -




The sign of the expressicn for i is determined from control

;..b
law n@ber %. The vectur Eb is determined from -'j-b - Eb x Eb'
3’ By constructvionfe = Ib' Klsc, by ccnstruction 1 - ‘;b Then it
fcllows that .EP = EP x -{p' The vector ’i-e is determined by control
. law number 4, and lastly, Ee = k-e x -{e'

B. DEVELOPMENT OF PCSITION AND VELOCITY VECTORS.

l. Earth-Sun Vector ;SE -

This is the vectcr which points from the center of the

Earth to the center of the Sun.

s - Tsg Vs

where.rSE is the magnitude of rSE’ and Usp is the unit vector
which points from the center of the Earth to the center of
the Sun. The value of Tep may be calculated with the
exprescion (page 164 of Reference 5)

a' (1-e'2)
Ter = L
SE 1+ e' cos nt?

-13 -
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where

a' = 1la.u. = 1.49599 x 108 kilometers = the semi-major.

axis of the Sun's orbit relative to the Earth. (Reference 6).

e' = 0.0167259 = the eccentricity of the Sur's oibit relative

to the Earth. {page 50 of Reference T).

vr' = the true anomaly of the Sun relative to the Earth
=g'+ 2e' sin g' , since e' is small. (page 171 of

Reference 5).

g' = -3.2419100 x 1072 + 1.7201970 x 1002 d = the mean

anomaly of the Sun relative to the Earth. (Page 498 of Reference 7).

d = the number of days from 0.0 hours Universal Time on
1 January, 1961. (Page 498 of Reference 7).

The unit vector GSE is given by

GSE = 1icos A' + jcos e sin A' + k sin ¢ sin A'

-1 -




where

€

ecliptic plane,

A

The angle btetween the equatorial plane and the

True longitude of the Sun.

o' 4+ -

L. 8ok 117 + 0.017202791 4

[ 4

-~
=

o' + g' + 2 sing®= L' + 2e sing®

-

0.03345099 sin‘{_ -0.0324191 4, 0.01l720197 4 J

Argument of perigee

-

w' 3 g' = Mean longitude of the Sun.

A more convenient form for the unit vector ESE is

U

gfl

- (G P F o4 (G- DA +(Gg - R

t . 2 1 4 s s tYy P
(chos) + Py cos ¢ sin } stmesm).)P

+ (Qx-cos A Qy cos ¢ sin Ao+ Q, sin € sin AY) Q@

+ (}S{ cos At +R1,éos ¢ sin RV'+RZsinesin 1) R

- 15 -




where

PX’ PY’ Pz ave the corponents cf the unit vector P
| Q. Qy, Q, are the components of the unit vector Q

} 1&, Ry, R, are the components of the unit 'vector R

>. Earth-Vehicle Vector T.

VE
The vector ;VE points from the center of the Earth to the vehicle,
The Launch Window Program cannot be used to calculate the vector ;VE

as a function of time for tracking purposes. It can, however, give

an adequate estimate of the vector ;VE relative to other vectors

SV? ib’ Eb’ Eb’ EP’ Jp: kp’ 1es je’ ke’ ete ...

as a function of time from perigee,

It is assumed that at any particular time 7 fér which the Launch
Window Program has calculated the orbital elements (a, e, i, ®, 0O), _
the satellite is gt perigee, At times subsequent to T, up to one’

orbital period, two body motion is assumed. The position vec tor may

- be written in the form (Pages 54 and 65 of Reference 8)
- = - o .
rVE_Ia\cosE-e).-k Qe ,1-e® sinE




where,

a = The cemi-mzjor axis cf the satellite's orbit

E = The eccentric anomaly of the satellite's orbit

e = The eccentricity of the satellite's orbit

P = The unit vector which points from thé center of the

Earth to the satellite's perigee

Q@ = The unit vector whick is rotated 90° in the plane of the
satellite's orbit in the direction of motion.

These assumptions can be made since the relative locations of
the Sun and the Earth with respect to the orbit do not chenge enough
in one EGO period to be seen as a first order efiect on any of the
parameters presented in this report.

The errors in orbit shape and orientation are allowed to ac:ctmulate
for only one orbital period, since the orbit is rectified after each
period. The Sun moves approximately one degree per day relative to
the Eafth; the orbit plare precesses about 0.65 degrees per day; and
the line cf apsides mcves in the orbit plane about 0.85 degrees per

day, therefore, the errors are small.

The Vehicle Velocity Vector ;VE

The same assumptions are madé for the velocity vector of tl_le vehicle

relative to the Earth as in the case of the vector ;VE « The vector

ryg Day be written as (Page 282 of Reference 8)

L —— - R, - e




;.VE = ;}V—B-( -F JaGME sinE+EJaGl§E (1-e2) cosE)

¥

3.986032 x 10° km3 - gec™? =

k. The Satellite-Sun Vector ;sv

The vector which points from the satellite to the Sun is

Tsy Tse VE

The vectors ;SB and ;VE are given in sections 1 and 2 above.

C. ORBITAL PARAMETERS AND SPACECRAFT ANGLES

1.. True 'Anom.l.Lv The true anmgly, v,
is the angle betveén the vector from the center of the Earth to
perigee and the vector from the center of the Earth to the satellite
measured from the perifocus in the direction of motiom., (See Figure 2).
The following formulas were selected to calculate v (Page 341,

Reference 9):

cos v = cos E - e
= T -ecos B
and
-e2 gin B
gin v =

l-e cos B

- 18 -




Solar Array %

The angle meesured counter-clockwise from tihe Eb vector to -‘{P
vector when obser{red fron the positive end of tne Ib vector is defined as
the solar array angle, :p- (See Figure 1). Consistent with this notation
the pl-cnnea range for the variation of % for 0GO is 900 < .-';-,p < 2’(00.

(Page 20, Reference 4). § is the angle between the 31) bector and the ib

vector measured counter-clockwise from % when observed from the positive

. - o o
end of the iy vector. It follows that when ¢ goes from 90 to 270 , ¢

L)

.

: o - (o} ‘ -

goes fram O to 180 . Therefore, ¢ = § + 900 end cos § = :jp . kb
P >

Therefore, T 1Y be found fram the formuls

-1

- = T -3 0

¢, = °o8 (Jp k) + 90
where

o I, Q. o

O < cos (jp kb) s 180 .
OPEP Angle 4,

This angle is measured counter-clockwise from the vector Zb to the
vector ;e when observed fram the positive end of the vector ib; - (See
Figure 1). The OPEP control system is designed such that the renge for
the OPEP angle is & 2250, centered about ¢, = '-900. (Page Lk,
Reference 4). The enalysis is simplified by assuming that the range

o
for the OPEP angle is % 180° centered sbout Vo = =90 .




It follows that‘cos Y = 1b . 1e . DefineC = (i, x1i]))° k

Ll

! 4 By geometrical considerations the gquadrant of %, may be determined from

the signs of cos ‘x'e and C.

’- For cos ¥, > O, ¥ is in the lst or 4th quadrant.

. ‘ For cos ¥, < 0, ¥, is in the 2nd or 3rd quadrant.
| For C > 0, ‘fe is in the lst or 2nd queadrant.
For C < 0, ¥, 1is in te 3rd or Uth quedrant.

L. Angle Between the Line of Apsides and the Ecliptic Plane ¥

Tkis is the minimum angle between the vector pointing from the center of
_ : . o o
! the Earth to perigee and the ecliptic plane. This angle varies from 0 to 90 ,

From geometrical considerations it follows that:

sin¥ = P« k'

where
X' = -Esin¢+¥cos¢
P-k' = Ppcoss-Pysine

-20 -



Flight Path Angle vy

This is the minirmum angle between the satellite's velocity vector ;VE
and the plane normal to ;VE' The following formula was used to calculate

~ (Page 342, Reference 9):

e sin v

tan =
A l4+ecosv

OPEP - Velocity Vector Angle 8

This 1s the angle between the vectors ie and

where ;e is defined on page 12.

-

Angle Between the Projection of the Line of Agides on the Ecliptie
Plane and the Earth-Sun Line £

This is the angle between the projection of the -P vector (-P points from
the center of the Earth to apogee) on the ecliptic plane and the vector

which points from the center of the Earth to the Sun.

-1 X' x(P x k') * USE
\i.' x(PxXk') |
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8. The Distance From the Center of the Earth to the Satellite, ryp

The following formula was used to calculate ry. (Page 336,

" Reference 9);

e (1-e2)

VE = l+ecos v

D. HEAT INPUTS TO AN ARBITRARILY ORIENTED SURFACE OF EGO

1. Earth Emitted Radiant Heat

The treatment considers the Earth as a black body radiating
uniformly at T = 250° K (Re-ference 10). The emittance A is given
by A = o T*, where ¢ is the Stephan-}'bltzman constant and T is
the absolute temperature for a black body. Therefore the average
quantity of po'wer radiating into space from the surface of the Earth
is A = 0.02215 watts per square centimeter of the Earth's surface.
Some portion of the integrated heat flux radiated from the Earth will -
be incident upon a surface of the satellite whose unit normal i’s'-t;
(See Figure 3). The heat flux, qg, in integral form (See Figure 3)

is:

g = A [f (Lu par



T ' ,
g (T;, M p) %—%‘E—h if cos T, > and cos y > 0.
o .

- fg (‘n,p,p):—-Oifcos'hSOorcosu < O

dA

An elementel area of the Earth's surface.

n = The unit outward-directed normal of the surface in
question.

; = The vector which points from the Earth's elemental
area dA to the satellite.

T = The angle between the outward-directed normal of dA
and the vector -6 . If cos T £ 0 then the satellite
cannot see the area dA , hence fg = O.

u = The angle between the outward-directed normal of the

surface » T and the vector -E which points from the

surface to the area dA . If cos » < Q, then the

surface with normal n.cannot see the area dA , hence
£ Q.

fE )

Define the Earth emitted radiation factor Fy by

= B
Foo= =
A

- 23 -
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The values cf FE have been evaluated in closed form

- (References 10 and 11).

Depending upon the range of A (where X is the angle between

VE
Fg o They are as follows:

-r__ énd n) there are three different formulas required for calculating

. a. If the surface of the satellite with outwerd normal n camnot see

the Earth (see Figure 4)

n
A2 3 +&
h =0
then FE
11 '
where ¢ =sin i = the maximum look angle for which the

satellite can see the surface of the Earth.

b

H= ‘R'e"',whererVE

to the vehicle and Re is the equatoriel radius of the Earth.

is the distance from the center of the Earth

b. If

n » o
.2.-§m<x<§+§m
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F =

[V

- siiz:l[ (32°1)2 } +

H sin )
-1 1 .
1%2 cos A cos [ -(_11‘2--1)"7 cot A ]

;%2- (1) [ v cgs2 A ]5
For this cese, the surface is so oriented that its plane falls
within the tangent cone (tne cone defining the limits of the visible
erea of the Earth) so that the surface with unit normal n receives
radiation fraom only a portion of the total erea visible from the

satellite. (See Figure 5).

For this case the surface is oriented such that it can see the
entire spherical cap which is defined by the tangent coné.
(See. Figure €).

2. Direct Solar Radiant Heatqu -~ The heat flux incident upon the surface of
the satellite whose unit pormal is ;, vhich arrives directly from the Sun. Tne

fraction of the solar constant S which is incident upon this surface of the

satellite is

=]

- Tav

ml!g

Fg =




3. Reilected Solar Rediant Heet gq -- The heat flux incident upon the surfece
of the sectellite whose unit normal is ;, which originates at the Sun and

reslects Trom the Earth to the satellite. I_n integral Torm (see Figure 3).

. 3 = S f£, (M, u, 8, 0)aa
wnere
os T, co os £
T, (M, &, 8, p) = £ 1CZMS
T
if

-cos NM>0, cosy >0and cos 8 >0

-

and

fq (Tb Yy 8, p)=0
if cos | SOorcosy <Oorcos 5 <0

C = the albedo = the fraction of the solar constant which is

reflected away from the Eartn. (¢ = .34 for this study, Reference 12).

8 = The angle between the \rectorf.&.,:."E and the outward-directed normal

of the Earth's elemental surface area ga (See Figure 3).

If cos 3 = 0, then that portion of the Earth's surface dA 1is

not lighted by the Sun, £, = O.

- 26 -
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A closed form solution could not be found for this integral. Its
value was approximated by assuming an average velue for cos B. It was

assuned that cos 8 (average) = cos €g (See Figure 3) where

Ys = The angle between the unit vector U and the vector ;VE.

- This reduces the integral to the same form as Og- (see pege 22).

Hence, the approximate expression for qt becanes

9, = G« S cos 8s Fg

where the closed formAsolution for FE is presented on pege 23.

except when

cos Gs < 0

- because

‘Fu cannot be a negative quentity.




Figure 7 presents a compariscm 'bei:weex:«vqu (approximaté) and 9,
(actual) as a function of altitude with ) and 65 as parameters.

The values of g (approximate) vere calculated using the sirplified
formula presented on‘ pege 27. The values of q, (actual) were .
determined by numerical evaluation of the integral on page 26 of this
report for & = 180°. For this value of t. the difference between

9 (approximate) and 9 (actual) is maximumized; the diffewence was
calculated to be less than 2 zzn,r/'c:m2 as shown on Figure 7. The angle
e is the angle between the plene formed by the vectors ;'VE and ;SE;

" and the plane formed by the vectors ;VE end n (See Figure 8). The
vélue -of q (actual? is a function of r.., A, 65 and 2 ; whereas g,
(approximate) is a function of ryg» M» 8g, but not e function of 1
Figu.re‘ T shows that the maximum difference between the tﬁo methods
ocecurs é‘t the lower altitudes. The difference becames insignificantly
small at altitudes greater. than 20,000 N.M. The formula for g,
(approximate) breaks down for‘ 8g = 900, but g {actual) becomes
insignificantly small and can be approximnated to zero. The - ' .
ap;;;roximation is slequate when compared to the uncertainties in the
albedo, e.g., the 2lbedo varies betweez; 0.3 and 0.6 depending on the

. latitude and seasca {Reference 13). The maximm difference between

q. (approximate) and q. (actusl) is only 1.3% of the solar constent.

- V. COMPUTER PROGRAMS -

A. The Launch Window Program.

The basic Launch Window Program was developed by P. Musen with
the assistance ol A. Smith (both of the Theoretical Division; Goddard
Space Flight Center). R. Devaney, also of Goddard, made the changesbfor

-28 - :
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its edsptation to tne OGO protlexs. A description of the basic
Launch Window Prcsra.;.» 3 mcluding e bibliography, is presented in
Reference 1.

The input qa.antities are the orbit elemernts ao, eo, 10, ﬁo and
v at the initial time To" The program celculztes a, e, i, (1, and »
for time T, teXing into account the influence of the gravitational '
forces due to the Moon, tie Sun and the Earth, including the 2nd, 3rd
and Lth zonal hamonics. The time per orbit that the satellite spemds in
the Earth's shadow is also carputed by the program. The program does
nct calculeate the position of the spacecraft in its orbit. ’

The orientation of tiae orbit in space is defined by the unit
vectors ?, -Q' and R. Taese are given in tems of i, 0, end w in

Relference 8.

B. Tae Interolanetary Trejectory Progrem (IFP)

This prozran (Re“erence 14) was used to check the behavior of
the orbital elements eas a function of time. (Reference 1). The IFP
can be used to calculate the position and velocity of the satellite _
reletive to the Zartn as a function of tice vhen given an initial set
of injection conditions. The launch window program does not have tiis
capebility. The launch window program calculates the spa.cecfalft -
angular data presented in this reporf » to a sufficiently high degree of
accuracy that it may be used with confidence in most cases. All of the -
angle and heat input celculations presented in this report will be |
programued into the PP (with its accurate position ,calculatién) and will

be available for post flight snalysis of the EGO (S-LQ) =

o
e G~ Y -
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RESULTS AND DISCUSSION

A. Orbital Parameters and Spacecraft Angles

The results of orbit perameter studies for EGO ere shown graphically
on Figures 9 through 16. These studles are based on a launch date of
November 6, 1963 at 16.0, 20.0 and 2.0 hours U.T. The elements of the -

initial orbits are:

a = 9.731167 Earth radii
e = .8929018

1 = 30°.807

® = -h5.°596.

o = 75.%27 for 16.0 hours U.T.

S
]

135.°43  for 20.0 hours U.T.-

oy = 195.°59  for 24.0 hours U.T.

These. elements are consistent with the initial conditians of-

Part III on page 10.

Due to the large semi-major axis (& = 9.73117 Earth Redii), the
period for EGO is 42.75 hours. The orbit has great variations.in the
speed of the spacec;é.ft throughout its orbit, especially near perigee,
as can be seen in the rapid variations in-true ancmal&,, solar array
angle, OPEP angle, flight path angle, OPEP-velocity vector angle, and
in the distance from the center of the Earth to the sétellite; shown

on Figures 9, 10, 11, 13, 14 and 16, respectively.

- 30 -
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1. True anamaly, v

Figure 9 shows the true anamaly v: :tion with time for one
orbital peribd. The computation wes done with two-body
e@ations and the orbital eiements at- the time of injection
were used for ‘this computation. This is a. typical curve and
1ts shape will change slightly throughout the year as the orbit

chanzes due to perturbations.

2. Solar array angle, Yj

Figure 10 shows the history of the solar array angle for
one orbital period. The angle history varies as & function
of injection time into orbit due to the motion of the Earth and
Sun. Figare 10 shows the angle histories for three different
injection times. '

3. OFEP angle, ﬁe : .

The OPEP angle variation with time is shown on Figure 11 and
like the solar array angle its history is a function of

injection time (a curve is shown for three injection times).

4. Angle between the line of apsides and the ecliptic plane, ¢

Figure 12 shows the variation of angle between the line of
apsides and the ecliptic plane for tne year for three different
in,;ection times of a given launch day. The absolute valué of
the expression for sin % is chosen so that the angle shown oz

Flgure 12 will always lie between o° to 900. Hence, in this study

the value of the angle ¢ is shown without regard to quadrant.




5

Flight path angle, Y

The flight path angle varies periodically with each cmplete

orbit and changes only as the shape of the orbit changes.

Figure 13 shows the flight peth angle for cne orbital period -
measured from perigee. The Launch Window Progranm has the

capability of generating this angle at any time. The history of

the angle for any orbit during the first year will not differ

greatly from Fig. 13.

OPEP - Velocity Vector Angle, 9

The variation of the angle between the x, axis of 6rbit Pplene
experiment peckage (OPEP) and the satellite's velocity vector will
be periodic with each orbital period. Figure 1l shows the angle

as & function of time. This is a typical curve and will change
only slightly‘ throughout the year. The shape of the curve 1is
independent of launch time. Since the absolute value of t.he
expression for Be is used, the angle is shm on the figure without

regard to the quadrant {See Part IV, Section C-6).

Angle 3etween the Projection of the Line of Apsides on the

Ecliptic Plane end the Earth-Sun Line,_i

3ince the motion of the perigee point (m) and the precession of the
line of nodes (Q) always meintain the same sign the projection of
the line of apsides or the ecliptic plene will continually revolve.
Consequently, ne angle betveeni the projection of the line of

apsides o the eclipfic plene and the Earth-Sun line will contimually

>
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vary fram zero to 2n radians. It facilitates camputation ’to
show this angle verying only through 180°, i.e., the smaller of the
- angles between the projection of the line of gpsides on the

ecliptic plane and the Earth-Sun line. (See Figure 15). " The

curves on Figure 15 show the periodic angle variation fo;' three
different injection times of a given launch day. The differént
curves as a function of injection time are due to the change in
position of ‘the injecticn point with respect to the inertlal frame

because of the Earth's rotation.

8. The distance from the center of the Earth to the satellite, TVE

Since the orbit for the EGO satellite is non-circular the distance
between the spacecraft and the center of the Earth will vary
periodically with each orbit. ({See Figure 16). The change in the
periodicity and amplitude will vary only slightly dﬁ.ring the

first year of life of the satellite.

B. Heat Inputs to EGO

V Figures 17 through 25 present the heat inputs incident upon the
different faces (Figure 1) of the satellite as a function of time from
périgee for the -first orbital period (42.75 hours). The data in these
figares are based on a time of injection into orbit of November 6, 1963,
at 24.0 hours U.T. These curves are intended to demonstrate the capability .

to calculate heat inputs\rathei' than to provide design data. The Earth




enitted and solar reflected heat inputs are negligibly smell when the
satellite is beyond an altitude of 20,000 nautical riles or correspondihgly
2.63 hours flight time fram perigee.

1. Main box

a. Earth emitted
Figure 17 presents the Earth emitted heat inputs (qE) to
the main box as a function of time t-~x perigee. The + z,, face has the
largest Earth emitted heat input since it always faces the Earth.
Conversely, t-he.= z,, face has & zero Earth enitted heat input. Thoe
+ Xps = Xp» + Yy end -¥p faces all have eqgual Earth emitted heat
inpats aue to geometricgl symmetry with respect to the Eerth. The

curve shown is independent of lesunch time.

b.. ﬁirect solar
Figure 18 presents the direct solar heat inputs (qs) to the
main box as a function of time from perigee. This is a typical curve.
The solar heat inputs to the + xb, - xb end + yb face are always zero
(see page 12 of this report).
Tne meximm solar input to any other face is 137.h millivatts/
cn which would occur when the Sun's rays are normal to a particuler

surfaiée.
c. Reflected solar
Figure 19 presents the reflected solar heat inputs (qc) to

the main box as a function of time fraom perigee. The + zy, face has the

-




largest reflected solar heat input since it faces the Eerth. The .

- z, face has zero reflected solar hest input. The tx, =X, * ¥y
- faces all have eqﬁal reflected solar inputs since it is assumed
that q (approximate') is independent of §.. For this lsunch date

. (November 6, 1963, 24.0 hours U.T.) the angle between ;SV and ;VE was
vg= 63. 3% at perigee and the solar reflected heats are q = 6.78
millivatts/cm2 oh the ¥ x, - X, + y and - ¥, faces; and 19.32

millivatts/cz® on the + z,, face.

2. Solaer Array

a. Earth emitted
Figure 20 presents the Earth emitted heat inputs (qE) to the
solar array as a functiond time from perigee. The + :5) and - xp faces
of the solar array have the same Earth emitted heat inputs as the
+x, and - X face of the main box (See Figure 1). -The Earth emi‘l'f‘bed
heat inputs (qi:) to the + y_, - Vg + z, and - 2, faces are also

P
included on this figure.

b. Direct solar
Figure 21 presert: . direct ‘solar heat inputs (qs) to the
solar array as & function of time from perigee. Since the + yp face
of the 8018..1' array contains the solar cells and looks directly at the i
Sun (See pagell of this report) the hest into this face is the full

velue of the solar constant S = 137.k milliwetts/cm®. The direct

solar heat inpats to the other faces of the a.rra.y - yp, + xp, - xp, + zp

= Z_-are 21l zero.

—. -
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c. Reflected solar
Figure 22 presents the reflected solar heat inputs (qo) to
the solar array as a function of time from perigee. The + x_and - X
faces of the solar array have the same reflected solar heat inputs
as the + x, and - x, face of the main box. The reflected solar heat
inputs to the + yp, - Ypo + zé a.nd‘- zp faces ere also included in
this figure.

3. Orbit Plane Experiment Package (OPEP)

a. ZEarth emitted
Figure 23 presents the Earth emitted heat inputs (qE) to
fhe OFEP as a function of time from perigee. The + z, face hes the
sene Earth emitted hea‘c inputs as the + Zy face of the ma.in box since
both faces are oriented the same vay. The - 2, face has a zero
Earth emitted heat input since it never faces the Earth. The + Xos
-X , % Y2 = Y, faces all have egual Earth emitted heat inputs due

e

to gecmetrical symmetry with respect to the Earth.

b. Direct solar
Figure 2L presents the direct solar heat inputs (qs) to the
OPEP as a function of time from perigee. The solar heat inputs to the
4+ 2 and -~ z faces are the sameastothe*’zband- zbra.ces of the
e e
main box, respectively. The solar inputs to the + ¥, and - Y, faces

are nearly constant over one orbital period since these faces are

narallel to the orbit plane and since the engle between the Earth-Sun
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line and the plene of the orbit is nearly constant over one orbital
period. The direct solar hea'q inputs to the + x, and -X, faces are

also included on the figure.

c. Reflected solar
Figure 25 presents the reflected solar heat inputs (qc) to -
tl?e OPEP as a function of time from perigee. The + Z fece has the
same reflected solar heet input as the + ) face of the main box since
both faces are oriented the same way. The - 2, face has zero solar
reflected heat input, since it never faces the Earth. The t X5 = kx'e,
+ Yoo = ye all have equel solar reflected heat inputs due to gemetﬁc

symnetry with respect to the Earth.
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VII. CONCLUSIONS ‘

The methods of analyzing the orbital parameterg » the spacecraft angles
and the spacecraft heat inputs presented in this document were developed
primarily to do a pre-launch study of the Eccentric Orbiting Geophysical
Observatory, S-49 (EGO'), but the methods are general and may be applied to
any near Earth satellite. These methods especially have application for studies
on future Orbiting Geophysical Observatories (e.g., POGO).

The program developed as a result of this studf is .a modified Halphen
method program. The basic progrem was conceived by P. A. Musen and
subsequently modified for use as a launch window program for EGO. Flexibility
in the choice of control laws makes the program appea.ling fo;r general use.

A secondary but Important advantage of the program is that a year study may
be computed in about three minutes on the IBM 7094.

The closed form soluticn of the solar reflected heat input developed in
this document, while ‘t;eing an ap'I)rdximation » was found to be quite acc‘u:mte.
The maximm error resulting from the use of the closed form solution is only
1.3% of the solar constant, and it 1is not restricted to the problem treated.’

The program has been named the "Launch Window Program™. It has been
designed for use on IBM 7094 computer but can be easily adapted for other

Accmputing systens.
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ARBITRARILY
ORIENTED
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CENTER
OF EARTH

Fig. 2 G’eometry for Heat Inputs




CASE 1. SATELLITE SURFACE WITH UNIT NORMALn
CANNOT SEE THE EARTH.

Fig. 4 Geometry for Earth Emitted Heat Inputs




CASE 2. SATELLITE WITH UNIT NORMAL n CAN SEE A PORTION
OF THE EARTH’S SURFACE WITHIN THE TANGENT CONE.

Fig. 5 Geometry for Earth Emitted Heat Inputs




‘CASE 3. SATELLITE SURFACE WITH UNIT NOkMAl:’CAN SEE
| THE ENTIRE SURFACE WITHIN THE TANGENT CONE.

Fig. 6 Geometry for Earth Emitted Heat Inputs
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100 .
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